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Abstract 

 

Due to their small particle size, nanoparticles ( < 100 nm in diameter) have an increased 

surface area to volume ratio compared to larger particles, meaning that surface attributes 

become increasingly important over  bulk properties. Chemically, this means more atoms 

in the material have unsatisfied coordination environments compared to atoms in the bulk 

of the particle. In many cases, this leads to materials with significantly different bulk 

properties compared to much larger particles; some of these unique properties are desirable 

in high technology applications such as sun screens, catalysts, etc.  

 

This thesis explores the use of Continuous Hydrothermal Flow Synthesis (CHFS) reactors 

as a niche technology to controllably produce nanoparticles at different process scales. In 

CHFS, a metal ion feed is mixed with superheated water (the latter is typically above the 

critical temperature and pressure of water, i.e. 374 °C, 22.1 MPa), and nanoparticles are 

precipitated. This thesis presents data relevant to an evaluation of a laboratory scale CHFS 

process (able to produce ca.  100 g a day of nanoparticles). This included the development 

of a new type of mixer for this type of process suitable for the continuous precipitation of 

nanoparticles.  The knowledge gained from in situ measurements and particle property 

measurements was then applied to the successful scale up of the technology to produce up 

to ca. 2 kg per hour of nanoparticles.  It was demonstrated that the versatility of a flow 

process and the rapid crystallising environment in a CHFS system could be effectively 

exploited for the production of target nanoparticles when appropriate synthesis conditions 

were used. This thesis has also demonstrated the versatility of CHFS in that as formed 

particles could be surface functionalised in flow by use of an additional feed in process. 

The outcomes of this thesis have been demonstrated using a variety of material 

compositions; Hydroxyapatite, ZnO, iron oxides, yttrium oxyhydroxide, yttrium oxide and 

the binary oxide series Ce-Zn. Where each material composition was used to probe 

different aspect of the continuous hydrothermal process reported in this work. 

 

In summary, the CHFS process has been evaluated and developed to allow for synthesis of 

a wide range of nanoparticle compositions with different particle properties. Process 

modifications have been evaluated and shown to be suitable for the synthesis of target 

materials.  
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3.57, c) do-di = 6.63, d)  6.22 . Common key for each of the geometries 

evaluated identifying reactor condition (see table 4.1 for reaction point 

components). 
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Figure 4.9: TEM images of ZnO nanoparticles produced using CJM of 

different physical dimensions in the figure Q identifies the flow regime (i.e. 

Qsw+Qp = 20 = Q20) and the reaction point geometry is identified by the 

value of do - di summarised in table 4.1. 
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Figure 4.10: TEM images of hydroxyapatite nanoparticles produced using 

CJM of different physical dimensions, in the figure Q identifies the flow 

regime (i.e. Qsw + Qp = 20 = Q20) and the reaction point geometry is 

identified by the value of do - di summarised in table 4.1. 
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Figure 4.11: Overlay of particle size distributions produced under high and 

low flow regimes divided by reaction point geometry a) ZnO samples b) 

Hydroxyapatite samples. Samples produced using the flow regime Qsw + 

Qp= 20 are identified with circles and samples produced using the flow 

regime Qsw + Qp = 40 are identified by squares.  
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Chapter 5  

Figure 5.1: XRD patterns of iron oxide synthesised according to the 

conditions presented in Table 5.1 (Miller Indicies of both hematite and 

magnetite are identified in each figure). 
209 

Figure 5.2: a) TEM images of Hematite (α-Fe2O3) synthesized as a function 

of reaction point temperature using i) M1 ii) M2 iii) M3  (scale bars 100nm) 

and TEM images of magnetite (Fe3O4) synthesised as a function of reaction 

point temperature iv) M8 v) M9 vi) M10 CHFS  (images were captured 

using a JEOL 100CX) 

211 

Figure 5.3: a) HRTEM image of iron oxide synthesised at 380°C using 

CHFS. Inset shows lattice fringes observed corresponding to 311 plane with 

a measured spacing of 2.56 Å  (magnetite = 2.53 Å. Inset lower right shows 

an enhanced view of the lattice fringes corresponding to the 311 plane b) 

indexed SEAD pattern obtained for the sample (images were captured using 

a JEOL 4000X). 
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Figure 5.4: a) MH curves of citric acid coated magnetite produced using the 

pilot scale CHFS process b) expanded plot showing the near 0 Oe   
216 

Figure 5.5: Comparison of magnetisation magnetization curves measured at 

5 K and 300 K, inset shows a the near 0 Oe region  magnified  to show the 

difference in coercivity b) FC (red) and ZFC (black) curves under an applied 

field of 100 Oe. 

220 
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Figure 5.6:  XPS spectra of magnetic iron oxides produced using CHFS 

showing high resolution data of the Fe2p (left) and  Fe3P (right) regions 
222 

Chapter 6  

Figure 6.1: A schematic of the reaction point used for the synthesis of citric 

acid coated magnetite nanoparticles indicating key variables. 
230 

Figure 6.2: The structure and dimensions of citric acid as a molecule. 231 

Figure 6.3: Photograph of the ferrofluid formed after recovery of sample 

CAO7 dispersed in DI water to a concentration of 50 mg mL 
-1

 (Fe3O4 

basis). 
232 

Figure 6.4: XRD patterns obtained for magnetite nanoparticles synthesised 

in a) experimental runs CAO1-24 b) shows an expanded view of the 33 - 40 

° 2θ region from which the crystallite size was determined by application of 

the Scherer equation. 
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Figure 6.5: TEM images of the products of reactions; a) CAO5, b) CAO6, 

c) CAO7, d) CAO8, e) CAO9, f) CAO10, g) CAO11, h) CAO12, i) CAO15, 

j) CAO16, k) CAO21 and  l) CAO22. 
236 

Figure 6.6: a) HRTEM image of sample CAO7 showing visualisation of 

lattice fringes corresponding to 311 plane with a measured spacing of 2.54 Å  

(magnetite = 2.53 Å), b) indexed SEAD pattern obtained for the sample. 

Figure 6.7: Stacked FTIR spectra of the products from each reaction CAO1-

24 showing an expanded region of the complete spectra (range 1000 - 2000 

cm
-1

) identifying the IR active mode positions. 

237 

Figure 6.8: Schematic representation of possible coordination geometries of 

carboxylate groups coordinating surface metal ions. Where, M is the metal 

ion. Δ (cm
-1

): is the wave number separation  between the νas and νs   

stretching vibration of COO
-  

indicative of the coordination environment of 

the carboxyl group.
 
 (Zhang, He, & Gu 2006) 
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Figure 6.9: a) TGA data obtained for sample CAO4-11 and b) DSC traces 

of samples CAO4-11 
239 

Figure 6.10: a) Citric acid grafting density derived from the crystallite size 

estimated from the diffraction data as a function of synthesis condition 

plotted as a function of reaction point volume post addition of Qq, b) 

variation in calculated grafting density calculated from equation 6.1 using 

TEM based crystallite size plotted against relative Fe:CA ratio used in the 

synthesis of each product plotted as a function of reaction point volume post 

addition of Qq. 

240 

Figure 6.11: Grouped DLS data showing the difference in hydrodynamic 

diameter of samples CAO1-24, the z-average hydrodynamic diameter is 

plotted as a function of the relative Fe:CA ratio used in synthesis and the 

reaction point volume post citric acid addition (error bars represent the 

sample polydispersity in nm). 

242 

Figure 6.12: Zeta-potential titrations of CAO samples (measurement 

standard deviations were typically ca. ±3 mV and have been omitted for 

clarity) 

244 

Figure 6.13: Variation in the calculated citric acid grafting density obtained 

for samples HCAO1-12 plotted as a function of Fe:CA ratio used in 

synthesis. 
246 

Figure 6.14: In-situ temperature measurement representing the mixing of 

Qsw + Qp and Qq a) Schematic showing the relative placement of 
247 
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thermocouples, b) Temperature measurements for the reaction point 

operated at Qsw+Qp = 35 and c) Temperature measurements for the reaction 

point operated at Qsw+Qp = 15 . Dashed lines represent the temperature 

determined by overall enthalpy balance. 

Figure 6.15: a) MH curves of citric acid coated magnetite produced using 

CHFS showing different citric acid grafting densities; inset shows an 

expanded plot of the near 0 Oe region, b) Variation in saturation 

magnetisation (squares) and ferromagnetic diameter (circles) as a function of 

calculated citric acid grafting density. 

250 

Figure 6.16: a) Comparison of magnetisation magnetization curves 

measured at 10 K and 300 K, inset shows a the 0 Oe region  magnified  to 

show the difference in coercivity b) FC and ZFC curves under an applied 

field of 100 Oe. 

252 

Figure 6.17: a) Correlations between the ILP of different ferrofluid samples 

and the volume weighted mean crystallite size determined from XRD b) 

Correlations between ILP and residence time (RT1) used in the synthesis of 

all materials. n.b. the ILP values quoted for these samples have been 

calculated assuming no contribution to the sample mass from the capping 

agent, in all cases this would yield an underestimate of ILP of upto 15%. 

Tablulated synthesis and characterisation data can be found in Appendix 1. 

254 

Figure 6.18: A sample of the calorimentric data recorded for ferrofluid 

samples presented in table 6.3 using a magnetic field strength of 6.664 kA 

m
-1

 and a frequency of 1.05 MHz. From which the SAR and corresponding 

ILP values were calculated using a corrected Mfe value. (samples are 

identified in table 6.3). 

257 

Figure 6.19: a) correlations between Ms and effective ferromagnetic 

diameter plotted against measured ILP and b) Correlations between effective 

ferromagnetic diameter and the contribution of paramagnetic like 

susceptibility in the samples plotted against ILP. 

259 

Figure 6.20: a) Plot of ILP variation from three discrete reaction conditions 

repeated 9 times at 3 different residence times.  1.94 s (triangles), 4.89s 

(circles) and 6.15 s (squares). The iron salt concentration was fixed at 0.066 

M and a 1 wt% CA concentration under the following flow condition Qsw = 

10, Qp = 5 and Qq = 20 (n.b. these ILP values were corrected assuming a 

contribution of 7 wt % capping agent).  

262 

Figure 6.21: a) Plot showing the variation of Ms of the samples chosen 

from figure 6.20 and their crystallite size determined from TEM plotted 

against ILP, b) Results from magnetic fitting plotted against ILP for the 

same sample series.  
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Chapter 7  

Figure 7.1:  a) XRD patterns of the products from experimental runs 1-3 

synthesised with different concentrations of KOH in the auxiliary feed i) 

ICDS 28442, ii) 0.5M, iii) 1.0 M and iv) 2.0M. b) XRD patterns obtained for 

the reaction products obtained from reactions conducted at a reaction point 

temperature of ca. 335 °C, i) ICDS 20098, ii) 2 mol% Eu, iii) 4 mol% Eu,  

and iv) 6 mol% Eu 

274 

Figure 7.2: A photograph of (Y1-xEux) OOH phosphor particle slurries as 

obtained from the CHFS process under UV irradiation (λ = 254 nm).  
275 

Figure 7.3: a) Stacked powder diffraction patterns obtained for (Y1-x 

Eux)OOH (where, x = 0.00 - 0.14) phosphor materials synthesised using 
276 
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CHFS compared to ICDD pattern 28442, b) Comparison of the nominal and 

measured Eu concentration of (Y1-x Eux)OOH nanoparticles [error bars 

indicate the standard deviation of the measurement]. 

Figure 7.4: TEM images of the nanoparticles produced in the composition 

series (Y1-x Eux)OOH:  a) x = 0.02 b) x = 0.04 c) x = 0.06 d) x = 0.08 e) x = 

0.10 f) x = 0.12 g) x = 0.14.       
277 

Figure 7.5: a) HREM images of Y0.90Eu0.14(OH)3 (run 19)  produced using 

CHFS (inset; indexed SAED pattern of confirming the phase of the material) 

b) HREM image of (Y0.96Eu0.04)OOH  (run 13) showing visualisation of the 

[101] lattice fringe with a measured d-spacing of 4.01 Å  (inset; indexed 

SAED pattern of confirming the phase of the material). 

278 

Figure 7.6: a) Excitation spectra (λemission = 617 nm) of (Y1-x Eux)OOH 

nanoparticles (where x = 0.00 - 0.14), b) Photoluminescence spectra 

(λexcitation =  254 nm) of (Y1-x Eux)OOH (where x = 0.00 - 0.14) nanoparticles. 
279 

Figure 7.7: Photoluminecence lifetime measurements recorded for the 
5
D0 

→
7
F2 transition in (Y1-x Eux)OOH [where x = 0.00 - 0.08] nanoparticles. 

Inset shows the variation in the lifetime determined by single exponential 

fitting as a function of nominal Eu concentration. 

281 

Figure 7.8: XRD patterns of (Y0.96: Eu0.04) OOH annealed at 550 °C for the 

indicated time (Miller indices for the cubic oxide system are indicated on the 

figure). 
282 

Figure 7.9:  ■ Measured emission lifetime □ Crystallite size by TEM (error 

bars = SD) ♦ BET equivalent sphere diameter ● Crystallite size from 

diffraction  [n.b Lifetime quoted for < 180 s measured at 617 nm (
5
D0→

7
F2) 

in (Y0.96Eu0.04)OOH and >300s at 612 nm (
5
D0→

7
F2) in (Y0.96Eu0.04)2O3]. 

284 

Figure 7.10: HREM images of (Y0.96Eu0.04)2O3 produced by annealing 

(Y0.96Eu0.04)OOH at 550 °C for 300 (indexed lattice fringes are indicated 

within the image). Figure inset; indexed SAED pattern of confirming the 

phase of the material. 

285 

Figure 7.11: Photoluminescence spectra excited at 473 nm of 

(Y0.96Eu0.04)OOH or (Y0.96Eu0.04)2O3 annealed at 550 °C for the indicated 

time. 
287 

Figure 7.12: TEM images of phosphor nanoparticles produced in runs; a) 

3:10, b) 2:10, c) 2:20,  d) 1:10, e) 1:20,  f) 1:30,  g) 1.5:10, h) 1.5:20 and i) 

1.5:30.  Samples are identified by the CA concentration used in synthesis 

and the Qq flow-rate. 
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Figure 7.13: a) XRD patterns of phosphor samples produced with the 

addition of citric acid (samples are identified by the CA concentration used 

in synthesis and the Qq flow-rate) b) ATR-FTIR spectra of CA coated 

phosphor samples (showing the spectral range 1000-2000 cm
-1

). 
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Figure 7.14: Plot of grafting density against CA:M ratio used in synthesis. 

Inset, shows the variation of hydrodynamic diameter against CA grafting 

density. 
290 

Figure 7.15: Zeta-potential titrations of citric acid coated (Y0.96Eu0.04)OOH 

nanoparticles plotted as a function of CA grafting density. (The standard 

deviation of the measurements has been omitted for clarity).  
292 

Figure 7.16: Pl emission spectra (λex = 254 nm) of CA coated phosphors 

plotted as a function of CA grafting density (figure key). Inset, shows the 

variation of PL intensity (
5
D0→

7
F2 [625 nm]) against the CA grafting density. 

293 
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Figure 7.17: a) FTIR spectra of citric acid coated (Y0.96Eu0.04)OOH 

nanoparticles and NH2-PEG variants produced through EDC coupling of the 

as synthesised citric acid coated particles; i) Bulk citric acid, ii) Citric acid 

coated (Y0.96Eu0.04)OOH nanoparticles, iii) Bulk 2 kDa NH2-PEG, iv) 2 kDa 

NH2-PEG modified (Y0.96Eu0.04)OOH,  v) Bulk 5 kDa NH2-PEG and vi) 5 

kDa NH2-PEG modified (Y0.96Eu0.04)OOH. B) Comparison of Zeta-potential 

titrations performed on CA-coated (Y0.96Eu0.04)OOH (squares), 2 kDa PEG 

coated (Y0.96Eu0.04)OOH (circles) and 5 kDa PEG coated (Y0.96Eu0.04)OOH. 

Error bars represent the standard deviation of the measurements. 
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Figure 7.18: The effect of different electrolyte concentrations on the 

evolution of hydrodynamic diameter measured using DLS; A) Citric acid 

coated nanoparticles obtained directly from the CHFS process, B) NH2-PEG 

[2 kDa] (Y0.96Eu0.04)OOH and C) NH2-PEG [5 kDa] (Y0.96Eu0.04)OOH. The 

relative sample polydispersity of the sample measured in nm is presented for 

each data-point. Lines are drawn in each of the data series to serve as a guide 

to the eye only. 
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Figure 7.19: Comparison of Optical phantoms of coated phosphor materials 

using 473 nm excitation; (Y0.96Eu0.04)OOH-CA (
5
D0→

7
F2) [squares],  

(Y0.96Eu0.04)2O3-CA (
5
D0→

7
F2) [circles], CA-(Y0.96Eu0.04)OOH (

5
D0→

7
F2) 

[triangles],  2kDa NH2-PEG (Y0.96Eu0.04)OOH  [inverted triangles] and 2kDa NH2-PEG 

(Y0.96Eu0.04)OOH  [diamonds]. 
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Figure 7.20: The diameter of fluorescence signals from nanoparticles 

dispersed on cover-glass visualised using 470 nm excitation / 620 nm 

emission a) citric acid coated (Y0.96Eu0.04)OOH nanoparticles, b) citric acid 

coated (Y0.96Eu0.04)2O3  nanoparticles and c) citric acid coated 

(Y0.96Eu0.04)OOH nanoparticles produced directly using CHFS. 
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Figure 7.21: Visulalisation of COS7 cells using citric acid coated 

(Y0.96Eu0.04)OOH [a, b, c] (Y0.96Eu0.04)2O3 nanoparticles[d, e, f] and citric 

acid coated (Y0.96Eu0.04)OOH produced directly from CHFS [g, h, i]. Images 

[a, d and g] show bright-field image of incubated cells. Images [b, e and h] 

show the location of cellular auto-fluorescence measured at 470 nm 

excitation / 540 nm emission and Images [c, f, I]  show down converted 

luminescence following 470 nm excitation / 620 nm emission showing 

cellular uptake. 
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Chapter 8  

Figure 8.1: Representation of the processes of heat and mass transfer 

occurring within the confined jet reactor. 
314 

Figure 8.2. Temperature profiles in lab scale (Δ Qsw = Qp = 15 mL min
-1

, ○ 

20 mL min
-1

) and pilot plant reactors (Qsw = Qp = 300 mL min
-1

, ◊ 400 mL 

min
-1

) for a supercritical water temperature, Tsw of a) 400 °C and b) 450 °C. 

Dashed lines in a) represents Tmix [Qsw  = Qp, Tsw = 400 °C] and in b) [Qsw = 

Qp, Tsw = 450 °C]. Measurements performed at Qsw = 200 and Qp=200 have 

been omitted for clarity in the figure. 
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Figure 8.3: a) XRD patterns of ZnO nanoparticles synthesis using the 

laboratory scale CHFS process (Experimental runs 0.05M20 – 0.2M40) b) 

XRD patterns of ZnO nanoparticles produced at different volumetric scale 

up ratios (experimental runs 0.05M400–0.1M800) 

322 

Figure 8.4: TEM images representative of ZnO nanoparticles produced on 

the pilot scale CHFS process through a volumetric scale up strategy; a) 
325 
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0.05M400, b) 0.05M600, c) 0.05M800, d) 0.1M400, e) 0.1M600 and f) 

0.1M800 [ scale bar = 200nm]. Images were taken using a JEOL 1200 

operated at 120 KeV.  

Figure 8.5: Overlay showing the similarity of ZnO nanoparticles produced 

on the laboratory scale to those obtained for equivalent materials produced 

on the pilot scale CHFS process. 
325 

Figure 8.6: Compilation of HREM images of the ZnO sample produced in 

runs 0.1M40 and 0.1M800 a) and d) Low magnification image 

representative of the particles 0.1M40 and 0.1M800, b) and e) HREM 

images of ZnO nanoparticles produced in runs 0.1M40 and 0.1M800, 

respectively. c) and f) Electron diffraction pattern of the single crystallite 

presented in image [b and e] the spot patterns could be indexed to the (0002) 

and (10-10) planes confirming the growth direction presented in images b 

and e.  . 
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Figure 8.7: XRD patterns of ZnO nanoparticles produced on the pilot scale 

CHFS process as a function of Zn precursor concentration (Qp + Qsw = 700). 
328 

Figure 8.8: a) Variation of the full with half maximum value determined 

from the (100) [red circles] and (002) [black circles] reflections of ZnO, b) 

variation of the intensity ratio of the (100) and (002) reflections of ZnO 

nanoparticles plotted as a function of increasing precursor concentration. 
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Figure 8.9: TEM images of ZnO nanoparticles produced through 

concentration based scale up of the CHFS process; a) 0.2M700, b) 0.3M700, 

c) 0.4M700, d) 0.5M700, e) 0.6M700, f) 0.7M700, g) 0.8M700, h) 0.9M700 

(scale bar = 100 nm) 

330 

Figure 8.10: a) Comparison of the PSD obtained from TEM of the products 

of reactions 0.2M700 – 0.9M700 plotted as a function of precursor 

concentration (squares, error bars denote SD [nm]), BET equivalent sphere 

diameter [for indication only] (red circles), BET surface area (blue circles), 

TEM determined crystallite length (error bar  = S.D), b) Evolution of 

particle aspect ratio as a function of Zn concentration ca. 150 particles 

measured.  
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Figure 8.11: Compilation of HREM images of the ZnO sample produced in 

run 0.8M700; a) Low magnification image of a typical rod like particle, b) 

HREM image of a hexagonal particle, c) HREM image of the  facets of the 

rod like particle visualised along a zone axis showing intersecting lattice 

planes, d) Indexed electron diffraction pattern of the single crystallite 

presented in image [a].  

333 

Figure 8.12: BET surface areas of pure CeO2, pure ZnO and Zn/Ce oxide 

samples upon increasing Zn metal content in at%. A linear fit between 

nominal (solid line) and measured Zn content (dashed line). 
338 

Figure 8.13: Comparison of the diffraction data obtained by Kellici et al. 

and the data obtained for the samples produced on the pilot scale CHFS 

process; a) Diffraction patterns taken from the original report [n.b. note 

wavelength difference], b) X-ray diffraction patterns of pure CeO2, pure 

ZnO and Zn : Ce oxide mixtures. Zn content in the mixed oxides is given in 

at%. The relative intensity of 70 - 90 at% Zn oxides and ZnO patterns is 

adjusted as indicated. Key reflections (111)and (101) for CeO2 and ZnO, are 

indicated. (Diffraction data was collected by Dr Raul Quasada-Caberra) 
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Figure 8.14: Normalised Raman spectra of Zn/Ce oxides containing an 

increasing amount of Zn from top to bottom. Zn content (at%) and intensity 
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ratio for the ZnO spectrum are indicated.  

Figure 8.15: HREM images of Ce-Zn oxide nanoparticles produced using a 

pilot scale CHFS process; a) 0:100, b) 10:90, c) 20:80, d) 30:70 (Zn:Ce). 

Inter atomic spacing and corresponding miller indices are noted on each 

figure (JEOL 4000x was used to capture images at a magnification 

350,000x, scale bar = 5 nm).  
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Figure 8.16: Indexed SAED patterns for Zn-Ce oxide nanoparticles 

produced using a pilot scale CHFS process: a) 0:100, b) 10:90, c) 20:80, d) 

30:70 (Zn:Ce). 
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Figure 8.17: Variation in Band gap upon increasing Zn content (at%) in the 

Zn/Ce oxide binary system. A comparison between the present work (Black 

symbols) and previous work (grey symbols)   
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Figure 8.18: CIE  colorimetric parameters for Zn-Ce oxides vs measured Zn 

content (at%) produced using the pilot scale CHFS process.  
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Figure 8.19: Photograph of the ferrofluid produced by the recovery of 

sample PPCAM14 under the influence of a rare earth magnet. 
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Figure 8.20: XRD patterns of citric acid coated magnetite produced on the 

pilot scale CHFS process as detailed in table 8.6. 
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Figure 8.21: TEM images of citric acid coated magnetite nanoparticles 

produced using the pilot scale CHFS; a) PPCAM1, b) PPCAM2, c) 

PPCAM3, d) PPCAM4, e) PPCAM5, f) PPCAM6, g) PPCAM8, h) 

PPCAM9, i) PPCAM10, j) PPCAM13, k) PPCAM14, l) PPCAM15 (scale 

bar = 50 nm).  
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Figure 8.22: Stacked FTIR spectra of the products from each reaction 

PPCAM1-15 showing an expanded region of the complete spectra (range 

1000 to 2000 cm
-1

) identifying the IR active mode positions. 
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Figure 8.23: a) Variation in calculated grafting density calculated from 

equation 6.1 plotted against relative Fe:CA ratio used in the synthesis of 

each product. b) TGA data of the pilot scale reaction products. 
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Figure 8.24: Grouped DLS data showing the difference in hydrodynamic 

diameter from samples PPCAM1-15, the z-average hydrodynamic diameter 

is plotted as a function of the relative Fe:CA ratio used in synthesis and the 

volumetric scale up factor (error bars represent the sample polydispersity in 

nm). 
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Figure 8.25: Zeta-potential as a function of titration against pH for citric 

acid coated magnetite nanoparticles produced on the pilot scale CHFS 

process. 
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Figure 8.26: a) MH curves of citric acid coated magnetite produced using 

the pilot scale CHFS process, b) expanded plot showing the near 0 Oe 

region. 
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Figure 8.27: a) HRTEM image of sample PPCAM14 showing visualisation 

of the (220) lattice fringe b) Indexed SAED pattern of the sample. 
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Figure 8.28: a) FC and ZFC curves under an applied field of 100 Oe. b) 

Comparison of magnetisation magnetization curves measured at 10 K and 

300K, inset shows a the 0 Oe region magnified  to show the difference in 

coercivity 
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List of Symbols: 

 

Nomenclature: 

Ao   Outside surface area of inner pipe (m
2
) 

Fr   Froude number (dimensionless) 

G   Mass flowrate (kg s
-1

) 

h   Specific enthalpy (kJ kg
-1

) 

Q   Volumetric flowrate (ml min
-1

) 

ΔQ   Rate of heat transfer (W) 

Re   Reynolds number (dimensionless) 

Gr   Grashof number (dimensionless) 

Ctn   Thring Newby Parameter (dimensionless) 

T   Temperature (C) 
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-2

 K
-1
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Greek symbols: 
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θ   Temperature difference (K) 
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-3

) 
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Magnetic properties: 
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-1

) 
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Spectroscopy: 

Δ   Wavenumber separation (cm
-1

) 
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Chapter 1 

 

Literature Review of Methods for Nanoparticle Synthesis and Processing 
 

 

1.1 Introduction to Nanoparticles: 

 
 

Materials with a least one dimension less than 100 nm (100 x 10
-9

 m) are collectively 

known as nanomaterials. The term “nanomaterial” can be used to describe materials with 

almost any elemental composition of almost any architecture; ribbons, wires, rods etc.  It is 

only recently that an understanding of the science and properties of nanomaterials has 

developed, alongside many analytical methods to study the properties and physical 

characteristics of these materials. In 1963, Richard Feynman, gave his famous lecture at 

the Institute of technology in California where he stated "there is plenty of room at the 

bottom”. (Feynman & Vernon, 1963) Since then, nanotechnology and investigations into 

the properties of nanosized materials has seen rapid progression culminating in the 

increasing use of nanosized materials in high technology applications ranging from; high-

density data storage in computers, UV attenuators, probes for biochemical processes, drug 

delivery and catalysts. (Lester et al., 2006) The scope of application and the demand for 

nanoscale metals and metal oxides has greatly expanded in the last 10 years, and 

significant research effort is focused on developing processes for the large scale synthesis 

of nanomaterials. 

 
 

 One aspect of nanotechnology is focused on inorganic and ceramic materials, as both 

building blocks and useful standalone materials. These are reviewed in greater detail, as 

this is the field of nanomaterials referred to throughout this thesis.  The very small size of 

inorganic nanomaterials means that they have a very high surface area, and most of the 

atoms are at the surface, leading to unique surface effects in many nanomaterials. This 

means surface properties dominate over those of the bulk, and the properties exhibited by 

nanomaterials can be very different from that of the bulk material.  A good example is that 

of inert materials such as gold which become catalytically active as their dimensions 

approach the nanoscale. (Kamat, 2002) A significant portion of the research into 

nanotechnology has focused on the production of inorganic materials on a nanometric 

scale, either as potential building blocks for nanoscale devices or for their useful or 

interesting properties as nanomaterials. A vast number of material compositions have been 
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produced and evaluated as nanoparticles. (Byrappa & Adschiri, 2007) The numerous 

application areas of nanoparticles are summarised in figure 1.1, demonstrating how 

widespread investigation into the application of nanomaterials has become. (Tsuzuki, 

2009) 

 

Figure 1.1: Web diagram of nanoparticle application areas. (Tsuzuki, 2009) 

 

1.2 Properties and Applications of Inorganic Nanomaterials: 

 

Quantum confinement and the dominance of surface properties mean that nanomaterials 

can have unique optical, mechanical, electrical and magnetic properties. (Alivisatos, 1996) 

Many of the unique physical properties of nanomaterials can be exploited in a variety of 

applications. For example, materials that are not magnetic in the bulk form can become 

magnetic as their dimensions approach the nanoscale (e.g.  NiO). (Kodama, 1999) Equally 

materials such as titania and zinc oxide, which scatter visible light when micrometre sized 

can become transparent when nanosized. (Wang et al., 2003) Nanoparticles can also 

exhibit effects not seen at all in larger particles, such as quantum confinement effects, 

which only arise through the reduction in the bulk of the material and limits the number of 

possible energy states within the materials structure. The reduction in possible energy 

states means that the particle behaves somewhat like an atom. This is important in 

materials known as quantum dots (QDs) and quantum wires (Qw) which have become 
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technologically important. A slightly more detailed examination of quantum effects in 

semiconductor quantum dots is presented here to serve as a description of some of the 

physical characteristics resulting in unique properties of nanomaterials. QDs are 

semiconductor nanocrystals composed of atoms from groups II–VI or III–V of the periodic 

table and their composition can be varied to tune a material to a given application. QDs are 

generally defined as particles having physical dimensions smaller than the exciton Bohr 

radius of the material, which is composition dependent (typically 1–5 nm). (Parak et al., 

2003) Due to this small size of only a few nanometres, which is of the same order of 

magnitude as the de -Broglie wavelength of electrons and holes at room temperature, the 

states of the free charge carriers in QDs are quantized and the movement of these carriers 

is entirely determined by quantum mechanics.  Conceptually, this quantum confinement 

effect can be described as the fate of a photon as it is absorbed by a semiconductor. Where, 

static electrons from the valence band become mobile and are excited into the conduction 

band within the semiconductor matrix. As the electron becomes mobile it leaves behind a 

hole. After a certain period of time (usually in nano seconds), the electrons and holes 

recombine. As such, the small size of these QDs leads to a quantum confinement effect 

where an energy loss, at recombination of the electron and hole, results in the emission of 

a down converted photon. This energy loss, endows the nanocrystals with unique optical 

and electronic properties as summarised by figure 1.2. 

 

 
Figure 1.2: Optical properties of CdSe-ZnS quantum dots of different particles sizes a) 

Size-dependent photoluminescence emission wavelengths b) schematic presentation of 

size, colour, and photoluminescence emission wavelengths of CdSe–ZnS quantum dots of 

different sizes c) Absorption (solid lines) and emission spectra (broken lines)  of CdSe 

QDs with various size. (Parak et al., 2003) 

 

1.3 Strategies for Inorganic Nanoparticle Manufacture: 
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The unique properties of nanoparticles have led to significant interest in exploiting many 

of their properties. As such, many methods have been developed to produce target 

materials. There are two general methods for production of nanoparticles called “top 

down” and “bottom up”, respectively. “Top down” refers to methods which involve taking 

a bulk material, and making it smaller, by grinding or milling. “Bottom up” refers to 

methods in which nanoparticle form as a result of a chemical reaction which form 

nanoparticles from a molecular or atomic level precursors. The bottom up and are typically 

divided into two major classifications, as reactions conducted in the gas and liquid phases, 

respectively. These methods are shown schematically in figure 1.3. 

 

 

Figure 1.3: Schematic comparing “bottom up” and “top down” schemes for nanoparticle 

production. 

 

1.3.1 Top down Strategies: 

Top down methods have been used to produce nanomaterials of many compositions 

(magnetic, catalytic and structural). (Yoshimura et al., 2000) Where, examples of top 

down strategies include ball milling (many embodiments), lithography (adding functional 

elements to a substrate) and etching (adding functional structures). (Malow & Koch, 1998) 

Although, lithography and etching are becoming exceptionally versatile techniques for the 

addition of nano and micron sized structures to substrates, they are seldom used for the 

production of nanoparticles as such only a detailed review of ball milling is presented here.  

 

Top down methods such as ball milling are often seen as a poor methods for the 

production of nanomaterials due to problems with contamination from the milling media. 

Ball milling as a process, tends to produce partially amorphous particles with a low surface 
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area and a high particle size polydispersity, these characteristics have limited  application 

industrially as many of the unique properties of nanomaterials identified to date rely on 

homogeneity of the nanoparticles and are often determined by material size. The method is 

also energy inefficient for the production of nanoparticles as milling times in excess of 

days are sometimes required to produce a sufficient yield of “nanoparticles”. (Zhang, 

2004) Ideally nanoparticles formation methods should be reproducible, with batch-batch 

homogeneity being a key issue.  Top-down methods are not favoured for the synthesis of 

many nano-materials as the structural defects and polydispersity of the products limits 

application where certain size dependent or structural properties are to be exploited. 

(Souza et al., 2001) Although technologically simple, ball-milling and related top-down 

strategies provide limited control of particle properties when compared to other bottom up 

methodologies. (Souza, Aranda, & Schmal, 2001, Zhang, 2004) As such, the bottom up 

methods are reviewed in greater detail in the following sections. 

 

1.3.2 Bottom-up Synthesis of Nanoparticles 

 

The aim of this section is to provide a brief and succinct description of methods used for 

the manufacture of nanoparticles. However, first it is important to review the mechanism 

of nanoparticle formation and the theories associated with nanoparticle nucleation and 

growth.  

 

1.3.2.1  Mechanisms of Nanoparticle Formation (bottom up): 

The synthesis and formation of any nanoparticle from solution or reactive gasses involves 

four main stages which are divided and defined as follows; nucleation, growth, coarsening 

and termination (shown schematically in figure 1.4). Where, nucleation is the initial 

formation of solid from liquid or gas. Growth is the addition of atoms from the solution or 

carrier to the nuclei. Larger particles begin to grow using material from smaller particles 

rather than the solution which is commonly referred to as coarsening or ripening. 

Termination is the end of the reaction where no more growth occurs and can be influenced 

by many chemical events. Many methods for the production of bottom up synthesis of 

nanomaterials (solution or gas phase) allow for the control of one or many of these steps 

through different mechanisms. (Sun & Zeng, 2002)  
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Figure 1.4: Schematic showing the nucleation of a nanoparticle from solution including 

formation of a cluster of critical size (n*) which is in equilibrium with ions in solution but 

can grow irreversibly into a stable particle under appropriate chemical conditions. 

 

Particle nucleation begins with the formation of a cluster of molecules of a critical size 

(n*) this cluster is formed through a chemical reaction and in some cases this reaction is 

reversible (figure 1.4), the driving force for the formation of a cluster is dependent on the 

method chosen for the synthesis of nanoparticles. Initiation of cluster formation for 

example can be heating a solution containing precursors (initiating decomposition 

reactions) or a change in the chemical environment (i.e. the addition of reducing agents) a 

good example of the latter is the Brust-Schiffrin method, where sodium borohydride is 

used to reduce a solution of HAuCl4 in a single phase reaction leading to rapid cluster 

formation and minimal growth through reduction of the Au salt forming insoluble Au
0 

and 

the nucleation of Au
 
clusters from solution. (Brust et al., 1994)  The driving force for 

nucleation in this context arises from a difference in chemical potential of a molecule in a 

cluster (μc) compared to the chemical potential of the species in solution (μg). 

Thermodynamically, this is the driving force (Δμ) for the nucleation of a nanoparticle 

(equation 1.1) as defined by Kashchiev & van Rosmalen. (Kashchiev, 1982, Kashchiev & 

van Rosmalen, 2003) 

 

Δμ = μg – μc  (Equation 1.1) 

 

The driving force for cluster formation can also be written as equation 1.2, k is the 

Boltzmann constant, T is the absolute temperature and S is the supersaturation (equivalent 

to Δμ in equation 1.1). Supersaturation in this context is a non-equilibrium state, and 
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provides a driving force for nucleation (i.e. cluster formation) and can be induced by many 

methods which are detailed later in this review. Often, if the cluster is of the critical 

nucleus (n*) or above the cluster is stable and will grow, and conversely if the extent of 

supersaturation is not sufficient to produce stable cluster dissolution is likely to occur, this 

occurs if the chemical force driving the potential is removed (figure 1.4). (Kashchiev & 

van Rosmalen, 2003) Supersaturation of a system is defined in equation 1.3, where there 

are ‘i’ types of ions in solution (i = 1, 2, 3…j) with ni ions in a cluster. The actual and 

equilibrium activities are “a” and “ae” respectively. Equation 1.2 and 1.3 show that if the 

product of the actual concentration is greater than the product equilibrium concentration 

then S is greater than 1. Therefore, lnS is greater than zero and the driving force (Δμ) is 

greater than zero and the nucleation of particles is favoured. This suggests that nucleation 

will occur in a supersaturated solution and can be potentially controlled either by chemical 

reaction or by the change in state of the salvation of ions. Change in free energy in the 

nucleation of an ion depends on the energy gained in creating a cluster ( -nΔμ) and the 

excess energy of the cluster (φ(n)) as described by equation 1.4. The work (W) in forming 

a critical cluster is defined in Equation 1.5, and φ(n*) is the excess energy of the critical 

cluster. (Ho et al., 2007) 

 

Δμ = kTlnS (Equation 1.2) 

 

j

j

n

je

n

e

n

e

n

j

nn

aaa

aaa
S

...

...
21

21

21

21

 (Equation 1.3) 

 

W(n) = -n Δμ +φ(n)  (Equation 1.4) 

 

W(n*) = -n* Δμ +φ(n*)  (Equation 1.5) 

 

Although conceptually simple, the term φ(n)  is hard to define experimentally and it is 

often regarded as method dependent, alongside synthesis condition dependent. 

Consequently, to the experimentalist the quantification of particle nucleation and critical 

cluster formation is only evaluated experimentally in terms of the effect of different 

synthesis condition on particle size inferring a difference in the nucleation and growth 

phases of the particles.  
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The definition of the term φ(n)  is further complicated by the fact it  depends on the type of 

nucleation (heterogeneous or homogeneous), the morphology and structure of the cluster, 

the interface between the cluster and the ions involved. Thus, in theoretical work these 

terms are often estimated. For example, the interface energy is often approximated to that 

of a 1d material (i.e. single atomic plane) although this only holds true for  sufficiently 

large clusters to be relevant for a typical nanoparticle synthesis. (Wang & Yang, 2005)To 

overcome the problem of the interface energy, nucleation theory was developed and is 

described in equation 1.6; (Kashchiev & van Rosmalen, 2003)  

*
*

n
d

dW


   (Equation 1.6) 

Where, dW* is the work involved in the formation of a cluster, -n* is the work required to 

form a cluster and dΔμ is the change in the driving force required to form a cluster. In 

general, this relationship holds true for most nucleation models and is referred to in the 

experimental observations of many publications relating to the synthesis of size controlled 

nanomaterials in the liquid and gas phase. (Lester et al., 2006) Nucleation theory (equation 

1.6) can be related to the extent of supersaturation in a given system by substitution into 

equation 1.2 leading to equation 1.7. 

kTn
Sd

dW
*

ln

*


  (Equation 1.7) 

 

In many cases, nucleation is evaluated as the ideal case where a spherical cluster which 

shows isotrophic surface tension and interface energy with a radius (r) in solution which is 

nucleating (i.e. supersaturated).  In this case the critical cluster size n* corresponds to a 

critical cluster r*, the free ions in solution γSL and the change in Gibbs free energy (ΔGv)  

as described by equation 1.8. This equation is governed by two dominant terms, the first 

term on the right of equation 1.8 is the energy gained to create the volume of solid in the 

solution and is equivalent to the term (-nΔµ) defined in equation 1.5, the second term is the 

excess energy due to the creation of an interface and equivalent to φ(n) defined in   

Equation 1.5.  (Porter & Easterling, 1992) 

 

SLV rGrrG  23 4
3

4
)( 

  (Equation 1.8) 

The critical cluster size can be calculated for a given synthesis condition by differentiation 

of Equation 1.8.   This equation is strictly only valid for spherical nucleation but it shows 
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the balance between volume and interface creation effects.  Figure 1.5 shows graphically 

the formation of a critical cluster under this approximation of homogenous and spherical 

nucleation. (Kashchiev & van Rosmalen, 2003) However, in the case of isotropic 

heterogeneous nucleation there is a shape factor,  which will reduce the optimum energy 

needed because the volume is no longer a full sphere so the contribution from interface 

effects is greater (it does not account for crystal facet polarity), but this will not affect the 

determination of n*.  

 

Critical issues in the synthesis of nanoparticles include control of size, composition, 

interfaces and size distributions, later in this chapter these issues are reviewed in relation to 

individual synthetic methodologies. However, in any method intended for the production 

of nanoparticles it is important to have control over nucleation and growth and forms a 

justification why certain methods are preferred for the synthesis of nanomaterials. 

(Yoshimura, Suchanek, & Byrappa, 2000) In a chemical reaction, the extent of 

nanoparticle growth is often constrained by the exhaustion of reactants, or when the 

system reaches a state of equilibrium (i.e. the free energy gained in forming the particle 

from the solution is insufficient and often occurs as the concentration of a reactant is 

reduced). For the formation of particles, the equivalent physical parameter is 

supersaturation, i.e. the nucleation and growth processes will stop when the level of 

supersaturation reaches zero this is particularly relevant to nanoparticle synthesis methods 

which use vanishingly short reaction times to constrain the growth of nanoparticles. The 

extent of supersaturation is not necessarily determined by the concentration of a reactant, 

so precipitation can be affected by changing reaction conditions such as temperature, 

pressure or solvent composition. (Byrappa & Adschiri, 2007) Also, since “bottom-up” 

formation of particles often involves an in situ chemical reaction to produce the feedstock 

for the precipitation, it is possible that the production of particles can be halted by stopping 

the chemical reaction (i.e in a high temperature process this is conveniently achieved by 

quenching the reaction through a reduction in temperature). (Sun & Zeng, 2002)  
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Figure 1.5: The balance of interfacial energy and energy for creation of a volume of solid 

in nucleation theory leading to a critical nucleus size r* or n* and the change in free energy 

derived from this process. (Porter and Easterling, 1992) 

 

The control of nanoparticle size and size distribution is further complicated by processes in 

which particles grow by a mechanism of coarsening in which discrete nanoparticles 

crystallize together an event commonly referred to as Ostwolds ripening.  The predominant 

theory describing Ostwald ripening is known as LSW theory, after Lifshitz and Slyozov 

and Wagner. (Lifshitz, 1956, Lifshitz & Slyozov, 1961, Wagner, 1961)  The mathematics 

of this theory are complex, model based and beyond the scope of this review, but a number 

of the findings of the theory can be conveniently simplified. For example, the average 

particle diameter is proportional to the cube root of time, and the number of particles is 

inversely proportional to time. (Lifshitz & Slyozov, 1961) This simplification allows the 

mechanism of growth to be determined in a particular synthesis and allows a system to be 

defined as nucleation or growth/coarsening dominated. (Cushing et al., 2004) 

 

 Similarly, loss of control of particle morphology and size can also be further complicated 

by agglomeration where particles can continue to agglomerate even when there is no 

supersaturation. (Lifshitz, 1956) Agglomeration of nanoparticles is primarily due to the 

high surface energy (attributed to partially coordinated surface atoms) of nanoparticles 

driving their tendency to form agglomerates. (Dzyaloshinskii et al., 1961) Upon contact 

the primary particles of an agglomerate form bonds which can be of different nature and 
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depend heavily on the method of particle preparation. In this embodiment, under severe 

processing conditions particle agglomeration can lead to the formation of solid state necks. 

Alternatively, Chemical bonds between the particle surfaces may also form and magnetic 

dipole forces can potentially contribute to the inter-particle forces leading to 

agglomeration. The strength of these inter-particle bonds determines to a large part their 

physical properties and applicability of many materials in a given application. To combat 

agglomeration and coarsening, nanoparticle production methods often use capping agents 

which bind to the surface of nascent nanoparticles increasing the energy barrier and 

preventing agglomeration. (Pankhurst et al., 2009) Capping agents may also serve to direct 

the growth of nanoparticles along surface facets or as a method to control the growth of a 

particle by excluding the surface.  These molecules can be coordinating surfactants, 

polymers or other organic molecules. In general they work by binding to the outside of the 

particle and preventing further particle growth by steric hindrance or serve as a charged 

species in solution providing an electrostatic mechanism to the prevention of 

agglomeration and are reviewed later. (Thanh & Green, 2010) 

 

1.3.3 Gas Phase Synthesis of Nanomaterials: 

Gas phase syntheses, usually involve nucleation of particles from gasses containing 

precursors in a vapourised or atomic form, particle formation is often initiated by 

combustion. The gas phase methods allow synthesis of nanomaterials at high production 

capacities (some are operated commercially). (Tsuzuki, 2009) The advantages of 

nanomaterials synthesis using gas phase reactions can be summarised as follows; particle 

formation is generally rapid, the products are largely of high compositional purity, product 

collection and consolidation is simple and there is no contaminated effluent. One drawback 

of gas phase synthesis is that nanoparticles are not contained as they are produced which 

increases the extent of engineering measured required to isolate workers from 

nanoparticles, in light of the largely unknown health effects of many nanomaterials 

(reviewed later). (Teow et al., 2011) This review is limited to the operation of gas phase 

methods for the production of metal oxide nanoparticles and only a brief summary of the 

methods used for metal oxide particles are presented. Chemical Vapour Deposition (CVD), 

Flame reactions, spray pyrolysis and plasma syntheses are all examples of gas phase 

processes used for the production of nanomaterials and each of the aforementioned 

methods have their own caveats which are briefly described below:  
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 CVD deposits nanomaterials onto a substrate either as a nanostructured film or as 

nanoparticles imbedded in a substrate grown from the gas phase, reactant streams 

“precursor” and “O2” are segregated until over the substrate. (Mills et al., 2002) 

This technique has been to produce a variety of nanoparticles including; TiO2, 

Al2O3, Cu2O, ZnO, Carbon nanotubes and a variety of transition metal oxides. 

(Kafizas & Parkin, 2010) This technique is limited by the availability of suitable 

volatile precursor materials (organometallic complexes) and choice is further 

limited as materials with low melting points or high boiling points and 

nanomaterials are exclusively produced on a substrate. (Palgrave & Parkin, 2006) 

  Flame based methodologies result in particle formation from the combustion and 

oxidation of an organometallic precursor. Flame based processes are typically 

continuous and a degree of control over particle properties such as shape and 

morphology is afforded by control of flame temperature, residence time, additives 

and precursor concentration. (Pratsinis & Vemury, 1996) Although, sintering of 

nanoparticles produced in high temperature synthesis causes significant issues with 

particle consistency and morphology. (Rosner, 2005, Vemury et al., 1994)  

 In Spray pyrolysis soluble precursors are first atomized (often into a mist) and 

delivered to a reaction furnace using a carrier gas. (Eroglu et al., 1996) Particles 

form as the solvent evaporates leading to the formation of a precipitate within the 

droplet. Thereafter, the particles are calcined at high temperature to complete the 

reaction and form crystalline nanoparticles, porous networks or dense ceramic 

materials. (Messing et al., 1993)  

 In plasma based syntheses a reactant is vaporized in a plasma (using solid or 

solution based precursors). Unlike the other gas phase processes nanoparticle 

formation nanoparticles are not formed in plasma based syntheses until the 

precursors quenched at the end of the plasma. Only after quenching the precursor 

materials nucleate and grow in the gas phase. (Vissokov et al., 1988) The particle 

formation processes can be controlled to some degree by the plasma temperature 

and reaction quench rate. However, intimate control over reaction variables is not 

practicable as particle formation occurs in the transition from plasma to near 

ambient temperature. (Pratsinis & Vemury, 1996)  
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The gas phase methods offer relatively simple processes for the production of 

nanoparticles and nanomaterials. In many ways the liquid phase synthesis methods for the 

synthesis of nanoparticles are favored and are now reviewed.  

 

1.3.4 Liquid Phase Methods: 

Liquid phase routes for the synthesis of nanoparticles include precipitation, chemical 

reaction, sol-gel methods, emulsion synthesis and hydrothermal routes. (Masala & 

Seshadri, 2004) There are many different liquid phase techniques which can produce 

nanoparticles, usually involving synthesis of insoluble products from soluble reactants. 

This section describes some of the liquid phase methods for the production of metal oxide 

nanoparticles. 

 

1.3.4.1 Precipitation of Nanoparticles from Aqueous Solutions: 

 

One of the most common methods for the preparation of nanoparticles are the aqueous 

precipitation routes. Aqueous precipitation has many embodiments and can be 

conveniently divided as follow 1) Direct precipitation of the desired material from the 

aqueous phase (with or without a capping agent being present) 2) precipitation of metal 

ions in a desired composition ratio (often as hydroxides) which are used as precursor 

nanomaterials for further processing  via calcination. (Cushing, Kolesnichenko, & 

O'Connor, 2004)  

 

Direct precipitation is a method favored for the synthesis of homometallic oxides (such as 

ZnO, TiO2, Fe2O3 and Fe3O4). For example, Fe3O4 can be produced directly from the 

precipitation of Fe
2+

 and Fe
3+ 

from soluble salts (Iron chlorides) by the addition of NH4OH 

or NaOH at a temperature of ca. 70 °C under an inert atmosphere. (Kuo & Tsai, 1989)  

Direct precipitation is difficult to control and suffers from large batch to batch variation in 

relation to particle size and composition. (Darr & Poliakoff, 1999) The direct co-

precipitation method is typically limited in relation to mixtures of metal ions as different 

ions show different solubilities and often precipitate separately leading to composition in-

homogeneity resulting in further commination strategies being employed to produce a 

desired material (hetrometallic systems). (Gu et al., 2000) Typical co-precipitation 

reactions are often time consuming 2h – 6 days and require stringent control over reaction 

conditions to produce a desired material. (Jang et al., 1998) The long reaction times have 
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lead to the development of “assisted” coprecipitation reactions. In “assisted” reactions a 

further chemical or physical process is used to drive the precipitation reaction. For 

example, the application of ultrasound to a coprecipitation mixture results in the formation 

of hot-spots through ultrasonic cavitation leading to localised heating which increases the 

rate of the coprecipitation reaction. (Hoffmann et al., 1996) Similarly, microwave assisted 

co-precipitaion is also a method commonly employed for the synthesis of nanoparticles 

although the mechanism of heating is different from the former, similar results have been 

demonstrated. (Yoshimura, Suchanek, & Byrappa, 2000)  

 

1.3.4.2 Sol-Gel Processing: 

The sol-gel method is based on the hydrolysis and condensation of an organic-metal 

precursor sol. This process involves the dissolution of a metal precursor in a solvent, a 

gelation phase in which a matrix material is added, an ageing phase in which gelation and 

cross linking occurs to from the sol-gel matrix, a drying step to remove the solvent and a 

heating step to dehydrate the metal complex to form a oxide (simultaneously pyrolysing 

the matrix material). Many nanomaterials have been produced using sol-gel methodologies 

and is far too complex a field of literature to review here, as sol gel methods have been 

extensively modified for the production of desired nanomaterials. Further information on 

sol-gel processing is available in several notable review articles published by Yoshimura 

and Cushings amongst others. (Casas et al., 2002, Corrias et al., 2003, Cushing, 

Kolesnichenko, & O'Connor, 2004, Si et al., 2004, Yoshimura, Suchanek, & Byrappa, 

2000) However, certain sol-gel methods such as the pechini method are almost exclusively 

applied to the synthesis of nanomaterials and as such a slightly more detailed review of 

this process is presented here. 

 

The Pechini method is a widely adopted alteration of the core sol-gel method outlined 

above. The Pechini method does not rely on a hydrolysis equilibrium to form the gel 

matrix. In a typical synthesis, a complex mixture of precursor materials (metal-citrate 

complexes), citric acid (or another complexing agent) and a polyalcohol such as ethylene 

glycol are used for the formation of a gel phase from solution as shown in figure 1.6. 

(Lessing, 1989) In this process the polyalcohol serves as a linker to from a gel from the 

metal-citrate complex through poly-esterification. The reaction to form metal oxides is 

completed by calcination which also serves to remove the organic templating phase.  Many 

materials have been produced by the Pechini method and are reviewed in detail by 
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Yoshimura. (Yoshimura, Suchanek, & Byrappa, 2000) The Pechini method confers several 

advantages for the synthesis of nanomaterials including; the use of simple metal 

complexes, the reaction is not as sensitive to pH as co-precipitation or conventional sol-gel 

methods and higher order phases (hetrometallic oxides) can be produced. However, little 

control over particle properties such as size distribution and morphology can be achieved 

and is essentially a batch process for nanomaterial production. The requirement for 

calcination results in the unavoidable formation of particle agglomerates. (Cushing, 

Kolesnichenko, & O'Connor, 2004)  

 

 

Figure 1.6: Schematic representation of the poly-esterification of a metal-cation, citric 

acid and polyol forming the basis of the Pechini method. (Lessing, 1989) 

 

As the near ambient solution phase methods often form precursor materials which require 

calcination to either form or crystallise a desired reaction product, agglomeration and 

particle growth are unavoidable which in some cases can introduce material properties 

which are not desirable in many applications. Solution phase processes which allow for the 

introduction of capping agents after the formation of nanoparticles often mitigate many of 
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the effects of particle coarsening and growth observed in near ambient temperature 

processes and these are reviewed next.  

 

 

 

 

 

1.3.5 Methods for the Production of Surface Functionalised Nanoparticles: 

 

As the application of many nanoparticles is dependent upon the particle being dispersed in 

an appropriate medium, capping agents are commonly employed to prevent agglomeration 

of nanoparticles and to some extent allow control of particle growth and formation from 

solution. (Lu et al., 2007) Capping agents which confer stability to a dispersion of 

nanoparticles in an appropriate solvent, can be used to either electrostatically stabilise 

nanoparticles  (charge based mechanism) or confer a steric mechanism (physical 

separation) to stability. (Thanh & Green, 2010) For example, the deprotination of a free 

carboxylic acid group conjugated to the surface of a nanoparticle resulting in a negative 

surface charge this charge results in hydration (aqueous dispersion) of the particle surface 

leading to the formation of an energy barrier to particle agglomeration. Conversely, the 

steric mechanism exploits the bulk of the capping agent (high molecular weight aliphatic 

compounds) to provide physical separation of the surface of nanoparticles preventing 

interparticle interaction / agglomeration. (Lu, Salabas, & Schueth, 2007) Metal oxide and  

nanoparticles of other compositions often have high surface energy where agglomeration 

occurs to minimise free surface energy, as such both steric and electrostatic mechanisms 

are effective to prevent agglomeration of nanoparticles. (Ho, Huang, & Carter, 2007) 

However, as the stabilisation mechanism is highly solvent dependent, methods which 

produce surface functionalised dispersion of metal oxide nanoparticles in various media 

are required. (Pankhurst, Thanh, Jones, & Dobson, 2009)  

 

The ligand molecules bound to the nanoparticle surface not only control the growth of the 

particles during synthesis, but also prevent aggregation of the nanoparticles. The repulsive 

force between particles can in principle be due to electrostatic repulsion, steric exclusion, a 

hydration layer on the surface (i.e. in the case of a hydrophilic shell such as SiO2) or 

combinations of the aforementioned mechanisms. (Parak, Gerion, Pellegrino, Zanchet, 
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Micheel, Williams, Boudreau, Le Gros, Larabell, & Alivisatos, 2003) Many capping 

agents have been employed to stabilise nanoparticles and a summary of the chemical 

groups commonly used to coordinate ligands to a nanoparticle surface are presented in 

figure 1.7. (Lu, Salabas, & Schueth, 2007, Masala & Seshadri, 2004) Depending on the 

particle system, i.e. the core material, and the solvent in which the particles are to be 

dispersed, the choice of an appropriate capping agents showing a suitable chemical moiety 

should confer stability to a particle dispersion. (Hirai et al., 1992) Typically, the capping 

agents have to be bound to the particle surface by some attractive interaction, either 

chemisorption, electrostatic attraction or hydrophobic interaction, most commonly 

provided by a head group of the ligand molecule (figure 1.7). Various chemical functional 

groups possess affinity to inorganic surfaces, the most famous example being a thiol to 

gold, many functional groups are reported to bind to inorganic surfaces. (Brust, Walker, 

Bethell, Schiffrin, & Whyman, 1994) In many cases, this principle is already exploited 

during synthesis and a number of methodologies have been developed to allow for the 

direct synthesis of surface functionalised nanoparticles. (Lu, Salabas, & Schueth, 2007)  

 

 
 

 

Figure 1.7: Common capping agents used for the surface functionalisation of metal oxide 

nanoparticles. (Lu, Salabas, & Schueth, 2007) 

 

1.3.5.1 Thermal Decomposition: 

The thermal decomposition methods are principally inspired by the synthesis of high-

quality semiconductor nanocrystals (QDs) and has been applied to the synthesis of many 

nanoparticles, allowing control over particle size and morphology. (Hyeon et al., 2001, 

Masala & Seshadri, 2004) Many, monodisperse nanomaterials with can essentially be 
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synthesized through the thermal decomposition of organometallic compounds (e.g. metal 

acetylacetonates amoungst others, [M(acac)n], M = Fe, Mn, Co, Ni, Cr; n = 2 or 3, acac = 

acetylacetonate) in high-boiling organic solvents containing capping agents (fatty acids, 

oleic acid, and hexadecylamine as an ancillary reagent). (Hyeon, Lee, Park, Chung, & Bin 

Na, 2001, Sun et al., 2000, Sun et al., 2004, Sun & Zeng, 2002) The purpose of the 

capping agent can be either as a method of controlling particle growth or as an agent to 

template the preferential growth of a material along a preferential crystal facet. (Thanh & 

Green, 2010) As with many “assisted” synthesis methodologies thermal decomposition 

reactions involving the application of heat in conjunction with ultrasound allow further 

chemistries to become accessible to this methodology. In principle, the ratios of the 

starting reagents including organometallic compounds, surfactant, and solvent are the 

decisive parameters for the control of the size and morphology of many of the 

nanoparticles synthesised using this methodology. (Masala & Seshadri, 2004) Intrinsic 

parameters such as reaction time, reaction time (aging) or heating rate (pseudo-

decomposition rate) can also influence particle properties. (Hyeon, Lee, Park, Chung, & 

Bin Na, 2001) The production of either oxide or metallic nanoparticles can be controlled 

by the valence of the metal ion in the organometallic precursor(s). (Sun, Murray, Weller, 

Folks, & Moser, 2000) If the metal in the precursor is zerovalent, such as in carbonyls, 

thermal decomposition initially leads to formation of the metal, but two-step procedures 

can be used to produce oxide nanoparticles  e.g. iron pentacarbonyl can be decomposed in 

a mixture of octyl ether and oleic acid at 100 °C, subsequent addition of trimethylamine 

oxide (CH3)3NO as a mild oxidant at elevated temperature ca. 180 , results in formation of 

monodisperse Fe2O3 nanoparticles. Whereas, decomposition of precursors with cationic 

metals leads directly to the oxides, Fe3O4, is formed as the reaction product if [Fe(acac)3] 

is decomposed in the presence of 1,2- hexadecanediol, oleylamine, and oleic acid in 

phenol ether. (Burda et al., 2005) The thermal decomposition methods confer several 

advantages for the synthesis of nanomaterials including; the product is obtained from the 

reaction directly, the reactions are relatively rapid and the experimental apparatus is 

relatively simple. However, many of the organometallic precursors used are toxic and 

reactions require very careful control of reaction conditions to yield a desired material and 

the process is inherently a batch processing method.  

 

1.3.5.2 Microemulsion Methods: 
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A microemulsion is a thermodynamically stable isotropic dispersion of two immiscible 

liquids, where the micro-domain of either or both liquids is stabilised by an interfacial film 

of surfactant molecules and a number of material composition have been produced using 

this methodology. (Fletcher et al., 1987) Water-in-oil microemulsions, are the most 

commonly used media for the synthesis of nanoparticles, the aqueous phase is dispersed as 

micro-droplets (typically 1– 50 nm in diameter) surrounded by a monolayer of surfactant 

molecules in the continuous hydrocarbon phase and vice versa, defining micelle and 

reverse micelle routes, respectively (shown schematically in figure 1.8). (Zarur & Ying, 

2000) The size of the reverse micelle is determined by the molar ratio of water to 

surfactant and provides a method to constrain particle growth as the precursors are 

confined within a single phase (the surfactant can also serve as a capping agent in this 

context or a separate capping agent can be added). (Bandow et al., 1987) Primarily, the 

size of each micelle is determined by the behaviour of the surfactant at a given 

concentration as long as the surfactant is at a concentration greater than the CMC (Critical 

Micelle Concentration). (Fletcher, Howe, & Robinson, 1987)  In this sense, a 

microemulsion can be used as a vehicle for the formation of nanoparticles. The 

microemulsion methods are typically limited in the materials that can be produced by the 

low temperatures of reaction. (Zarur & Ying, 2000) Where, not all material types can be 

precipitated directly or are precipitated as amorphous materials. In this embodiment post 

processing results in the agglomeration of nanoparticles limiting further application. 

Where, metal oxides, metal carbonates, metal sulphides and other non-metal nanoparticles 

can be synthesised inside reverse micelles by hydrolysis and precipitation procedures 

outlined above. (Bandow, Kimura, Konno, & Kitahara, 1987) For example, the formation 

of maghemite nanoparticles was demonstrated by Santra et al. In the reported reaction 

FeCl3.6H2O was initially hydrolysed in a aqueous phase and subsequently formulated into 

a reverse micelle through the addition of dibenzylether using oleic acid as a surfactant or 

silanes. (Santra et al., 2001) Iron hydroxide formation was initiated and promoted by 

propylene oxide (proton scavenger) which was dissolved in the oil phase. The final 

material phase was produced by refluxing of the obtained hydroxide in tetralin solvent at 

above 200 °C for 2 h. (Santra et al., 2001) 
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Figure 1.8: Diagram showing an idealised reverse micelle emulsion synthesis reaction. 

(Fletcher, Howe, & Robinson, 1987) 

 

1.3.5.3 Polyol Synthesis Methods: 

The Polyol processes encompass a large variety of solution compositions. In a typical 

polyol processes, secondary alcohols are used as high boiling point solvents. Examples of 

polyols used for the synthesis of nanoparticles include; 1,2-propanediol, 1,2-docecanediol, 

1,2-hexanedecanediol, 1,2-octanediol etc. (Sun et al., 2004) In all cases the polyol chosen 

for the reaction serves two purposes; 1) to act as the solvent and 2) to act as a mild 

reducing agent. (Mizuno et al., 2005) Particles are formed by conventional nucleation 

processes as the decomposition of precursor materials (typically acetylacetonates although 

other metal sources can also be used), occuring at the relatively high reaction temperatures 

(ca. 300 °C). (Mizuno et al,.  2005) Nanoparticles of many different materials can be 

readily produced through the judicious control of reaction conditions (i.e. reducing, 

oxidising or inert). The decomposition approach of metal source is readily extended to the 

preparation of metal oxides and hetrometallic oxides, they are obtained by the thermal 

decomposition of metal complex. For example, the synthesis of magnetite nanoparticles 

was reported by Robinson et al. (Robinson et al., 2009) In this report iron(III) 

acetylacetonate, 1,2-hexadecanediol, oleic acid, oleyl amine were dissolved in dioctyl 

ether and heated to reflux for 30 minutes to allow the formation of magnetite nanoparticles 

where magnetite was surface functionalised by oleic acid. In a similar reaction, Hyeon et 

al. presented the synthesis of various MFe2O4 nanoparticles which were produced, by 

altering the metal salt stoichiometry in the starting solution  (Where , M = Zn, Cu, Ni, Co, 

Mn, Cr, V, Ti, Mg, or Ba). (Hyeon et al., 2001) The polyol methods also allow for the 

relatively simple synthesis of surface functionalised nanoparticles, although intimate 

control over the reaction conditions is required to control variation.(Sun & Xia, 2002) As 
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with the thermal decomposition methods the particles produced are highly dependent upon 

many intrinsic reaction conditions which are often difficult to independently control. 

Inherently, polyol methods are batch processes which also suffer batch to batch variation 

limiting the wide spread application of the technique. 

 

1.3.5.4 Modification of surface chemistry: 

 

Alongside all the direct surface functionalisation methods reviewed above there are several 

strategies for transferring stable dispersions of nanoparticles produced in any media to a 

desired suspending medium. As it is often more convenient to produce a nanomaterial in a 

given solution phase with intended application in another. (Lu, Salabas, & Schueth, 2007, 

Masala & Seshadri, 2004) Phase transfer takes nanoparticles dispersed in a given solvent 

A to a different, non-miscible solvent B, either from non-polar organic solvents to the 

aqueous phase or vice versa, and is commonly achieved by alteration of the chemical 

species present at the surface of a nanoparticle (either coupling a new chemical moiety to 

the particle surface through ligand exchange,  amidation coupling (EDC), Click chemistry 

or another chemical strategy. (Hirai, Aizawa, & Shiozaki, 1992, Thanh & Green, 2010)  In 

the ligand exchange strategy, the molecules stabilising the particles in one phase are 

replaced by other capping agents that allow the transfer to the second phase and provide 

dispersion stability. (Zhang et al., 2007) Ligand exchange occurs successfully if the 

incoming ligand has a higher affinity towards the surface of the nanoparticles and 

displaces the former ligand. Le-chatelliers principle can also be exploited in this context to 

drive displacement of a high affinity ligand by a lower affinity ligand by using the lower 

affinity ligand in large excess. (Thanh & Green, 2010) An alternative approach to phase 

transfer is ligand modification through either covalently coupling a ligand to a free 

chemical moiety present on the capping agent used to initially stabilise the particle (e.g. 

EDC (amidation coupling), Click Chemistry, etc.). Using coupling based strategies allows 

the ligand molecule to be modified relatively simply with many examples of modified 

surface groups being presented in the literature. (Lu, Salabas, & Schueth, 2007) For 

example,  Hydrophilic nanoparticles electrostatically stabilised by a mercaptocarboxylic 

acid can be modified by a hydrophobic molecule that is chemically bound to its carboxylic 

terminal groups (e.g. dicyclohexylamine to mercaptoacetic acid),  or the addition of  

amphiphilic/ bulky hydrophilic  coating layer can also be used to confer a steric 

mechanism to particle stability which is desirable in many biological applications of 
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nanoparticles. (McMahon & Emory, 2007) Coupling strategies are not limited to simple 

organic molecules and many proteins or enzymes are readily conjugated to the surface of 

nanoparticles using appropriate coupling methodologies. Nanoparticles of different core 

materials can also be modified with a silica shell, which can be considered as an inorganic 

polymer and can be readily condensed onto the surface of electrostaically stabilised 

nanoparticles. The method of silination can also take the form of a first ligand exchange 

procedure in which a layer of silanes is bound to the nanoparticle surface displacing the 

capping agent used during synthesis. Then, using this first layer, a polymeric, cross-linked 

inorganic silica shell is deposited on the particles which can be further derivatised to allow 

further application. (Wooding et al., 1991) This section severs to demonstrate the diversity 

of chemistries explored to produce nanoparticles suitable for an intended application and 

how common syntheses are built upon to expand the application of nanoparticles obtained 

from a single synthesis strategy. 

 

As reviewed both liquid phase and gas phase syntheses have disadvantages for the 

production of nanoparticles. Typically, the application of any synthetic methodology 

requires thorough assessment prior to it being efficiently used for the synthesis of a desired 

material. However, both subcritical and supercritical fluids, which can be described as 

being intermediate between a gas and a liquid phase synthesis methods, are also attractive 

for the synthesis of nanomaterials and collectively these are known as hydrothermal 

processes. Hydrothermal methods either overcome or mitigate (to some degree) many of 

the disadvantages of conventional methods for the manufacture of nanoparticles. (Byrappa 

& Adschiri, 2007) Before, detailed review of processes which utilise hydrothermal fluids 

for the synthesis of nanoparticles it is important to highlight the unique properties of 

supercritical/hydrothermal fluids as a reaction medium for the synthesis of nanoparticles as 

this forms the body of the work presented in this thesis.  

 

1.4: Properties of Sub and Supercritical Water: 
 

Supercritical fluids (SCFs) are fluid phases that exists above a critical point defined by a 

critical temperature (Tc), and critical pressure (Pc). Many fluids have a supercritical point 

above which the properties of the fluid vary significantly from those observed at ambient 

temperatures and pressures. Figure 1.9 depicts the general physical state of a fluid 

transitioning through its critical point. A number of SFCs have been used for the synthesis 

of nanomaterials (ethanol, methanol, CO2 and mixtures i.e. ethanol / water or 
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methanol/water). (Byrappa et al., 2008, Byrappa & Adschiri, 2007) SCFs have found 

application materials processing ranging from; chemical synthesis, polymerisation, film 

generation, nanoparticle generation, nanoencapsulation, mesoporous material generation to 

the impregnation or deposition of nanoparticles in porous materials. (Fukushima & 

Wakayama, 1999) Thorough reviews on the application of SCFs focusing on different 

classes of materials other than metal oxides (such as polymeric materials, pharmaceutics, 

and porous materials) are available in the literature and are beyond the scope of this 

review. (Byrappa, Ohara, & Adschiri, 2008, Yoshimura, Suchanek, & Byrappa, 2000)  

 

 

Figure 1.9: Pictographic representation of the phases of water at elevated temperatures 

and pressures. 

 

Interest in SCFs as a medium for chemical reactions stems from primarily an ecological 

point of view, as reactions conducted in water are considered to be “green” reactions. 

Byrappa and Adschiri, identified SCF processes being environmentally benign when 

compared to many processing methods outlines previously (Section 1.3). (Byrappa & 

Adschiri, 2007) Above the critical point of pure water [274 °C, 22.1 MPa] the phase 

boundary between gas and liquid disappears (figure 1.9) and the resultant single phase 

displays properties which can be described as continuous phase showing intermediate 

properties of liquid water and a gas (steam). (Hoffmann & Conradi, 1997) The 

thermochemical and transport properties of water vary significantly around the critical 

point and many of these form the foundation of particle synthesis in SCFs.  
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Many of the unique properties of water approaching its critical point are associated with 

density changes. The density of water begins to change from a relatively low temperature, 

e.g. at 200 °C showing a density of 712 kg m
-3

 at the saturation curve, to the  critical point 

(Tc=374 °C, Pc=22.1 MPa) where the density drops to 322 kg m
-3

. (Weingartner & Franck, 

2005) The fluctuation of density as a function of temperature for a series of isobaric 

pressures is presented in figure 1.10.  The dielectric constant of water is another important 

parameter at elevated temperatures and pressures which dictates the solubility of solutes by 

describing the polarity of water. At ambient conditions in the liquid phase, water is a polar 

solvent, capable of dissolving ionic solids and mixing with other polar liquids. 

(Weingartner & Franck, 2005) The reduction in dielectric constant as water is heated 

towards its critical point is thought to be the dominant driving force controlling particle 

nucleation in hydrothermal systems. (Adschiri et al., 2001) At ambient conditions water 

has a dielectric constant of around 80. Under the minimum pressure required to keep it as a 

liquid (i.e. on the saturation curve), the dielectric constant falls to a similar value as that of 

methanol at a temperature of 210°C with a dielectric constant of 33.  At the critical point 

of water (374 °C, 22.1 MPa), its dielectric constant is around 5 similar to polar organic 

solvents such as ethyl acetate and THF and drives the precipitation of ionic solids. At 500 

°C, water has a similar dielectric constant to non-polar solvents (e.g. hexane, with a 

dielectric constant of 1). This relationship between pressure, temperature and dielectric 

constant is shown graphically in figure 1.10b.(Fukushima & Wakayama, 1999) Figure 

1.10b also represents two values for the dielectric constant below Tc and Pc and shows the 

liquid and gas phase transitions, respectively. Around the critical point the dielectric 

constant varies largely through only small changes in temperature. With, the largest 

changes occurring just above the critical temperature and pressure as shown in figure 

1.10b. Hence, hydrothermal methods using both near and supercritical water are useful for 

the synthesis of nanoparticles as the properties of water lead to precipitation of ionic solids 

from solution and the high temperatures are generally sufficient to crystalise the 

precipitate. 

 

Another interesting effect shown by water as it approaches its critical point is a large 

change in the ion product  (K),  the ratio of the concentrations of the dissociation products 

of water  H
+
 and OH

- 
as shown in equation 1.10. 

+ -K = [H ][OH ]
   (Equation 1.10) 
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Water at ambient temperature and pressure has an ion product of ca. 10
-14

 mol
2
 dm

-6
.  The 

corresponding pH of an aqueous solution is determined using equation 1.11. The  pH of 

water at this condition is 7 due to the ion product as the concentration of [H
+
] are equal ca. 

10
-7

 mol
2
 dm

-6
.(Wagner & Pruss, 2002a) Similarly, the relationship between K and 

pressure and temperature are well characterised allowing the pH of SCFS to be 

determined.(Wagner & Pruss, 2002a) However, the presence of other dissociated species 

such as KOH, metal salts and organic species the determination of the ion product and thus 

accurate description of pH is complicated by interactions of the dissociated products with 

these and effective methods for determining reaction pH do not exist. (Hakuta et al., 

1999a) This is discussed in greater detail later where the importance of “pH” is highlighted 

in several materials syntheses (as discussed later).  
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Figure 1.10: a) Plot of density  (ρ) vs. temperature (T) for pure water at a variety of 

pressures (taken from Weingartner & Franck 2005) showing the phase boundaries of pure 

water b) Plot of dielectric constant vs. pressure for a given temperature. (Weingartner & 

Franck, 2005) 

+

10pH = -log [H ]
 (Equation 1.11) 

The ion product of water is important in many materials synthesis applications, the ion 

product is known to vary non-linearly with temperature and pressure until at ca. 300 °C it 

reaches a maximum of 10
-11

 mol
2
 dm

-6
, which equates to an increase in concentration of 

around 30 times for both H
+
 and OH

-
 ions from ambient temperature and pressure. 

(Wagner & Pruss, 2002a) Thus, near-critical water shows traits of both an acid and an 



Chapter 1 

 

57 

 

alkali. However, above 300 °C the ion product varies greatly with temperature and 

pressure, with the effect the ion product can vary from 10
-11

 to 10
-22

 mol
2
 dm

-6
 with water 

in a supercritical state, this variation is presented graphically in figure 1.11 (variation of 

log K with temperature for different isobaric pressure). (Fukushima & Wakayama, 1999) 

Demonstrating that large variation in the ion product are realised over narrow pressure and 

temperature range. Where, it is postulated that the structure around solutes determined by 

K controls the solubility and thus the precipitation of hydrated ions at near critical 

temperatures. (Hakuta, Adschiri, Hirakoso, & Arai, 1999a)  

 

Figure 1.11: Variation in the ion product of pure water (logK) vs. temperature of water at 

a variety of pressures. (Fukushima & Wakayama, 1999) 

 

Alongside the physiochemical characteristics of SCFS presented above the structure of 

water at elevated temperatures in the presence of solutes has been studied to shed light on 

some of the mechanisms responsible for the behavior of ionic solids in SCFs. Water at low 

temperatures has long been known to form short lived clusters held together with dative 

hydrogen bonds, and water molecules aggregate around ions where the charged particle 

forms a centre  for coordination forming a hydration shell. Quantitative experimental 

studies of H-bonding in supercritical water by techniques such as neutron diffraction, 

Raman spectroscopy and NMR suggest that ca. 30% of the H-bonds are retained in 
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supercritical water as compared to ambient water and hydration of ionic solids is reduced 

through the transition to a more gas like state. (Hoffmann & Conradi, 1997, Ikushima et 

al., 1998a, Yamaguchi, 1998) These experimental studies indicate that the structure of 

water is composed of short-lived H-bonded clusters, with a medium-to-long range 

structure (i.e. extending beyond one hydration shell) being effectively disordered or gas-

like in state. This structure is largely dependent on the density and is inherently a function 

of temperature and pressure. As such, the behavior of cationic and anionic species in both 

sub and supercritical environments has also been studied. (Ikushima et al., 1998b) 

Regarding the changes to hydrated anions when in sub or supercritical water, the first 

coordination shells remain intact, while the hydration shells which extend further into the 

bulk solution i.e. second and further shells become largely disrupted initiating precipitation 

or hydrothermal reaction of the anion. (Balbuena et al., 1996) Whereas, cations in ambient 

water are mainly around surrounded by water molecules and the presence of anions within 

the hydration shell is highly unlikely. However, approaching the critical point, cations 

become surrounded by anions (OH
-
 derived from the dissociation of water).  For example, 

the Ni
2+

 ions in NiBr2 solutions have ca. 6 water molecules and no anions at ambient 

conditions (in octahedral coordination) constituting the hydration shell, whereas, at near 

critical temperatures Ni
2+ 

has 2 water molecules and two anions forming the hydration 

shell (with tetrahedral coordination) initiating precipitation on hydrolysis of Ni(OH)2. 

(Hoffmann & Conradi, 1997) Similar results have been presented for Zn
2+

 ions, at ambient 

temperature Zn
2+

 is coordinated by 4 water molecules whereas at near critical conditions 

hydration is reduced and Zn
2+

 coordinates only 2. (Hoffmann & Conradi, 1997, Simonet et 

al., 2002a, Simonet et al., 2002b). The aformentioned, change seems to offer a straight 

forward explanation as to why hydrolysis reactions occurring between the metal and the 

oxygen on the water are favoured and as such precipitation of cationic metals in SCF 

occurs.  

 

The key to the production of nanoparticles using both sub and supercritical processes is the 

maximisation of supersaturation, in this context achieved through temperature and pressure 

resulting in a decrease in the dielectric constant and the change in the structure of 

hydration leading to hydrolysis of cationic species in solution. (Byrappa & Adschiri, 2007) 

The increase in supersaturation leads to an increases the nucleation rate and many authors 

suggest that effective control of supersaturation could lead to controlled nucleation and 

control over particle properties in both hydrothermal and supercritical water based 
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processes. (Cushing, Kolesnichenko, & O'Connor, 2004, Kashchiev & van Rosmalen, 

2003) The low dielectric constant (controlling the solubility of solutes) and highly 

hydrolysing (high ion product) environment afforded by super-critical water means that 

many of the inorganic materials produced by hydrothermal methodologies from solutes 

result in the formation of nanoparticles as the reaction product. (Yoshimura, Suchanek, & 

Byrappa, 2000)  A detailed review of the use of  sub and supercritical fluids  for the 

synthesis of nanoparticles in both batch and continuous systems are reviewed in the 

following section. 

 

1.5  Hydrothermal Synthesis of Inorganic Nanoparticles: 

 

The properties described in section 1.4, show that near-critical and supercritical water 

could be useful for a wide range of materials synthesis reactions. Hydrothermal methods 

can be conveniently divided into modes of operation i.e. batch wise and continuous 

syntheses. In this section a review of batch processes is presented first as many of the 

reactions undertaken in batch hydrothermal processes are readily recreated in continuous 

systems. 

 

A number of researchers have investigated the formation of metal oxides from metal salts 

such as nitrates under hydrothermal conditions. (Darr & Poliakoff, 1999) Typically, the 

formation of a metal oxide from aqueous metal salts follows a two-step reaction 

mechanism, with hydrolysis (as a result of a chemical reaction (addition of KOH) or as a 

reaction occurring as a function of temperature), described by equation 1.12. Hydrolysis is 

rapidly followed by dehydration which is dictated by reaction temperature and described 

by equation 1.13. (Adschiri et al., 2000, Darr & Poliakoff, 1999) 

 

Hydrolysis: M(NO3)x (aq) + xH2O → M(OH)x (s) + xHNO3  (Equation 1.12) 

Dehydration: M(OH)x (s) → MO(x/2) (s) + (x/2)H2O (Equation 1.13) 

 

Unlike reactions conducted in ambient or near ambient water, it is much easier to produce 

metal oxides and related nanomaterials under hydrothermal conditions, and a generic 

mechanism of reaction from aqueous metal salts results in the formation of metal 

hydroxides, oxy-hydroxides and oxides. (Yoshimura, Suchanek, & Byrappa, 2000) 

Typically, for a given synthesis condition the formation of either an oxide or hydroxide is 
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governed by thermodynamics, in certain cases the comparatively low reaction 

temperatures cannot yield oxide phases directly. (Hakuta, Adschiri, Hirakoso, & Arai, 

1999a) Simple metal oxides are straightforward to make by batch hydrothermal synthesis 

according to the mechanism described by equations 1.12 and 1.13. Nitrates of metals 

which have been reported to decompose to oxides in batch reactions include many of the 

transition metals, Fe (III), Co (II), Ni (II), Ti (IV), and Ce (IV) forming the corresponding 

oxides in many cases. (Byrappa & Adschiri, 2007) The synthesis of complex mixtures of 

metal oxides is also possible via batch hydrothermal methods. (Si et al., 2004) Most 

species which can be produced separately as oxides by hydrothermal synthesis can also be 

synthesised as mixed oxides. Interest in doping host lattices stems from the structural 

changes enforced by the inclusion of a guest metal in a host lattice which has been shown 

to alter the physical properties of metal oxides for a wide range of applications especially 

in semiconductor nanomaterials. (Sorescu et al., 2005) Lattice defects, such as oxygen 

vacancies, induced by doping have a major impact in the performance of these materials 

and often allow access to novel material properties. (Si et al., 2004)  As such, numerous 

examples of doped transition metal oxides are reported in the literature. In certain 

circumstances complete solid solutions can be produced using this methodology as 

reported by Zhang et al. where, (ZrO2)(1-x)(Y2O3)x solid solutions were prepared from 

Zr(NO3)3 and Y(NO3)3 with the addition of KOH at 180 °C for 12 hours. (Si et al., 2004)  

However, under hydrothermal conditions not all metals can be precipitated directly as 

oxides, for example Wang et al., found that Gd, Na, Nd, Cs, Ba, La, Sm, Sr, Y, Eu, Cd or 

Ag could not be precipitated as oxides, although there could be a number of reasons for 

this, including that the oxides are soluble under the conditions used and many were 

obtained as hydroxides (stemming from the complexity in defining pH within the reaction 

as defined in section 1.4). (Wang et al., 2002) Usually, these materials require additional 

heat treatment to turn them into their respective oxides. For example, Li et al. reported the 

dehydration of Y(OH)3 produced by the hydrothermal treatment of Y(NO3)3 at 180 °C for 

10 hours, by calcining at 700 °C for 2 hours to produce phase pure Y2O3. Similarly, Wang 

and Li synthesised 13 different rare earth hydroxides in a hydrothermal batch reactor at 

180 °C without any evidence of oxidic phases in the samples even with reaction times of 

ca. 48 h. (Wang & Li, 2003) However, Meng et al. showed that they can be incorporated 

into host oxide lattices and produced sodium titanate by reacting NaOH with TiO2 in a 

hydrothermal batch reactor at 180 °C for 12 days. (Meng et al., 2004) Typically, batch 

hydrothermal processes produce nanoparticles at the limit of the definition. (Byrappa, 
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Ohara, & Adschiri, 2008) The long reaction times required for the crystallization of 

materials result in significant particle growth and agglomeration. (Reverchon & Adami, 

2006) Hence, there is significant interest in modifying the reaction durations allowing the 

synthesis of nanosized materials.  

 

The synthesis of surface functionalised metal oxide nanoparticles has been reported in 

batch hydrothermal processes and in selected materials has been shown to effectively 

surface functionalise the materials. The hydrothermal approaches simply take advantage of 

the increased solubility and reactivity of metal salts and complexes at elevated 

temperatures and pressures without bringing the solvent to its critical point. (Adschiri et 

al., 2011) Several studies conducted in batch hydrothermal processes discuss the synthesis 

of surface functionalised inorganic nanoparticles, such as TiO2, ZnO, and CoAl2O4, under 

supercritical conditions primarily for application in MOFs (Metal organic frameworks) 

where carboxylic acids are used as the capping agent. (Adschiri & Byrappa, 2009, Arita et 

al., 2010a, Arita et al., 2010b, Sahraneshin et al., 2012, Taguchi et al., 2012, Togashi et 

al., 2011) The capping agents used in these reports were long chain (C4-12) di-carboxylic 

acids, oleyl-amine and phosphonated acids (e.g. ethyl 11-

diethoxyphosphorylundecanoate). The low dielectric constant of water at near-critical 

conditions realises high miscibility of the organic capping agents at synthesis temperature 

and has been put forward as the explanation of the capping results (figure 1.10a). (Adschiri 

& Byrappa, 2009) The authors reported transparent solutions were obtained for well-

crystallized and nanoparticles when they are dispersed and a compilation of examples are 

presented in figure 1.12. 
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Figure 1.12: a) Images of nanoparticle dispersions in water: CoAl2O4 (blue), ZnO (white), 

Fe2O3 (brown) [image has been taken from (Sahraneshin et al.,  2012)]. b) HRTEM image 

of CeO2 nanoparticles obtained by supercritical hydrothermal synthesis at 300°C and 30 

MPa when dodecanoic acid is used as a capping agent(Image taken from (Taguchi et al., 

2011a). 

 

Taguchi et al. and Arita et al., whom studied the synthesis of surface-modified CeO2 

nanocrystals in the presence of dicarboxylic acids with various chain lengths in 

supercritical water, showed the crystal growth could be affected by the presence of the 

organic compound (figure 1.12 b). (Arita, Yoo, & Adschiri, 2010b, Taguchi et al., 2011b) 

In particular, they investigated the relationship between the alkyl chain length of 

dicarboxylic acids and the morphologies of the CeO2 nanocrystals produced using a batch 

supercritical water process where the morphology of the particles could be controlled by 

the choice of di-carboxylic acid, discussion by the authors suggested capping resulted in 

stabilisation of different crystal facets leading to morphology and crystallite size (capping 

agent preventing particle growth) differences.  

 

The surface-modified nanoparticles produced by the detailed methods can be easily 

recovered when long chain carboxylic acids are used by extraction from the water 

suspension phase with an organic solvent which leads to ease in separation and purification 

processes or by another precipitation strategy if hydrophilic capping agents are chosen. 

(Arita, Yoo, & Adschiri, 2010b, Taguchi et al., 2011b) However, the choice of capping 

agent is dominated by the chemical reactions of capping agent end groups, thermal 

decomposition or oxidation leading to a physical imitation in the choice of capping agent. 

For example, alkyl phosphates are easily hydrolyzed in supercritical water so that they 

cannot be effectively used. (Arita et al., 2010a) Hydrothermal strategies for the synthesis 

of nanoparticles show several notable benefits as; the processes typically use water soluble 

metal precursors and water is used as the only solvent, the nanoparticles are produced in 

the aqueous phase and crystalline nanoparticles are the reaction product.  

 

This section has shown the diverse chemistry that is available for particle formation and 

processing in both hydrothermal and supercritical fluids. The next section explains a 

continuous variant and its application to the synthesis of nanoparticles. 
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  1.6: Continuous Hydrothermal Synthesis and Related Methods 

 

Japanese researchers working in the Arai group at Tohoku University were the first to 

develop the continuous hydrothermal flow synthesis (CHFS) systems in the early 1990s. 

(Adschiri et al., 1992a) Since then, a number of research groups have adopted and 

modified CHFS systems to expanded the range of materials that can be synthesised. (Cote 

et al., 2003, Darab & Matson, 1998, Hao & Teja, 2003, Lin et al., 2010, Matson et al., 

1992, Weng et al., 2008) CHFS and related methods, have been shown to be capable of 

exploiting the diverse chemistry practicable in hydrothermal solutions, showing a notable 

benefit, in that they require significantly shorter synthesis times and are continuous 

processes almost exclusively producing nanoparticles as the reaction products. (Adschiri, 

Lee, Goto, & Takami, 2011) Many additions and iterative refinement of the CHFS 

processes have allow for the production of materials with increasing complexity in both 

morphology and composition. (Adschiri, Hakuta, Sue, & Arai, 2001) This section reviews 

the available literature on both the physical processes resulting in the formation of 

nanoparticles and the engineering solutions currently employed to control particle 

formation. 

 

1.6.1 Description of the CHFS Process: 

In 1992, Arai’s group in Japan published the synthesis of a number of metal oxides in a 

continuous manner by mixing a flow of metal salt solution with a preheated supercritical 

water feed. (Adschiri, Kanazawa, & Arai, 1992a) Since then, a number of other groups 

have built hydrothermal flow reactors along similar lines, and due to the bespoke nature of 

many CHFS processes the design of each system varies by publication. Many of the 

reported CHFS systems are based on the same concept as that of the work of Adschiri. 

(Adschiri, Kanazawa, & Arai, 1992a) Figure 1.13 shows a simple scheme for a 

hydrothermal flow reactor initially used in the work of Arai’s group. In this process DI 

water (resistivity >18 Mega Ohms) is pumped into the system at ca. 20 – 30 MPa, this feed 

is heated to the required temperature by the preheater (up to 500 ºC) and is pumped to the 

reaction point,  it meets a metal salt solution at ambient temperature and process pressure. 

The mixed stream, a slurry containing nanoparticles (formed through the hydrolysis and 

dehydration of the metal salt) is then cooled down to ambient temperature (ca. 20-50 °C), 

larger particles are filtered out and the slurry then flows through the back pressure 

regulator so the nanoparticles can be collected at ambient pressure. This reactor design has 
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mainly been used for homometallic oxides and the oxide precipitates from solution without 

additional reagents i.e. base, but can also be used for heterometallic oxides where the 

metals are soluble in the same precursor solution. (Adschiri et al., 1992b, Cabanas et al., 

2000) This process description provides sufficient detail relevant to all reported CHFS 

processes and forms the basis of their operation in many laboratories. 

 

Figure 1.13: A CHFS system with one feed for metal ions and one for superheated water 

(taken from (Adschiri, Kanazawa, & Arai, 1992a). 

 

In a number of publications, additional feeds have been added to the basic design 

presented by Arai’s research. Many reports have been presented where combinations of 

precursor feed are used to allow for the introduction of mixtures of metal salts or for the 

addition of individual metal salt solutions for inline mixing (prior to contact with 

supercritical water). Several notable examples of the requirement for multiple feeds have 

been presented in the literature and are reviewed here to highlight some of the limitations 

which are overcome through system modification. The addition of two or more feedlines 

allows the mixing of two reagents in the reactor which, if placed in the same precursor 

solution, would react and would not be suitable medium to be pumped (primarily a 

limitation of equipment). (Weng et al., 2008) The main reason this has been done is that 

the precipitation of metal oxide powders often requires basic conditions, so a separate feed 
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for a base (usually a hydroxide) is used to  aid the hydrolysis and dehydration of metal 

salts, common to many hydrothermal reactions. (Reverchon & Adami, 2006) For example, 

the work of Sue et al. used a setup consistent with the core process presented by Arai’s 

research group (figure 1.13), the process was modified to allow the use of two precursor 

feeds, and correspondingly there are two mixing zones one at ambient temperature and one 

at high temperature where the supercritical feed is mixed with the combined precursor 

feed. (Sue et al., 2004c) This particular setup was used to produce ZnO from ZnSO4 and 

KOH aqueous feeds and investigated the effect of mixing the feeds in a different order 

showing that control of particle size could be affected by the combinations of feeds 

yielding some control over the particle formation reaction. Other researchers have used 

similar equipment configurations to investigate the effect of reagent addition sequences on 

the phase of materials produced. For example, Cote et al.  investigated the effect of mixing 

the two solutions before feeding them into the superheated water (cold mixing), compared 

to heating the hydroxide solution before feeding in the metal cations (hot mixing). They 

found that hot mixing gave a higher percentage of Fe2O3 as an impurity when the target 

material was CoFe2O3. (Cote et al., 2003) From the available literature it is suggested that 

hot mixing resulted in the preferential precipitation of Fe resulting in phase separation as 

cobalt species are known to exhibit greater solubility in hydrothermal media.(Cote et al., 

2003) They also noted that in the hot mixing experiments, the proportion of Fe2O3 

increased with the supercritical water feed temperature. Hence, in more complex flow 

reactor designs, the order of mixing can profoundly affect the products of the reaction in 

terms of product composition. Many designs are optimised for a given synthesis and the 

number of reports presented to date makes it infeasible to review all configurations. Along 

a similar line, the CMTG research group based at UCL have developed a semi-automated 

CHFS system which allows for the sequential synthesis of upto 66 sample, each with a 

unique composition in a single day through a simple process modification of the core 

process presented in figure 1.13. (Weng et al., 2009) This process is drawn schematically 

in figure 1.14. The process called RAMSI (Rapid Automated Materials Synthesis 

Instrument) has been specifically designed to rapidly produce hetrometallic oxides and 

hydroxides as nanosized precursor materials for solid state chemistry, as the homogenous 

co-precipitated produced through the CHFS process reduce comminutation steps through 

effectively reducing the ion diffusion distances in solid-state reactions. (Weng et al., 2007) 

The use of this system is limited to small amounts of samples ca. 0.1 - 0.2 g which is 

sufficient for preliminary investigation of materials properties. The high throughput 
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capacity of this instrument is related to the mixing of precursor solutions prior to being fed 

into a reactor analogus to the one shown in figure 1.13. (Weng et al.,2009)  

 

 

Figure 1.14: Schematic representation of the synthesis and collection part of RAMSI that 

was used to prepare 66 compositionally unique samples. Key: P ) Gilson pump, Isco ) Isco 

syringe pump, H ) heater, R ) counter-current mixer, T ) T-piece, RSV ) Rheodyne switch 

valve, BPR ) back-pressure regulator, DV ) drain valve, SV ) two way switch valve, LLS ) 

liquid level sensor. Each high pressure line also contains non return valves, pressure 

relieving safety devices, electronic pressure transducer, and manual pressure gauges which 

are not shown here for clarity. 

 

1.6.2 Materials Produced by CHFS: 

 

 There are numerous reviews discussing the synthesis of materials in batch hydrothermal  

processes. (Darr & Poliakoff, 1999, Reverchon & Adami, 2006, Yoshimura, Suchanek, & 

Byrappa, 2000) Many of the materials produced in batch hydrothermal reactions are 

accessible as nanomaterials when a continuous hydrothermal process is used. (Byrappa, 

Ohara, & Adschiri, 2008) In this section comparisons will be drawn between the two 

bodies of literature to highlight common compositions produced using both methods. 

 

The first reactions reported using continuous hydrothermal synthesis produced simple 

metal oxides and hydroxides. Such as, AlO(OH), Fe2O3, Fe3O4, Co3O4, NiO, ZrO2 and 

TiO2. (Adschiri, Kanazawa, & Arai, 1992a, Adschiri, Kanazawa, & Arai, 1992b) The 
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study of homometallic systems has proved useful in describing the effect of processing 

conditions on the properties of the nanomaterials i.e. material phase, particle size and size 

distribution. Adschiri et.al have extensively studied the formation of, Al2O3 and AlO(OH) 

using the CHFS process presented in figure 1.13  in several publications (Adschiri, 

Kanazawa, & Arai, 1992b, Adschiri, Hakuta, & Arai, 2000, Adschiri et al., 2001, Hakuta 

et al., 1999a) The original publication of Arai  produced particles of AlO(OH) in the size 

range 0.1 – 1.5 µm, with considerable variation is particle size as a function of temperature 

and pressure, correspondingly particle morphology also differed as a function of 

processing variables such as temperature and concentration of Al(NO3)3. (Adschiri, 

Kanazawa, & Arai, 1992b) Later, the same research group  detailed the synthesis of 

AlO(OH) in total 38 reactions were presented, with particle sizes ranging from ca. 60 – 70 

nm to ca. 450 nm, with much smaller size distribution with higher reaction point 

temperatures and lower-precursor concentrations producing AlO(OH) with smaller 

crystallite sizes and narrower particle size distributions. (Hakuta et al.,1999a) In many 

papers related to CHFS, particle properties are often discussed in relation to the solubility 

and supersaturation levels of precursor metal salts before, during and after the reaction 

point (defined as where the precursors and preheated water mix) and it was reported by 

Hakuta et al. that smaller and narrower particle size distributions were obtained in the 

latter report by improved control over the mixing of supercritical water and the precursor 

solutions i.e. leading to more homogenous nanoparticle nucleation and growth. (Hakuta et 

al., 1999a) 

 

ZnO a material which is difficult to produce as a nanoparticle in batch hydrothermal 

processes has been the subject of a number of publications related to CHFS and many of 

these publications serve to highlight how the CHFS processes operated by different groups 

yield remarkably different results. (Sue et al., 2004a, Sue et al., 2004c)Viswanathan and 

Gupta were the first to successfully produce nanosized ZnO from Zn(Ac)2 in with the 

addition of KOH as a mineraliser using a reaction point temperature of ca. 380 °C  with 

nanoparticles ranging from 39-320 nm being produced and the difference in each synthesis 

was attributed to differences in mixing events (mixing or the precursor solution and 

supercritical water) occurring within the reactor altering the nucleation and growth of 

nanoparticles. (Viswanathan & Gupta, 2003) Arai’s group have also published work 

relating to the synthesis of ZnO nanoparticles using Zn(NO3)2 and KOH as precursor 

materials, in the reported reactions the precursors were premixed in a tee-piece mixer 
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before encountering the supercritical water feed (ca. 400 °C). The particles produced 

ranged from 20 – 60 nm with narrower particle size distributions to those presented by 

Viswanathan & Gupta. (Sue et al., 2004c) In a later publication Arai’s group also managed 

to produce ZnO without base using Zn(NO3)2 as the precursor material using a furnace to 

increase the reaction point temperature (ca. 500 °C) of the process after the precursors and 

preheated water were mixed, showing higher temperatures are required to dehydrate the 

zinc precursors in the absence of a mineraliser. (Ohara et al., 2004) In this publication ZnO 

nanoparticles with a rod like morphology were produced in the µm size range.  Later, the 

same laboratory added KOH to act as a minerliser in the reaction (Sue et al. 2004c), but 

instead of pre-mixing the Zn(NO3)2 and KOH, they were only mixed after one of them had 

encountered the supercritical water feed. It was found that if the KOH was heated first i.e 

addition of Zn(NO3)2 to a preheated KOH solution, then small spherical particles were 

produced ca. 90 nm, whereas if the Zn(NO3)2 was heated first, then rods were produced, 

presumably the observed difference was due to the former reaction being nucleation 

dominated and the latter showing evidence of particle growth (images of the products of 

these reactions are shown in figure 1.15). (Sue et al., 2004b) Comparative work between 

ZnO nanoparticles produced in both hydrothermal batch and flow reactors has also been 

presented by Sue et al. and showed that a CHFS reactor gave significantly smaller particles 

than the batch reactor presumably due to the higher supersaturation and shorter reaction 

times afforded by using a continuous process. (Sue et al., 2004c)  

 

 

Figure 1.15: TEM image of ZnO nanoparticles particles produced in a CHFS reactor a) 

with KOH heated first and b) with Zn(NO3)2 heated first as reported by Sue et al. (Sue et 

al., 2004c) 
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Further, the study of other homometallic systems has highlighted a number of issues 

related to synthesis parameters for the formation of a desired material phase. Nanoparticles 

of the following have all been produced using CHFS or CHFS like methodologies; Fe2O3, 

(Adschiri, Kanazawa, & Arai, 1992a, Cabanas & Poliakoff, 2001, Cote et al., 2003, Darab 

& Matson, 1998, Hao & Teja, 2003) Fe3O4, (Adschiri, Kanazawa, & Arai, 1992a) Co3O4, 

(Adschiri, Kanazawa, & Arai, 1992a, Cote et al., 2003, Hao & Teja, 2003) NiO, (Adschiri, 

Kanazawa, & Arai, 1992a, Reverchon & Adami, 2006) ZrO2, (Adschiri, Hakuta, & Arai, 

2000, Cabanas et al., 2000, Darab & Matson, 1998, Lester et al., 2006) and CuO (Lester et 

al., 2006). These investigations have highlighted the diversity in reactions that can be 

performed in hydrothermal systems, and have identified some interesting phase behaviour. 

As an example, the synthesis of Fe2O3 and Fe3O4 indicates that different oxidation states 

can be obtained in CHFS systems as a function of temperature and the presence of 

reducing species formed through the thermal decomposition of the precursor anion. 

(Adschiri, Kanazawa, & Arai, 1992a) Similarly, the choice of precursor has also been 

shown to influence the material phase produced in the formation of iron oxides. If 

Fe(SO4)3 is used, Fe2O3 was obtained as the product, whereas when a Fe
2+

 salt is used, 

Fe3O4 (magnetite) can be produced. (Adschiri, Kanazawa, & Arai, 1992a, Cote et al., 

2003) 

 

The rapid and uniform precipitation of metal ions in continuous hydrothermal processes 

also leads to some interesting observations in the structure and solubility of guest ions in 

host lattices. The Cerium Zirconium Oxides are a good example of solid solutions 

produced directly by Continuous hydrothermal methods from soluble Ce and Zr salts 

(ammonium cerium nitrate and zirconium nitrate). (Cabanas et al., 2000) Interesting phase 

behaviour is observed in the Ce(1-x)ZrxO2 in conventional hydrothermally precipitated ions 

after heat treatment, where x > 0.8 monoclinic crystal structures are typically the reaction 

products. (Si et al., 2004) However, analogous materials produced in CHFS for x > 0.90 in 

Ce(1-x)ZrxO2 tetragonal Ceria zirconia is observed. (Cabanas et al., 2000, Si et al., 2004) 

Other mixed metal (heterometallic) oxides can be also be synthesised in the CHFS system 

and have shown that careful control over the chemical conditions is required to control the 

phase of materials produced. An example, Yttrium Aluminium Garnet or YAG ( 

Y3Al5O12) needs to be made  be made under specific conditions. The Y: Al precursor ratio 

needs to be that required in the product (3:5) and 1.0M KOH is added, lower KOH 
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concentrations result in the formation of boehmite (AlO(OH)) as an impurity phase, and 

excess base results in YOOH impurities. In addition supercritical conditions are needed as 

particles formed in the sub critical region have AlOOH impurities. Where the interplay 

between temperature and the presence of other reagents are required to control the material 

phase. (Hakuta et al., 1999a) Demonstrating the requirement for careful control over 

reaction conditions to produce co-precipitated phases.  

 

More recently CHFS has been used as a method for the production of nanosized 

heterometaillic oxides and hydroxides as precursor materials for solid state reactions and 

other solid solutions, exploiting the homogenous distribution (afforded by rapid and 

uniform coprecipitation upon mixing with supercritical water) of the component metal ions 

in the coprecipitate. The ability of CHFS to produce intimate mixtures of metal ions as  

nanosized coprecipitate has been shown to greatly reduce the materials processing times 

when compared to conventional solid state reactions. (Weng, et al., 2008) For example, the 

Lanthanum nickelates are oxygen ion and electron conductors with the general formula 

Lan+1NinO3n+1 and are often used as a cathode material in solid oxide fuel cells. (Weng et 

al., 2008) The structure of these compounds consists of stacked layers along the c-axis of n 

finite LaNiO3 perovskite layers separated by LaO rock salt-like layers. (Lacorre 1992) As 

n increases, the phases become more difficult to access without prolonged and multiple 

comminuation steps leading to long materials processing times. (Weng et al.,2007) 

Lanthanum and Nickel hydroxides formed in the CHFS process as either a single phase or 

a phase separated mixture containing La and Ni species, was shown to form the relevant 

lanthanum nickelate (depending on the La:Ni ratio ) in a single heat treatment step at an 

appropriate temperature. (Weng et al., 2008) It is thought that the short elemental diffusion 

distances are a valid explanation of reduced processing time and mitigation of 

comminuation strategies. (Parker et al., 2011) The CHFS system can therefore be used to 

access hard to make phases in more efficient ways. Another example of nanoparticles 

precursor materials was presented by Lin et al. The authors showed that CHFS could 

rapidly produce phosphor nanoparticles precursors doped with europium (Eu1-x)Y(OH)3 

(where, x = 0-0.20) allowing the rapid optimisation of fluorescence intensity with heat 

treatment temperature and Eu
3+

 mol %.(Lin et al., 2010) Figure 1.16 a shows a photograph 

of the nanosized precursors produced and the samples heat treated at different 

temperatures for 6h under 254 nm excitation. Figure 1.16 b shows a contour plot of 

fluorescence intensity extracted from figure 1.16a (arbitrary units on z axis). The plot 
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suggests a gradual change of properties exists and that the most intense phosphor at lower 

temperatures is the 3 mol % Eu
3+

 sample heat treated at 500 °C, while the brightest sample 

was the same sample composition heat treated at 1200 °C. Results were obtained far more 

rapidly than equivalent experiments using conventional nanoparticle processing 

methodologies. (Lin et al., 2010) 

 

Figure 1.16: a) Photograph of a (Eu1-x)Y(OH)3  nanoparticle precursor  library under UV 

light illumination (254 nm) showing the changes in intensity with heat-treatment 

temperature and Eu
3+ 

mol % (AP = as prepared sample with no further heat-treatment). b) 

A contour plot showing the extracted image intensities (arbitrary units on z axis) from the 

photograph versus heat-treatment temperature (°C) and Eu
3+

 dopant concentration in yttria 

(mol %).  Image adapted from (Lin et al., 2010). 

 

In CHFS, heterometallic phases with alkali or alkali earth metals can also be produced 

where a large excess of the alkali metal is required for precipitation in the reactor due to 

the high solubility of group 1 and 2 metals in both sub and supercritical water. (Meng, 

Wang, Liu, & Zhang, 2004) There are several examples of materials which demonstrate 

the excesses of group 1 and 2 required to produce a material incorporating the alkali metal.   

LiCoO2 and LiMnO4 are examples of such materials and can be made in CHFS type 

synthesis with a large excess of LiOH ( >20 x [Co] or [Mn] ) and reaction temperatures of  

>  330 °C. (Adschiri, Hakuta, Sue, & Arai, 2001, Adschiri, Lee, Goto, & Takami, 2011) It 
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was found for LiCoO2 formation low concentration of lithium resulted in a Cobalt phases 

such as (Co(OH)3 and CoO(OH) and Co3O4. (Adschiri, Hakuta, Sue, & Arai, 2001) 

Similarly, Hakuta et al. produced Potassium titanate, K2Ti6O13, from Ti(OH)4  with a 20 x 

excess of KOH. (Hakuta, Hayashi, & Arai 2004) More recently, the CMTG group based at 

UCL produced sodium titanate (Na2Ti3O7) made with excess NaOH and TiBALD 

precursor. (Zhang et al., 2010) this reaction compared to other methods and equivalent 

excesses of NaOH were required as noted in previous reports. 

 

As demonstrated above the synthesis of metal oxide nanoparticles under hydrothermal 

conditions is relatively simple to achieve. However, the synthesis of metallic nanoparticles 

using this processing methodology is less well described principally due to the oxidizing 

conditions present in many continuous hydrothermal reactions. (Darr & Poliakoff, 1999) 

Many examples of metal particles produced using batch reactors have been published, 

comparatively few publications detail synthesis using continuous methods. In a review 

article referenced earlier, preliminary, but as yet unpublished, results were reported that it 

was possible to precipitate metal nanoparticles directly from scH2O using metal-organic 

salts (e.g. acetates) to date this data has not been published. (Darr & Poliakoff, 1999) The 

report inferred that if the reaction conditions were suitably reducing metallic nanoparticles 

could be produced. The work of Dr Goodall in the CMTG group using many of the 

processes and methodologies developed in this thesis has recently shown that the synthesis 

of metal sulphides (of many compositions) is possible in CHFS if suitably reducing and 

oxygen free solutions (degassed solutions) are used in the reaction.  

 

Although the chemistries accessible in continuous hydrothermal systems are comparatively 

well defined. (Byrappa, Ohara, & Adschiri, 2008) The subject of particle size and the 

control thereof is complex due to the discontinuity in both process design and suitable 

definitions of reaction conditions presented in each publication. (Lester et al., 2006) This 

subject was briefly discussed alongside the review of ZnO formation in CHFS where 

reproduction of results between laboratories is rare. However, one particularly important 

paper presented by Sue et. al. studied a range of homometallic oxides produced using a 

single reactor design and more importantly a single reaction point geometry (used for 

mixing the supercritical water and precursor feeds)  and measured the particle size 

produced while varying conditions such as pressure, metal ion concentration, anion 

concentration, base concentration and starting materials. In this report the authors found 
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the particle size (of all oxides) decreased reliably with increasing supersaturation as 

defined through empirical relationships, regardless of the material being produced. (Sue et 

al., 2006) They concluded that for a particle size of less than 10 nm, a supersaturation of 

greater than 10
4
 (equation 1.7) was necessary, as shown in figure 1.16. The size ranges 

presented for different materials in this publication showed consistency with those 

produced before the publication and after the publication. Demonstrating the role of 

controlling supersaturation within a reaction, and how the solubility of the metal ion in the 

reaction influences its final size as a crystalline nanoparticle either through increasing the 

presence of mineralisers or through the changes in the physical properties of water as it 

transitions to a supercritical temperature. (Adschiri, Hakuta, Sue, & Arai, 2001) 

 

Figure 1.16: Graph of particle size plotted against supersaturation for various materials 

produced at 400 ºC in a CHFS reactor (taken from (Sue et al.,  2006) 

 

In CHFS the physical process of mixing supercritical water with the precursor feed is 

thought to be the largest single contributory factor for the synthesis of nanoparticles. As 
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such, the following section details the literature concerning the mixing of the supercritical 

water feed and precursor and the different methods employed to achieve rapid mixing and 

thus uniform nanoparticle formation in CHFS systems. The following section also details 

the myriad of complications of mixing flows of significantly different physiochemical 

properties. 

 

 

 

 

1.6.3 Continuous Hydrothermal Synthesis Mixing Point Designs: 

 

As particle properties such as size, size distribution and composition are critical to the 

performance of many nanomaterials, there is a strong push towards achieving greater 

control over particle properties such as size, shape and polydispersity. (Burda et al., 2005) 

In the context of CHFS, it is widely accepted that the physical process of mixing a 

preheated water feed and a precursor feed is the largest factor in determining the particle 

size distribution of materials produced. (Lester et al.,2006, Lester et al., 2010, Takami et 

al., 2012) Resultantly, many methods for ensuring homogenous mixing between the 

preheated water and precursor feeds have been presented, and are collectively known as 

reaction points. Reaction point geometries found to be suitable for the formation of 

nanoparticles in CHFS include designs based upon; Cross type reactors with movable 

inlets, (Mae et al., 2007), swirl type mixers, (Kawasaki et al., 2010a, Wakashima et al., 

2007), classical tee mixers, (Aimable et al., 2009, Takami et al., Saito, 2012, Toft et al., 

2009), confined impinging jet reactors (used predominantly for sc CO2 processes relevant 

to pharmaceutical particle formation) and nozzle-type mixers, (Lester et al., 2006, Lester 

et al., 2010, Middelkoop et al., 2009) many suffer from experimental limitations arising 

through “poor mixing” of the component streams  within the reaction point geometry 

leading to material deposition (through hydrothermal reaction of the precursors) and 

reactor blockage which severely limits the continuous operation of these reactors. Many of 

the heat and mass transfer processes that lead to complications in the operation of CHFS 

systems are poorly described and collectively it is difficult to elude these processes from 

the scant experimental details presented in many publications.(Lester et al., 2010) For 

information, many of the geometries used for the synthesis of nanoparticles are presented 

schematically in figure 1.17, alongside a representation of empirical data taken from each 
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publication detailing complications in the operation of each geometry i.e. particle 

nucleation and deposition regions are highlighted.  

 

Figure 1.17: Schematic representations of reaction point geometries developed for the 

continuous hydrothermal synthesis of nanoparticles a) horizontal cross-section of a 

conventional “tee” reaction point and  b) “tee” reaction point with the inlets of different 

feeds entering the geometry (Adschiri, Hakuta, & Arai, 2000) c)  A vertical cross section  

and d) a horizontal cross section (dassghed line in c) of a mixer with a movable needle 

(Mae, 2007) e) Vertical cross section of the nozzle mixer (Lester, Blood, Denyer, 

Giddings, Azzopardi, & Poliakoff, 2006) f) and g) A vertical cross section of a swirling 

micro mixer and the corresponding horizontal cross section (Kawasaki, Sue, Ookawara, 

Wakashima, & Suzuki, 2010a) h) and i) Vertical cross section of a central collision type 

mixing point and the horizontal cross section (Sue et al., 2010).   
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A large number of reaction point geometries reported as suitable for the synthesis of 

nanoparticles in CHFS have experimental limitations associated with them to overcome 

key operational issues, and many reaction point geometries are not comparatively 

evaluated making it difficult to select an optimal geometry for a given synthesis.  For 

example,  Kawasaki et al. overcame the problem of material deposition and reactor 

blockage in a tee type mixing geometry through using high flow rates for the preheated 

water stream (e.g. 100 mL min
-1

) and lower concentrations for the metal salts (e.g. 0.01 

M). (Kawasaki et al., 2010b) However, the flexibility of the system was reduced in terms 

of possible flow rates and precursor concentrations limiting the efficiency of synthesis 

(product per unit volume waste). Resultantly, authors working with these continuous 

hydrothermal systems have defined empirical criteria for the “ideal” heating / mixing of 

precursor feeds in an engineered mixer which result in the formation of nanoparticles. 

(Lester et al., 2006, Lester et al., 2010) The criteria state that an optimal geometry for the 

synthesis of nanoparticles would show the following empirical characteristics; near 

instantaneous and uniform mixing of reactant streams with a supercritical water feed 

(essential for the formation of many nanosized and uniform particle nuclei),  short reaction 

residence times are required to limit particle growth (if the synthesis is not nucleation 

dominated), minimal heating of precursor feeds prior to rapid mixing with a preheated 

supercritical water feed ensuring rapid uniform nuclei formation and minimal product 

deposition within the reaction point, and a high flow velocity from the reaction point to 

prevent the accumulation of reagents and products at the reaction point through highly 

turbulent flow. These empirical characteristics have been adopted by many researches 

trying to find suitable reaction points for the synthesis of nanoparticles. (Kawasaki et al., 

2010a, Toft et al.,  2009, Wakashima et al., 2007) 

 

Many researchers have attempted to understand the mixing between the precursor and 

preheater water feeds in CHFS and the effects of different mixing processes on the 

formation of nanoparticles. These endeavours, have led to the development of several 

experimental methods to visualise the properties of a hydrothermal system working at the 

temperatures and pressures used for the synthesis of nanoparticles. Many of the identified 

complications with mixing in CHFS stem from large differences in thermodynamic and 

transport properties of water between the preheated water feed and the ambient 



Chapter 1 

 

77 

 

temperature precursor feed. For information, the normalised thermodynamic and transport 

properties for water at 24.1 MPa at variable temperature are presented in figure 1.18 and 

demonstrates the differences in properties between the ambient temperature feed 

(precursor) and the preheated water feed. Mixing between these feeds in light of the 

properties summarised in figure 1.18 suggest that in CHFS processes mixing analogous to 

mixing a gas like state (low density) with water (high density). However, strictly speaking 

at temperatures and pressures used for the synthesis of nanoparticles is a liquid - liquid 

mixing process. It has been reported that in  CHFS poor mixing between the feeds results 

in different degrees of supersaturation, leading to broad particle size distributions and 

larger average particle sizes due to particle growth after nucleation. (Lester et al., 2010) 

Mixing in CHFS is almost a unique problem due to both the temperature and density 

difference between the two feeds and defies direct comparison to much of the available 

mixing literature. (Ma et al., 2011) However, authors working with these systems have 

suggested turbulent flows of preheated water and a turbulent flow of the  mixture when 

(preheated water and precursors) yields the most appropriate flow types for the formation 

of nanoparticles. (Takami et al., 2012) Typically, dimensionless numbers are used to 

evaluate the type of flow occurring within a system, and are especially useful in 

determining the flow in pipes. Flow in pipes, including mixing of flows, is determined by a 

complex mixture of factors and in the case of supercritical fluids evaluation of the 

dominant factors on mixing and the behavior  is complicated further by the significant 

changes in the thermodynamic and transport properties of water as its temperature reaches 

the critical point (Figure 1.18). This section now moves forward to describe the current 

state of the art in the evaluation reaction point geometries for the synthesis of 

nanoparticles.  

 

The flow regimes occurring within a pipe can be expressed as a single dimensionless 

number called the Reynolds number. For a flow in a pipe, the Reynolds number is 

calculated equation 1.14.  

 

Re = Dvρ / μ  (Equation 1.14) 

 

Where, Re is the Reynolds number (dimensionless), D is the “characteristic length” (in the 

case of a CHFS reaction point is the diameter of the pipe), v is the velocity, ρ is the 
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density, and μ is the viscosity. The value of Re determines which type of flow is present 

for any given system and values of Re < 2000 are considered laminar flow regimes, values 

> 4000 are considered turbulent flows and transitional flow straddle the values between 

these regions. When operating at near critical conditions (< 373 °C, 24.1 MPa), many of 

the reactions reported in the literature operate in a turbulent flow regime with relatively 

high Re > 3500, after the precursors and the preheated water are completely mixed, these 

reports often yield the smallest nanoparticle size. (Blood et al., 2004) However, the exact 

definition of the mixing processes between precursor and preheated water with regard to 

time scales is rather ambiguous. This is primarily due to the difficulty in taking 

observation based measurements at the high working temperatures and pressures of CHFS 

systems. As such, there is uncertainty in defining the ‘true’ reaction conditions inside 

many of the reactions and reaction points identified as suitable for the production of 

nanoparticles, and more importantly the dominant forces influencing mixing behaviour and 

the formation of nanoparticles (i.e. buoyancy, momentum, viscosity, turbulence and sheer). 

(Blood  et al., 2004)  
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Figure 1.18: Normalised thermodynamic and transport properties of water as a function of 

temperature at the typical operating pressure of CHFS systems (24.1 MPa) calculated 

using the IAPWS formulations. (Wagner & Pruss, 2002b) 

 

Several attempts have been made to study the flow within reaction points used for the 

synthesis of nanoparticles with a specific emphasis on the interface between the preheated 

water and precursor feeds. Blood et al. modeled a reactor at typical operating temperatures 

and pressure using a ambient pressure analogue. (Blood et al., 2004) In this report, 

methanol and sucrose solution were chosen as they have “similar” Re numbers to the 

fluids (supercritical water and metal salt solution respectively) and the observations made 

in this publication are presented in figure 1.19a and 1.19b which also show the effects of 

orientation on the mixing between the precursor and preheated water feeds. In figure 1.19 

it can be clearly seen that the effect of buoyancy on the mixing process is quite significant, 

this observation is not surprising as the density of water changes dsignificantly around the 

critical point. In figure 1.19b it can be seen that the orientation of flows within the Tee 

reaction point can significantly ifluence the effects of buoyancy on mixing and the 

direction of flows. In figure 1.19a the orientation of flows meant that the buoyancy forces 

drive the recirculation of the mixture into the precursor annuli, at a process level this 

would lead to rapid reactor blockage through hydrothermal reaction of the precursors. 

(Lester et al.,  2006) However, using transparent plastic mock ups at ambient temperature 

and pressure must be approached with caution because the changes in transport and 

thermochemical properties of water, which are significant near the critical temperature are 

largely ignored (figure 1.18). The results of Aizawa et al. superseeded the work of blood et 

al. and used sapphire reactor components to visualise the mixing process at typical CHFS 

system temperatures and pressures. (Aizawa et al., 2007) These obsservations are 

presented in  figure 1.19c to e and again show the large contribution of buoyancy in 

determining the flow pattern within the ractor. These direct observation also show some 

intersting feateures in that the data clearly shows phase separation  (between the preheated 

water feed and the precursor) in the mixer. This observation suggests that “mixing” does 

not strictly occur in this reaction point and the heating of the precursors is influenced to a 

greater degree by heat transfer occuring between the feeds, and the distribution of a 

passive scalar (dye) was shown to be influence by both the flow rate of each of the feeds 

and the orientation of the flows within the reaction point.  
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In both the publication of Aizawa et al. and Blood et al. the Grashof number was used to 

compare the contribution of buoyancy on the mixing processes occuring with a reactors 

under different flow orientation, preheated water temperatures and flow rates in light of the 

data generated by direct observation. The derivation of which was taken as being the 

theroetical mixture temperature although from observation this was unlikely to be reached 

until significantly after the introduction of preheated water (figure 1.19). (Aizawa et al., 

2007, Blood et al., 2004) The Grashof number is defined in equation 1.15; 

 

3

2

gαΔTL
Gr =

v   (Equation 1.15) 

 

Where, Gr is the Grashof number, g is the acceleration due to gravity (9.81 ms
-2

), α is the 

thermal expansion coefficient, ΔT is the temperature difference between the two fluids 

mixing, L is the characteristic length (In the case of CHFS systems the diameter of the 

pipe), and ν is the kinematic viscosity (absolute viscosity/density). In general, when the Gr 

>> 1 in any given flowing system, then buoyancy forces are dominant over inertial 

(viscous) forces. The higher the temperature difference the more buoyancy forces will 

dominate. In all publications related to materials synthesis using such systems buoyancy in 

the preheated water feed is dominant and as such certain for orientations allow for more 

efficient operation than others as shown in figure 1.19. Although due to the nature of the 

mixers used other forces may supersede the effect of buoyancy and will be discussed later. 

 

Further to the work of Aizawa et al., neutron absorption measurements have also been 

applied to experimentally evaluate the mixing between component streams in a “Tee”  

piece reaction point geometry. Takami et al. mapped the density of water as a function of 

distance using the neutron adsorption coefficient and produced spatial maps representing 

the density fluctuation (indicative of temperature) in a Tee piece reactor and studied the 

effects of flow and temperature as shown in figure 1.20 Figure 1.20 clearly shows the 

difference in density distribution across the reactor for different experimental conditions. 

The results suggest that the backflow of preheated water is dependent upon the balance 

between the volumentric flow rates of preheated water / precursor feeds (influencing the 

Gr number within the system) and the orientation of the flows, respectively. These 

measurements although informative provide time averaged data (over 3 hours) which is 
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not representative or any turbulence or transient flow events and provides comparatively 

limited information when compared to the direct observation measurements presented in 

figure 1.19.    

 

 

Figure 1.19: a) Images showing the concentration profile of a tracer within a tee mixing 

design with the simulated metal salt solution feed and the simulated preheated water feed 

showing inefficient mixing between the component streams and b) the most efficient tee-

piece inlet configuration showing almost complete mixing,  c) Inefficient tee-piece mixing 

observed using a tracer in a tee piece used under typical nanoparticle synthesis conditions 

using sapphire windows to observe a tracer, d) mixing observed as in c with a different 
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inlet configuration  e) mixing observed as in a with the most complete mixing.  (Images a 

and b were taken from Blood et al. 2004 and images c-e were taken from Aizawa et al. 

2007) 

 

Figure 1.20: Absorbance of water inside reactor (indicative of density) during experiments 

with neutron absorption at different ratios of volumetric flow rates in a conventional “tee” 

piece. Colour gradient is indicative of density (light = low density and dark = high 

density). 

 

Alongside many of the experimental evaluations of reaction points presented in the 

literature, there are many examples of modelling approaches which allow finer 

interpretation of the flow regimes  at the interfaces responsible for mixing in reactors. 

From a fundamental point of view modelling has limitations, although its largest benefit is 

more rapid evaluation / screening and optimisation of a process. Reducing, significantly 

the experimental cost of optimising a process or material. Modelling strategies, have been 

employed to study reaction point geometries of the following types; Tee, cross, swirling 

micro mixers and inlet type mixers (counter current flows). (Kawasaki et al.,  2010b, 

Masuda et al., 2009) Much of the literature focuses on finding an optimal geometry for the 

synthesis of nanoparticles. Kawasaki et al.  have used Computational Fluid Dynamics 

(CFD) to visualise the processes of momentum, heat and mass transfer occurring inside a 
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Tee piece mixing geometry. (Kawasaki et al., 2010b) Such simulations are not trivial, 

because the transport properties of water change considerably around the critical 

temperature (figure 1.19) often complicating interpretation of the data, in their work, the 

flow and the reaction of an organometallic precursor used for the synthesis of NiO in 

supercritical water was analysed in a tee type reaction point and the results were coupled to 

size distribution data that showed that particles with lower polydispersity and primary 

crystallite size were synthesised when the velocity of the reacting mixture was high 

through the reaction point, and that the polydisperity of particles was very much affected 

by the flow pattern in the mixer (i.e. when the flow of the mixture was more “turbulent” 

(implying good mixing) the particles were smaller ca. 10 nm and “transient” flow resulted 

in particles which were ca. 30 nm  (determined through calculation of the Reynolds 

number of the mixture). The orientation of inlet directions for the precursors and preheated 

water was also shown to influence the particle size and polydispersity of the material 

attributed to the buoyancy of the mixture and these results correlated well with the 

conclusions of direct observation experiments. (Aizawa et al., 2007) The authors also 

suggested an optimal flow regime for the synthesis of nanoparticles (achieving a small 

crystallite size), in which the preheated water inlet had a significantly higher volumetric 

flowrate than the precursor solution (ratio >10:1).(Kawasaki et al., 2010b) 

 

 Wakashima et al. have also applied CFD modeling to improving the crystallite size 

distribution and defined three key design criteria for a new mixer from their modeling 

work; 1) newly formed particles should be prevented from coming into contact with the 

walls of the mixer, as this causes deposition and blockages a common issue presented 

throughout this review (from the review presented thus far other explanations for reactor 

blockage and deposition are also valid), 2) the mixing of the two feeds should be as near 

instantaneous as possible in order to minimise  inhomogenous particle nucleation and 3) 

there should be a “smooth and quick” discharge of the flow from the mixing zone. The 

latter two points are consisted with the desired mixing criteria highlighted earlier. The 

design which Wakashima et al.  defined as fulfilling these criteria was named a swirling 

mixer as shown in figure 1.21 (the inlet positions for the precursors and preheated water 

can be identified through the temperature key). The swirling mixer rapidly achieves a 

uniform green colour equating to a temperature of around 400 ºC as calculated from 

enthalpy balance, whereas the tee-piece mixer contains sections of the flow which are still 

at the same temperature as the inlet hot water feed demonstrating segregated flows, and 
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sections where the temperature is still subcritical for a long distance after the initial mixing 

point (as inferred from previous reports the conduction of heat may be significant). This 

design was comparatively tested using AlOOH (bohemite) as a particle system and 

compared the obtained characterization data to previous results using a tee-piece mixer. 

(Hakuta et al., 1999b, Wakashima et al., 2007) It was found that the new mixer gave both 

a smaller overall particle size (60 nm compared to 126 nm for an equivalent reaction in a 

tee-piece mixer) and a significantly narrower particle size distribution. The main 

disadvantage with this type of mixer is that it cannot readily be made with off the shelf 

parts and requires substantial reengineering to be used at different flow rates to maintain 

the turbulent environment within the reaction zone. 

 

Figure 1.21: Modeled cross-sectional temperature contours of (a) the new “swirling” 

mixer design compared to b) a conventional tee-piece mixer. White spaces in the cross-

sections equate to temperatures below 374 ºC. (Wakashima et al., 2007) 

One result of the work detailed above was the development of a well known engineering 

reactor design, which introduced the preheated water and precursors in a co-axial counter-

current arrangement as shown in figure 1.22. In this mixing design, one tube passes inside 

another tube, and the mixing takes place where the inner tube ends, with the mixed fluid 

passing back up the outside of the inner tube. (Lester et al., 2006) The purpose of having 

the superheated water flow vertically downwards is to exploit the buoyancy of near critical 

water which means that back flow is almost impossible as the hot water will naturally flow 

upwards around the outside of the pipe. This mixing system was modeled in the same way 

as the “tee” piece mixers described earlier in the work of Blood et al. as shown in figure 

1.22 and served to demonstrate the mixing processes occurring in this reactor at ambient 

temperature. Coupled to this design and evaluation, nanoparticle characterisation data for 

several metals and metal oxides were produced using a counter-current reactor and a tee 

piece reaction point. In particular, CeO2 was synthesised in a number of different runs 
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under identical conditions, and the surface area measured, to assess the reproducibility of 

the results (another key factor in defining a suitable reaction point for the synthesis of 

nanoparticles. It was found that the surface area of the powders produced was 90 ± 5 m
2
g

-

1
, which is a marked improvement on the tee-piece mixers, which varied between 52 and 

104 m
2
g

-1
.(Lester et al. 2006). These results suggested a significant influence of the type of 

mixing influencing the properties of nanoparticles produced in different reactors(Lester et 

al., 2006, Lester et al., 2010).  

 

Figure 1.22: Design of counter-current “nozzle” mixer (left) and image of the result of 

modeling the reactor (right) as per the method of Blood et al.. (Lester, Blood, Denyer, 

Giddings, Azzopardi, & Poliakoff, 2006) 

As the counter current reactor identified by Lester et al. showed some notable benefits in 

the synthesis of nanoparticles further work has been conducted to define the regions of 

particle nucleation and growth. (Middelkoop et al.,2009) This has been achieved by using 

high energy synchrotron radiation, and arguably this has been more informative than any 

of the modelling experiments which proceeded this analysis. (Middelkoop et al., 2009) In 

the experiment, the steady state formation of CeO2 nanoparticles was followed at a reaction 

point temperature of 335 °C, and a system pressure of 24 MPa. The results identified the 

location of particle growth and the distribution of particle growth across the mixer as 

shown in figure 1.23. The crystallite size distribution across the reactor was determined by 

calculating the crystallite size form narrowing of the CeO2 (113) reflection. In figure 1.23 

it can be seen that the highest concentration of ceria (nascent nanoparticles) is observed 

just above the terminus of the inner-tube (highlighted in grey) and in the annulus bound by 

the outer tube. In this experiment it was also evident that build up of material on the 
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reactor wall occurs during long syntheses. The imaging represents a significant 

achievement in that information of this kind can be gleaned defining the regions within a 

reaction point where the nucleation and growth of nanoparticles occurs. Where, nucleation 

appears to occur at the interface between the preheated water and precursor, respectively. 

Showing that particle growth is complete within the window of observation when 

compared to data obtained from the product at the exit of the reactor. 

 

 

From this review, publications highlighting results amalgamated from both modelling and 

experimental approaches are the most valuable, as they provide the greatest insight into 

particle formation. However, the difference in methods used to study mixing processes all 

have significant limitations. Although not explicitly stated above even designs of reactors 

are not exactly replicated by laboratories as such direct comparisons and true definition of 

the events leading to either undesirable mixing events (reactor blockage through material 

deposition) and the formation of true nanoparticles are very difficult to elude. For this 

reason much of the data presented in this thesis is focused towards further understanding 

of the particle formation reactions in different reaction points for the continuous 

hydrothermal synthesis of nanoparticles. 

 

1.7 Advantages of CHFS as a Potential Manufacturing Process: 

 

CHFS is a continuous flow process in which reactants undergo a rapid change to a 

condition of high supersaturation which typically leads to the formation of nanoparticles. 

As highlighted in the literature presented previously CHFS can be adapted to many 

synthetic challenges often forming products which are not readily accessible through more 

conventional methodologies (e.g. nanopartricles of kinetic or metastable products). The 

high supersaturation afforded by continuous hydrothermal methods generally leads to a 

large number of nucleation events and results in smaller particles than equivalent reactions 

performed on much longer time-scales (i.e. batch reactions). CHFS reactions are rapid with 

residence times in the order of a few seconds which means many reactions are complete 

and the desired material can often be made directly. Similarly, the literature suggests that 

because of the continuous nature of flow methods  batch to batch variations can be reduced 

although not necessarily eliminated. (Lester et al., 2006) 
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There are certain safety issues associated with operating a process of this nature. However, 

the hazards are difficult to assess and compare in any meaningful manner. Depending on 

many variables which vary as a function of pressure, temperature and volume CHFS and 

related methods are noted as being no more dangerous than comparable synthetic routes 

(i.e. batch hydrothermal processes). As long as appropriate precautions and maintenance 

procedures are put into place there should be no safety issues, the reaction volumes used in 

CHFS systems are much smaller than comparable batch reactions the process is a lot less 

hazardous as the operator has significant control over the reaction. 

 

 
Figure 1.23: Images a and b show the distribution of the strongest ceria reflections, 111 

and 113 appearing at 2θ ) 5.14 and 9.75°, respectively, defining the regions where 

crystalline particles are present in the flow. Images c and d show the distribution of 

crystallite sizes within the window of observation determined from the peak widths of the 

ceria 111 and 113 reflections; in both cases, the smallest peak widths, which equates to 

largest average crystallite size, are found to be in the same region of highest intensity in of 

particles in images a and b. (Middelkoop et al., 2009) 

 

1.8 Disadvantages of CHFS as a Manufacturing Process: 
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The CHFS process and related flow methods typically produce materials at high 

temperature and pressure where particle formation is controlled by the solubility of ions (at 

a given synthesis condition). Where, as shown by Sue et al. the solubility of a metal ion 

precursor is an intrinsic property of the material this appears to limit the particle size range 

a typical CHFS process can produce if there are no other external process factors. 

Similarly, there are limits in the precursors available when the process is operated using 

water as conventional pumping equipment is not suitable to feed slurries or emulsions into 

a reactor. There are also limits as to what type of materials can be made; generally the 

process is limited to hydroxides, oxy-hydroxides and oxides of metals, although some 

phosphates (e.g. hydroxyapatite) can also be made. Additionally, other chemical processes 

which occur inside CHFS reactors are also poorly described and are known as 

experimental limitations although not exclusively stated as such within the academic 

literature. For example, halide ions cause significant corrosion in steel reactors and further 

limit the precursors that can be used. Nevertheless continuous and aqueous processing 

routes are attractive for the synthesis of nanomaterials as highlighted in Section 1.7. 

 

1.9 Methods for the Large Scale Synthesis of Nanoparticles: 

As the application areas of inorganic nanoparticles are expanding there is a greater demand 

for large quantities of nanoparticles (ca. > 100g) to allow for thorough commercial 

evaluation of nanomaterials identified in laboratory scale processes. (Tsuzuki, 2009) 

Inorganic nanoparticles have reached annual production volumes of several metric 

megatons. Most of the worldwide production of nanomaterials on an industrial scale can 

be assigned to carbon black, silica (SiO2) and titania. (Kreuter, 1990, Liu et al., 2009) 

These compounds are used in a wide range of application areas including the automotive 

(fuel additives) and food industry (packaging) or pharmaceutics (whitening/thickening 

agents). (Journet et al., 1997) The large production volume of the highlighted 

nanopowders is counter balanced by the high production capacity of a very limited range 

of elemental compositions at an industrial scale. (Tsuzuki, 2009) One of the major reasons 

for the lack of composition variance (with the exception of the aforementioned materials) 

often arises due to a complication with the scale up of a previously identified process for 

their manufacture. (Dirksen & Ring, 1991, Kreuter, 1990)  
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This section aims to review the methods employed by academic groups or companies for 

the large scale production of nanoparticles. Although, many academic reports claim the 

large scale synthesis or facile scale up of a process the actual process in many cases 

operates at a production capacity of >1 g per batch or in flow processes 1-10g/h (low in 

comparison to the production capacities of carbon nanotubes for example).  (Journet et al., 

1997).  Currently there are over 100 commercial companies that produce large quantities 

(> 0.1 tonne/annum) of inorganic nanoparticles and achieve this through either direct 

volumetric or mass scale up, or scale out of the processes. (Jongen et al., 2003, Tsuzuki, 

2009) Figure 1.24 shows the distribution of methods used for the production of 

nanoparticles from ca. 100 companies as reported by Tsuzuki. (Tsuzuki, 2009) The output 

volumes are not reviewed as no reliable data has been sourced. However, liquid phase 

syntheses are dominated by the production of colloidal gold, silver and quantum dots. (Li 

et al., 2003, Marchisio et al., 2006, Pennemann et al., 2004) Vapour phase methods are 

dominated by carbon-black (including nanotubes) and TiO2 manufacture (specifically, 

Degussa P25). (Liu et al., 2009, Tsuzuki, 2009) 

 

 

Figure 1.24: Distribution of nanoparticles production methods adopted for the industrial 

synthesis of nanoparticles. (Tsuzuki, 2009) 

 

In almost all chemical processes, the difficulty in scaling up the production lies in 

achieving stable and uniform reaction environment, whether this takes the form of 

nanoparticles synthesis in large chemical baths (liquid phase) or combustion of precursors 
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in a flame, most endeavours of scale up strive to ensure uniform quality of the resulting 

nanoparticles across production scales. (Kreuter, 1990, Marchisio, Rivautella, & Barresi, 

2006) Although there are many general complications with increase in production rate; 

particle agglomeration during particle growth, elongated particle growth phases, loss of 

control over particle nucleation, compositional differences in materials (e.g material phase 

and homogeneity detailed reports of these phenomena are rarely published in any form). 

(Dirksen & Ring, 1991) The production of nanoparticles on a  commercial scale often 

produces materials which are different  to those produced by small scale processes 

requiring almost complete process optimisation. (Tsuzuki, 2009) The following section 

describes the issues associated with high output nanomaterials processing as divided in 

figure 1.24. A more detailed description of many of these process has been presented 

earlier within this review.   

 

 

As the mechanical methods offer certain advantages for scale up including; relatively 

simple operation, ease of process enlargement and the ability to form slurries in liquid 

matrices they constitute ca. 10 % of commercial nanomaterial output. (Tsuzuki, 2009) In 

recent years, significant improvement have been made in adapting milling instruments and 

grinding media allowing for increases in process scale, which has led to significant 

progress in the use of this technique for the production of a wide range of nanoparticles. 

(Basset et al., 1993, Konya et al., 2002, Zhang, 2004) However, the top-down approach 

still suffers issues with process reproducibility and a production of a homogenous product 

(size and composition) stemming from low milling equivalency even when long 

processing times are used (several days) and several adverse effects in SiO2 nanoparticles 

produced by milling have been identified when compared to other solution based methods. 

(Lam et al., 2000) As initially noted in section 1.3.1, milling almost universally results in 

polydisperse particle size distributions, un-milled precursors in the final products and 

inhomogeneous materials. (Basset, Matteazzi, & Miani, 1993) In addition, longer milling 

times will result in more milling impurities (trace contamination) and structural defects in 

the materials processed which often add to the number of processing steps. (Lam, Zhang, 

Tang, Lee, Bello, & Lee, 2000) Although milling is a well known process for the 

production of nanoparticles compared to other solution and gas phase methods the 

materials produced show significant limitations if a certain size dependent material 

property is desirable.  
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The gas / vapour phase methods are more advantageous for the production of nanoparticles 

in an industrial context than milled materials. As materials produced in the gas phase are 

often produced directly with high crystallinity, low levels of contaminants and as particles 

with low polydispersity and as such find wider application (i.e. TiO2 nanoparticles 

produced in the gas phase are used was whitening agents in  paint for example). (Gupta & 

Tripathi, 2011) However, the method suffers from the inevitable trade-off between particle 

size/quality and throughput, as the throughput changes in many cases the flame and 

nucleation environments within a reactor also change. (Geohegan et al., 1998, Kruis et al., 

1998) It is reported that particle growth is evident at high process yields, due to high 

temperature operations and lack of a solid medium that hinders agglomeration. (Pratsinis 

& Vemury, 1996) Normally the resulting nanoparticles in commercial scale production 

have characteristics of high crystallinity, a wide size distribution and evidence of 

agglomeration or particle sintering. (Kruis, Fissan, & Peled, 1998) The materials are 

exclusively produced as dry powders and this limits the versatility of the synthesis for 

some applications of nanoparticles. Similarly, as the nanomaterials are produced in the gas 

phase the processes require heavy capital investment in engineering measures to isolate 

workers from nanoparticle production. (Pratsinis & Vemury, 1996) 

 

Of the three main methodologies for the commercial synthesis of nanoparticles, the liquid 

phase methods are the most attractive in terms of scale up due to the diverse chemistry 

accessible in the liquid phase. (Xia et al., 2003) However, the difficulty in scaling up 

production is associated with achieving stable and uniform reaction environment in the 

synthesis medium. (Park et al., 2004) Where, stringent control is difficult to achieve due to 

concentration gradients, thermal gradients and inhomogeneity in mixing reagents in large 

volumes. (Dirksen & Ring, 1991) Increasing the production rate in this context requires 

high particle concentration which causes particle agglomeration, particle growth and in 

some cases loss of control of particle polydispersity. (Park et al.,2004) As a result, 

nanoparticles in commercial scale production have characteristics of spherical shapes, a 

narrow size distribution of primary particles but high degrees of agglomeration if they are 

produced without effective surface functionalisation. As much of the commercial 

production of nanoparticles form the solution phase is related to the synthesis of colloidal 

dispersions of nanoparticles. A notable example of a moderate scale solution based process 

is the thermal decomposition technique developed by Hyeon’s group in Korea, to data it is 
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the largest reported batch synthesis of surface functionalised nanoparticles. (Hyeon et al., 

2001, Park et al., 2004) A scheme showing the process is presented in figure 1.25. These 

functionalised nanoparticles were prepared as batches of upto 40g by decomposition of 

iron-oleate salt precursors in octadecane solution heated to 320°C for the decomposition of 

the complex to metal oxide using oleic aide as a capping agent for a reaction time of 6 h. 

In this report the crystallite size could be controlled by using various solvents with 

different boiling points. The corresponding metal nanoparticles can be prepared by the self 

reduction at higher reaction temperature. This route is presented as it is widely reported as 

a general process for the industrial production of metals, metal oxides and multi-metallic 

oxides without further size-selection steps. 

 

As some methods have now been applied to the synthesis of large quantities of 

nanoparticles it is important to review the health and environmental aspects of production 

of nanoparticles. A review of this nature serves to identify processing methodologies 

which would be favoured for long term manufacture and processing. From this section it 

was identified that the scale up of liquid phase synthesises would be the most attractive in 

terms of the chemistries accessible and the diverse range of chemical compositions that are 

accessible and the materials (sic) produced by these strategies would probably find the 

widest application. 

 

 
Figure 1.25: The overall preparation scheme of monodisperse nanoparticles by 

decomposition of metal oleate precursors. 12 nm magnetite monodisperse nanoparticles. 



Chapter 1 

 

93 

 

Inset is a photograph showing a Petri dish containing 40 g of the monodisperse magnetite 

nanoparticles. (Park et al., 2004) 

 

1.10 Safety and Cytotoxicity of Nanomaterials: 

There are many unique hazards associated with nanoparticles, in addition to the normal 

chemical hazards associated with the corresponding bulk materials and are manifested by 

many mechanisms of cytotoxicity. A summary of the known mechanisms of nanoparticle 

interaction with biological tissues are presented in figure 1.26, which shows the diversity 

in the mechanisms of nanoparticles toxicity. (Nel et al., 2006) In several notable examples 

the toxicity of certain nanomaterials have been evaluated in great detail. (Oberdorster et 

al., 2005a) For example, it is well known that cadmium selenide quantum dots can lead to 

cadmium poisoning in the body and free radicals (ROS) generated on the surface of 

semiconductor nanoparticles can cause DNA damage. (Xia et al., 2006) However, broader 

and more generalised descriptions of the toxicity of nanomaterials are well accepted due to 

the vast compositional space present in the field. (Warheit et al., 2009) Where, all 

nanomaterials are thought to be a pulmonary hazard. (Sayes & Warheit, 2009) The work of 

Lin et al. showed that nanoparticles of ZnO cause dose and time dependent cytotoxicity in 

human lung tissue when particles of 70 and 420 nm were evaluated. (Lin et al., 2006) 

Oxiditative stress is thought to be a large contributory factor in the cytotoxicity of 

nanoparticles (carbon black, carbon nanotubes, silica and ZnO). (Oberdorster et al., 2005b) 

The properties of fiberous nanomaterials (i.e. carbon nanotubes) have also been found to 

have carcinogenic effects analogous to asbestos fibres. (Poland et al., 2008) As 

nanoparticles can gain access to cells and blood through inhalation and ingestion and for 

nanoparticles such as quantum dots possibly through skin penetration, it is generally 

considered best practice to ensure exposure is minimised in the route chosen for their 

manufacture in an attempt to minimise the risk of nanoparticle toxicity. (Oberdorster, 

Oberdorster, & Oberdorster, 2005a, Oberdorster et al., 2005b) The composition, shape 

surface structure charge aggregation and solubility all effect the cytotoxicity so it is 

difficult to generalise in the hazards of nanoparticles and often nanoparticles of many 

materials are simply treated as hazardous with no knowledge of specific toxicity i.e. 

tetratogenic effects, mutagenic effects, etc. (Nel, Xia, Madler, & Li, 2006) Hence, it is 

reasoned that the safest and most effective strategies for the production of nanoparticles 

are those which produce nanomaterials in the liquid phase to minimise the potential for 

exposure.  
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Figure 1.26: Summary of the mechanisms by which nanomaterials interact with biological 

tissue. The quadrants of the figure illustrate the importance of material composition, 

electronic structure, bonded surface species (e.g., metal-containing), surface coatings 

(active or passive), and solubility, including the contribution of surface species and 

coatings and interactions with other environmental factors. The figure also highlights how 

different materials mediate toxicity. (Nel, Xia, Madler, & Li, 2006) 

 

1.11 Environmental Impact of Nanomaterials: 

 

The environmental impacts of the release of nanomaterials and wastes which contain 

nanomaterials is a subject that has not been evaluated as thoroughly as the potential human 

health aspects to exposure to nanomaterials. (Biswas & Wu, 2005) As many unique 

hazards are associated with nanoparticles in addition to the normal chemical hazards 

associated with the corresponding bulk materials in complex ecosystems are far more 

difficult to evaluate or predict the acute or chronic effects of nanoparticle release. (Klaine 

et al., 2008, Lam et al., 2006, Navarro et al., 2008) However, an increase in funding by 

research bodies has spurred development of this area. There have been several notable 

studies which have shown that nanoparticle containination even at low level affect 

microflora and the release of nanoparticle wastes or effluent containing nanoparticles 

should be avoided. (Navarro et al., 2008)   However, the fate and persistence of 

nanomaterials within food-chains and aquatic systems is of ongoing debate and the subject 

of many reviews. (Biswas & Wu, 2005) Recently, a study published by Jarvie et al. found 
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that nanoparticles of common cosmetic additives (silica nanoparticles) could effectively be 

removed from waste water through the introduction of a flocculent before introducing 

them into sewage meant that the nanoparticles interacted with components of the sewage 

to form a solid sludge. This sludge can was separated from the waste water and disposed of 

by common sedimentation clarification procedures preventing entirely the release of 

nanoparticles. (Jarvie et al., 1997) By contrast, uncoated nanoparticles stayed dispersed in 

the wastewater and were likely to continue through the effluent stream. This study showed 

the complications of adapting waste treatment protocols to deal with effluents 

contaminated by wastes. (Jarvie et al.,1997)  

 

Within the United Kingdom the disposal of nanoparticulate waste and wastes contaminated 

with nanoparticles (RPE, Gloves, Spillage kits, etc) is governed by best practices rather 

than being legislated. Guidance provided by the Environment Agency provides a 

framework for assessing whether a waste material is hazardous and a process by which it 

can be disposed of (HWR01). Where, typically all waste contaminated by nanomaterials is 

to be disposed of as chemical waste (ICS 13.100; 71.100.99).  However, there are currently 

no legal requirements to dispose of nanomaterials or effluents contaminated by 

nanomaterials in any particular manner (as long as the constituent metals are not classified 

as hazardous) and the volume of effluent does not exceed 1000 Tonnes/annum. 

(Oberdorster et al., 2007)  

 

In light of the available environmental impacts of nanoparticle release and the subject of 

this thesis. Several protocols were adapted to mitigate the environmental impacts of the 

work. Throughout this thesis, effective sedimentation and effluent clarification protocols 

have been devised to limit the disposal of aqueous waste contaminated with nanoparticles. 

 No metals listed as toxic to aquatic organisms are used throughout this thesis. This section 

has been included for the interest of the reader due to the nature of the work presented. The 

work presented herein has as close to practicable been conducted in accordance with these 

guidelines. 

 

1.12 Summary of Literature: 

The literature review presented has highlighted the benefits of nanoparticles in certain 

applications, the methods used for manufacture and the progress to date in the 

development of continuous processes for their manufacture. Current techniques for 
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producing many nanomaterials are sufficiently well characterised and optimised to allow 

control over particle properties. However, many methods are not applied to the synthesis 

of large volumes of nanomaterials limiting meaningful application of the nanoparticles 

produced by many methodologies. Similarly, the evaluation of many material 

compositions as nanomaterials is constrained by difficulty in producing the material with 

dimensions approaching the nanoscale. Many techniques are being developed to produce 

“improved” nanosized materials, but these suffer from their own problems; they may be 

time consuming, multi-step, produce free nanoparticles which are potentially hazardous, or 

suffer batch variation, use expensive chemicals or are poorly scalable (volumetrically or 

otherwise) limiting the amount of material available for characterisation or through 

evaluation in any given application. 

 

From the preceding literature review it was concluded that Continuous Hydrothermal Flow 

Synthesis (CHFS) is an efficient methodology for the synthesis of a large variety of metal 

oxide nanoparticles. Typically, nanomaterials are produced directly through the use of both 

sub and supercritical water to rapidly and continuously precipitate homogenous 

nanomaterials (in both size and composition if > 1 component metal ions are present). 

Moreover, the nature of the process being; 1) a flow system (i.e method of continuous 

synthesis) and 2) process where particles form by rapid reaction on time-scales of  < 2 s  

may be able to produce nanomaterials of equivalent size and composition at higher scales 

of synthesis. However, despite being relatively high temperature (ca. 380 ºC), the process 

is still conducted in aqueous solution, and therefore will not produce free nanoparticles, 

will not require environmentally damaging solvents or otherwise expensive reagents. 

When compared to many of the large scale processes currently employed for the 

production of nanoparticles CHFS confers certain key benefits in terms of both the breadth 

of chemistries accessible by the methodology and the fact that nanoparticle synthesis is 

contained. A review of the concerns relating to nanoparticle manufacture suggests that 

aqueous processing methodologies will be favored in the long term as both efficient 

effluent treatment and containment protocols can be applied to mitigate many concenrns. 

 

1.13 Hypotheses: 

In the proceeding literature review it was highlighted that CHFS is a versatile technique 

for the synthesis of nanoparticles of many compositions. As CHFS is a continuous process 

it also confers certain advantages for control over the reaction and unlike batch processes 
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can be used continually to produce a desired quantity of material. It was postulated that the 

rapid nucleating and crystallising environment within a hydrothermal flow reactor maybe  

a scalable methodology for the synthesis of a broader range of nanomaterials than are 

produced by liquid or gas phase methods. Furthermore, the large number of variable 

system parameters and the high degree of control afforded by flow processes may provide 

control over particle properties. In addition, there is a large amount of flexibility in the 

design and operation of CHFS systems such that, for example, improvements to such 

systems could also be made to allow for the production of materials of specific interest. 

The overall hypothesis of this thesis can be broken down into the following objectives, 

presented alongside a statement of how each theme contributes to the main subject of the 

thesis: 

 Investigations into the design and application of reaction points suitable for the 

continuous hydrothermal synthesis of nanoparticles. These investigations will 

define the process conditions which can be used to produce nanoparticles. These 

investigations are performed with a specific emphasis on the effects of different 

processing conditions by linking other observation based measurements to process 

outcomes. Investigations of this type will allow the formulation of a better 

description of particle formation dynamics in continuous hydrothermal systems.  

This will provide a more coherent description of particle synthesis dynamics than 

can be mined from the literature. These definitions will then be used to investigate 

if the process is amenable to volumetric enlargement, forming the basis of scale up 

reactions. 

 The addition of other feeds to continuous hydrothermal processes has also been 

under explored in the literature. As such, investigations into the modification of a 

CHFS process to allow for the introduction of reagents after the formation of 

nanoparticles is also presented. The purpose of these investigations is to evaluate if 

continuous processes are amenable to further refinement, allowing the synthesis of 

surface functionalised materials. As the surface functionalisation of nanoparticles is 

desirable in many applications, the characterisation of surface functionalized 

materials produced using CHFS and their utility in biomedical and other 

applications is presented. 

 As hydrothermal processes are often limited by thermodynamics, often by the 

reaction temperatures usable in hydrothermal systems are not being sufficintly high 
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to produce oxides of many metals. An investigation of materials produced by 

CHFS as nanosized precursor materials for conversion to nanosized oxides, 

through a moderate heat treatment strategy is also presented. The post processing is 

evaluated in terms of its effect on material properties with a specific emphasis on 

size and agglomeration and the formulation of stable nanoparticle dispersions. 

 The final aspect of this thesis is an investigation into the development an 

application of a pilot scale CHFS. Particular attention has been paid to the scale up 

of nanomaterials using two strategies; Volumetric scale up and increasing the 

product per-unit volume (concentration) and the effect of scale up strategy is 

highlighted with respect to the properties of nanoparticles. These investigations 

serve to define the limits of scale up using CHFS and to assess if many of the 

process attributes developed within the thesis are suitable for the large scale 

synthesis of nanoparticles. 

 

In summary, this thesis will describe the evaluation of the CHFS process and evaluate if 

the process is amenable to scale up. This thesis will also investigate whether further 

process adaptations can allow for the synthesis of materials of interest. This thesis draws  

correlations between the properties of nanomaterials produced at different scales and 

provides explanations for the observations based on various process aspects.  
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CHAPTER 2 

 

Materials and Methods 

 

2.1 Introduction: 

 

This chapter concerns the experimental methods and processes used in this thesis. This 

includes details of the continuous hydrothermal flow synthesis (CHFS) systems, different 

synthesis methodologies (certain calculations and reaction conditions), characterisation 

techniques (sample preparation and measurement details) and any modifications to 

methods and procedures used. In certain cases, for clarity the methods are also described 

briefly within the chapters they feature as this thesis is largely concerned with the 

development of aspects of the CHFS process to produce desired materials. As such, the 

results obtained in later chapters are often derived from modified methods or alterations to 

methods identified in preceding chapters. However several pieces of equipment were used 

extensively alongside simple analysis. Thus, the purpose of this chapter is to describe these. 

 

2.2 CHFS Process Equipment: 

 

2.2.1 Description of the CHFS Process: 

The first CHFS process used as the core design throughout this thesis was built by 

Professor J.A. Darr and Dr P. Boldrin at Queen Mary University London. (Boldrin et al., 

2007) The modification and evaluation of this system to produce a variety of materials is 

described as the subject of this thesis (a schematic diagram of this process has been 

presented in Chapter 1 section 1.3).  CHFS systems based on a number of pump 

configurations were used throughout this thesis and the purpose of this section is to 

describe the core design of the apparatus used for the production of nanomaterials and 

identify the key components of each reactor.  

 

2.2.2 CHFS System 1: 

 

 Stemming from the initial design constructed by Boldrin et al. the CHFS process used by 

the CMTG group has been incrementally modified and improved. (Boldrin et al., 2007) 

This section will describe the core system design used to synthesise materials and 

investigate the properties of the CHFS process. A flow diagram of CHFS system 1 is 

shown in figure 2.1, it shows a three-pump configuration, each of which being used as an 

independent feed line to allow for the introduction of reagents to the CHFS process. All 
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pumps were fitted with 25 ml piston pump heads, (Gilson, SC-type) unless otherwise 

stated.  Pump 1 was exclusively used to provide a feed of > 10 Mega Ohm DI water to the 

heaters, allowing the feed to be preheated prior to entering the main body of the process. 

Pump 2 was exclusively used to supply an aqueous metal ion solution (precursor) feed, and 

Pump 3 was used as a supplementary feed  (auxiliary) feed which could also be used to 

supply reagents (base, metal salts, etc.). Feeds were contained in appropriate beakers and 

the HPLC pumps required priming prior to system start-up (all feeds could be 

independently controlled). Each “feed line” was constructed from 1/8” 316 stainless steel 

seamless tubing, hereafter referred to as 316 SS (Swagelok, UK) and swagelok fractional 

fittings (316 SS, Swagelok). The Gilson pumps were connected to the system using a 

1/16″ SSI fittings and 1/16″ outer diameter (OD) tubing to minimise total system volume. 

The 1/16″ tube was converted into 1/8″ at a reducing union and passed through a check 

valve (1/8″ fittings), as a safety feature to prevent backflow, and into a 1/8″ cross piece. Of 

the other three arms of each cross piece; one was connected to a Swagelok proportional
 

pressure release valve (1/4″ fittings), which were connected to the system in parallel, the 

relief valves were set to a relief pressure of ca.  28.2 MPa. A 40 MPa pressure gauge (RS 

components, London) was also installed allowing continuous monitoring of the system 

pressure during a reaction, connected in series to each of the feed lines (figure 2.1). The 

final arm for the precursor and auxiliary feed lines was connected to a tee-piece to the 

premix the precursor feeds at this point, this design feature was included in all CHFS 

systems as it allowed in-line premixing of precipitation agents (e.g. KOH, NaOH etc.) with 

a metal ion feed.  HPLC pumps are not suitable to pump slurries, hence the requirement 

for this addendum. The final arm of the scH2O feed was connected to the heater at this 

point (the design of the heater is described in section 2.2.3). All reagents were brought 

together to mix in a specified reaction point geometry. A list of the reaction point 

geometries and their construction is presented in a later sections.  
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Figure 2.1: Schematic diagram of the laboratory scale CHFS process. PpRV = 

proportional pressure relief valve. 

 

The products issuing from the reaction point were fed into a heater exchanger to cool the 

reaction mixture to near room temperature before exiting the system. The mixing point 

was connected to the cooler via a suitable reducing union constructed of 316SS and was 

dependent upon the reaction point geometry chosen for synthesis. Figure 2.2 shows a 

labeled schematic of the coolers construction in all experiments the cooler was operated in 

a counter-flow configuration.  The cooler was made entirely from Swagelok™ parts. As 

shown in figure 2.2 the reaction product flowed through an inner tube. The inner tube was 

constructed of 1/4” 316SS Swagelok™, which passes through the middle of a 3/4” 316SS 

Swagelok™ tube. Cooling water flows in between the inner and outer tubes at a nominal 

flow rate of 6 L min
-1

. At the ends of the outer tubing are two brass 3/4” tee pieces, with a 

1/4” –  3/4” bored through reducer at each end to allow the 1/4” inner pipe to pass through 

whilst forming a seal to maintain the cooling water pressure (ca. 4 - 7 bar). To the other 

outlet of the tee pieces are attached 3/4” – 3/8” reducers which were used to connect the 

cooling unit to an external recirculating chiller. The total cooler length used for the 

synthesis of all nanomaterials on the laboratory scale processes were 55 cm. Under all 

given synthesis conditions this length was shown to maintain the outlet water temperature 

below 30 °C. (Ma et al., 2011) The coolant    (5 % ethylene glycol in water) was 

maintained at a constant temperature of 10 °C by a Thermoflex 5000 chiller (4.4 kW 
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Thermoscientific). The cooled suspension of nanoparticles passed through a manually 

operated back pressure regulator (BPR, Tescom) which was used to maintain the system 

pressure at 24.1 MPa.  After each reaction or set of reactions the mixing point was 

removed for cleaning and maintenance.  

 

Figure 2.2: Schematic diagram of the pipe-in-pipe cooler used in for laboratory scale 

CHFS systems. 

 

2.2.3 Heater Design: 

A custom-built electrically powered pre-heater was used to heat the feed issuing from 

pump 1 as defined in figure 2.3 in all laboratory scale CHFS systems. The design is shown 

in figure 2.3 a (as a photograph of the complete heating unit) and schematically in figure 

2.3 b-c.  The heater was controlled by a digital heater controller (Watlow) with an alarm 

trip which was controlled by the alarm thermocouple (defined in figure 2.3 c). The alarm 

was set to just above the maximum working temperature of the heater (ca. 460 °C). The 

heater core was made of duralumin for good thermal conductivity. A cartridge heater (1 

kW Firerod ™, Watlow) was inserted into the centre of the core and the output of two ‘J’ 

type thermocouples (Watlow) were used to both monitor and control the temperature. One 
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was inserted in to the top of the heater to control the temperature and one was inserted into 

the base of the core as a safety feature and connected to the alarm. The heating coil 

thorough which the feed issuing from pump 1 passed was approximately 6 m of ¼” (OD) 

tubing was coiled tightly around the core (ensuring intimate contact) as shown in Figure 

2.3. To add capacity to the heater two 750 W band heaters (10.1
 
cm deep, by 6.35 cm 

diameter, Watlow) were fixed around the coil. The whole assembly was then insulated to 

mimimise heat loss by using a microtherm flexible insulating quilt (RS components, 

London) and ceramic blanket insulation (Kitsons thermal supplies, Dawlish). The 

components of the heater were secured between two circular stainless steel end plates were 

held together with brass studding (figure 2.3 a). 
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Figure 2.3: The custom made heater used on the laboratory scale CHFS process a) a 

photograph of the complete heater assembly b) diagram of the heater construction showing 

the Al core and wound 316 SS tubing c) A schematic diagram of the completed heater 

graphically representing the position of all components (Adapted from Kellici 2006). 

2.2.4 Reaction Point Geometries: 

All reaction points used in this work are used in conjunction with CHFS system design 1 

(section 2.2.2). Where, the system was designed to allow different reaction points to be 

substituted by simply modifying the position of feed lines issuing from any of the pumps. 

Within this thesis reaction point geometries of two main types were evaluated; a counter-

current geometry where the precursors and hot water were mixed in opposing flows and a 

co-current type where the precursors and pre-heated water were introduced co-axially. The 

co-axial type geometries are hereafter referred to as “Confined Jet mixers” (CJM) 

stemming from the mechanism of mixing defined in chapter 4 (the terms co-current reactor 

and CJM are used interchangeably and depend on the subject of the discussion).  

 

2.2.4.1 Counter Current Reaction Point Geometries: 

The counter-current reaction point used in this thesis was developed from a counter-

current reactor based on a concept by Lester et al. and is shown pictorially in figure 2.4a 

and schematically in figure 2.4.b. (Lester et al., 2006) The counter-current reactor was 

constructed of a 1/8” 316SS swagelok pipe swaged into a 3/8” 316SS Swagelok cross-

piece through the use of a bored through reducing union. The superheated water (from the 

feed issuing from pump 1 and passing through the heater) flows downwards into the 

mixing point through the inner 1/8″ tube, and the metal salt solution flows upwards 

through the 3/8″ tube as the combined output of pumps 2 and 3 (within the reaction point 

the precursor meeting the pre-heated water was either a soluble metal salt or a precipitate 

formed by mixing a metal salt with a precipitation agent such as KOH). The exit of the 

reaction point where the products of the reaction pass is connected to the cooling apparatus 

through 3/8” 316SS tubing with an approximate length of 220 mm. The total reactor 

volume defined from the terminus of the pre-heated water inlet and the start of the cooler 

was 26.4 cm
3
.  
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Figure 2.4: a) A photograph of the counter-current reactor showing the orientation of 

feeds b) A technical drawing of the counter-current reactor showing the terminus of the 

preheated water inlet (as a mirror image of figure 2.4a).  

 

2.2.4.2 Confined Jet Mixer: 

The CJM reaction point geometries used in this work were developed through the course 

of Chapter 4. This section aims to provide a brief description of the geometry and 

combinations of components used in their construction. Figure 2.5 shows a schematic 

representation of the reaction point type used in this work, defining the components used 

in construction. The CJM reaction points were constructed of fractional 316SS swagelok 

components. The size of the components varied according to the physical size reaction 

point chosen for evaluation. In general, the feed issuing from the heater was reduced from 

¼” tubing to either 1/16” or 1/8” in. tubing thus forming the inlet to the reactor. The inlet 

to the reactor was passed into a cross piece ¼” or 3/8” by the use of an appropriate bored 

through union. The precursor solutions were fed into the reactor through the cross piece 

symmetrically using the inlets perpendicular to the pre-heated water feed inlet (as shown in 

figure 2.5). The inlet tubing issuing from the pumps was 1/8” Swagelok and was 

connected to the arms of the cross piece using an appropriate union. The cross-piece was 

connected to the cooling apparatus by an appropriate length (ca. 220 mm) of either ¼” or 
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3/8” Swagelok tubing. The tubing connecting the cross piece to the cooling apparatus 

contained the flow issuing from all pumps after mixing in the annulus shortly beyond the 

terminus of the inlet of pump 1. In this configuration the metal salt solution (combined 

flow issuing from pumps 2 and 3) flows upwards through the cross piece in the annulus 

formed around the inlet of the feed issuing from pump 1.  

 

 

Figure 2.5: Schematic diagram of the CJM type reaction point geometries used in this 

work. 

 

2.2.5 CHFS System 2: 

The second CHFS system built during the course of this work is identified as CHFS 

system 2 and a schematic of the modified process is presented in Figure 2.6. It was 

designed and built by R. Gruar and Professor. J. A. Darr. The design is similar to that of 

CHFS system 1 in relation to all components upstream of the reaction point and down-

stream of the cooler. However, instead of using a 1/4” 316SS Swagelok cross-piece and 

tubing in the CJM reaction point, a ¼” 316SS Swagelok tee-piece and tubing was added 

upstream of where the precursors and preheated water mix allowing the introduction of 

another reagent feed to the system shortly after the formation of nanoparticles. The added 
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feed line (feed line 4) was analogous to the construction of other feed lines. The added 

feed line consisted to two Gilson pumps (25 mL pump heads) which were connected in 

series and subsequently connected to the CHFS system through the use of 1/16″ tube 

tubing. The flow from feed line 4 passed through a check valve (1/8″ fittings), as a safety 

feature to prevent backflow, and into a 1/8″ cross piece consistent with the assembly used 

in CHFS system 1. This feed also had a independent Swagelok proportional
 
pressure 

release valve (PpRV, 1/4″ fittings) set to a relief pressure of 28.8 MPa and a 40 MPa 

pressure gauge (RS components) which allowed continuous monitoring of the system 

pressure during a reaction as detailed in the process diagram (figure 2.6).  The cooler 

design used in this system was identical to that outline previously for CHFS system 1 and 

was shown to be suitable to maintain the slurry exit temperature below ca. 40 °C under all 

experimental conditions reported. (Ma et al., 2011) 

 

 

Figure 2.6: Schematic of the 5 pump CHFS system (CHFS system 2).  

 

The modified reaction point geometry used for the introduction of the feed issuing from 

pumps 4 + 5 was based on a counter current reaction point. A schematic of the reaction 

point is presented in figure 2.7. The modification of the geometry used on the laboratory 

scale process   consisted of a 1/16” 316SS swagelok tube swaged into a 1/4” 316SS 
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Swagelok Tee-piece using a 1/16” bored through reducer allowing the tube to extend into 

the stream of nascent nanoparticles coming from a ¼” CJM type reaction point. The 

superheated water flow issues upward into the mixing point through the inner 1/6″ tube, 

and the metal salt solution flows upwards through the 1/4″ tube. The exit of the reaction 

point where the products of the reaction pass was connected to the cooling apparatus 

through  a variable length of 1/4” 316SS tubing (explained further in Chapter 6). The total 

reactor volume defined from the terminus of the preheated water inlet to the inlet of feed 

line 4 was varied from 4.5 cm to 35 allowing variation of the residence time. Similarly, 

variation of the length of tubing between the inlet of feed 4 and the cooler could be used to 

vary the residence time after the addition of feed 4.  Dimensions used to referrer to this 

geometry state the reactor volume in each reference. 

 

Figure 2.7: The modified reaction point geometry used for the introduction of feed 4 into 

the CHFS system. The green zone represents the region in which nanoparticles form and 

the red zones represent region of low flow velocity (stagnation zones). Tmix 1 defines the 

reaction point temperature (for the formation of nanoparticles and Tmix2 defines the 

temperature after mixing the products of the reaction with feed 4. 

 

2.2.6 Measurement of Temperature within Reaction Points: 
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Temperature profiles were measured inside different reaction points by inserting four fine 

thermocouples (type J, stainless steel sheath, 0.5 mm OD, 1.0 m length) into the apparatus, 

between the cooler and the BPR as indicated in Figure 2.8 a, each of which terminated at a 

different position within the reaction point,  the positions of each thermocouple are defined 

in chapter 3 and 4 and were chosen on the basis of preliminary observations. These 

measurments were used to provide an indication of the mixing processes occuring within 

reaction points. A spectite MF series thermocouple port (Spectite , UK) was used to insert 

the termocouples into CHFS system 1 and a VITON (spectite, UK) seal was used to allow 

measurements at pressure. A diagram of the fitting is presented in figure 2.8 b.  Sufficient 

measurements were taken in runs of 4 to allow for evaluation of the heat and mass transfer 

processes occuring in a reaction point, in the case of the pilot scale CHFS process 

(described later) 8 simultaneous measurements of temperature could be taken. The cross-

sectional area of the four thermocouples combined was 0.8 mm
2
 wich is ca. ~ 2% of the 

cross sectional area of any reaction points used in this work. The tips of the thermocouples 

were not fixed to a surface and were angled such that they would protrude into the flow 

during an experiment. This permitted the temperature to be measured in the bulk flow, this 

meant that slight radial movement of the tip may occur under the flow conditions, thus, the 

positions of the thermocouples are quoted to ca. ± 2 mm since the stiffness in the 

thermocouples inhibited their movement to some degree. The response time of the 

thermocouples (the time taken to reach 63.2% of the temperature steady-state when 

plunged into a batch of boiling water) was quoted by the manufacturers as ~ 25 ms. The 

temperature at each location was recorded every 500 ms and recorded using a labview data 

logger. Typically, 30 s time averages temperature measurments were taken once the 

system reached a steady state or what was deemed a steady state and these are the values 

reported within this thesis. The same general method was used to place thermocouples in 

CHFS system 2.  

The IAPWS Formulation 1995 for the Thermodynamic Properties of Ordinary Water 

Substance for General and Scientific Use using the associated FLUIDCAL
TM

 software was 

used to calculate the physical and transport properties of water at elevated temperatures 

and pressures. (Wagner & Pruss, 2002) The calculations used to determine the physical 

properties of water are included in each chapter in which they appear. 



Chapter 2 

 

109 

 

 

Figure 2.8: a) Schematic representation of the position for thermocouple insertion into 

CHFS system 1, b) Annotated diagram of the Spectite fitting used for the insertion of 

thermocouples into pressurised CHFS systems. 

 

2.3: Pilot Scale CHFS Process Equipment  

 

The pilot scale CHFS system described in this section was designed and in collaboration 

with  Dr Christopher Tighe. I was heavily involved in the construction and commissioning 

of the CHFS pilot plant which included the synthesis and characterisation of all materials 

produced by the process. The purpose of this section is to describe the pilot scale process 

equipment and the configurations in which the equipment was used. 

 

2.3.1 Description of the Core Pilot Scale Process Equipment: 

The pilot scale CHFS process is an analogue of the laboratory scale process presented in 

the previous section. Figure 2.9 shows a simplified flow diagram of the pilot scale process 

highlighting process control elements used in both commissioning and the synthesis of 
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nanoparticles. A summary of the large components used in the construction of this process 

are detailed in Table 2.1 alongside the  supplier which also serves as a key for Figure 2.9. 

 

Figure 2.9: Schematic diagram of the basic pilot scale process in the dual pump 

configuration (analogous to the design of CHFS system 1) 

 

Figure 2.9 shows a schematic of the pilot scale process set-up in the dual pump 

configuration. This pump configuration allows experiments to be performed in an 

analogous manner to those performed using CHFS system 1 described in section 2.2. The 

chemical dosing pumps (Milton Roy / Primeroyal K) were connected to the pilot scale 

process equipment using Swagelok/Gasket fittings. The feeds from the precursor/storage 

tanks (T1-4) were connected to the pumps using ¼” seamless tubing. The pumps were 

connected to the pulsation dampeners (Liquid Dynamics / Pipehugger HP) precharged to a 

pressure of 192 bar (N2 Gas, BOK UK) using gasket fittings. The pulsation dampener was 

connected to ¼” Swagelok tubing using another gasket fitting as shown in figure 2.10a. 

The 1/4″ tubing passed through a non-return valve constructed of 1/4″ fittings (Swagelok, 

UK), as a safety feature to prevent backflow. Downstream of the non-return valve a 

pressure transducer was fitted to each of the feed lines to allow independent pressure 

monitoring of each feed. A Category IV proportional pressure relief valve (Parker / 

HPRV) was connected in series to each feed line. The set pressure of the relief valves 

differed for the H1 feed line has a relief valve set at 300 Bar each other feed had the relief 

pressure set at 280 Bar. This arrangement is pictured in figure 2.10 b which also indicates 

the flow direction.  
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Table 2.1: Key to pilot scale process schematic including the manufacturer and model of 

major components used 

Tag Description Manufacturer/Model 

T-1A&B De-ionised water tanks Millipore / 60 litre PE 

T-2 Recycle water tank Cole Parmer / 07240-95 

T-3 & T-4 Precursor tanks Vogue / 40 cm stainless 

T-6 Product tank Vogue / 40 cm stainless 

P-1 Main scH2O pump Milton Roy / Primeroyal K 

P-2 Backup scH2O pump / running spare Milton Roy / Primeroyal K 

P-3 Precursor pump Milton Roy / Primeroyal K 

P-4 Precursor pump Milton Roy / Primeroyal K 

PD-1 to 4 Pulsation dampeners for P-1 to 4 Liquid Dynamics / Pipehugger HP 

SV-1 to 4 Category IV relief valves for P-1 to 4 Parker / HPRV set @ 4000 psi 

SV-5 Category IV relief valve  Parker / HPRV set @ 4350 psi 

NRV-1A to 4A 1
st
 non-return valve for P-1 to P-4  Swagelok / CH series 

NRV-1B to 4B 2
nd

 non-return valve for P-1 to P-4 Swagelok / 50 series 

H-1A to D Electrical heaters Watlow / bespoke CastX 2000 

CJM Confined Jet Mixer Swagelok / assembled by UCL 

C-1 Cooler Swagelok / assembled by UCL 

C-2 Recirculating chiller MTA / TAEevo50 

PCV-1 Backpressure regulator Swagelok / KHB 6000 psi Cv 0.06 

 

 

Figure 2.10:  a) Photograph showing the pump position relative to the pulsation 

dampeners (including gasket joints), b) Photograph showing a feed line safety component 

assembly and pressure monitoring position (the image indicates the direction of flow).  

 

The preheated water feed in the pilot scale process is produced by pumping deionised 

water, stored in tanks T-1A&B, though an electrical heater H-1 operating at a pressure of 

240 Bar (24.1 MPa). The design of the heaters used on the pilot scale process was similar 

to the heater design used on the laboratory scale. However, on the pilot scale process 

consisted of four custom made heating units professionally fabricated (Watlow, UK). The 
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bank of heating units provides a total heating capacity of 24 kW.   Each heating unit could 

provide ca. 6 kW of heating capacity. Each heating unit was connected in parallel and the 

outlet temperature from the combined flow of the heating unit was used to control heater 

output. This design allowed up to 400 mL min
-1

 of deionised water to be heated to a 

maximum temperature of 450°C. The heating units were constructed from six meters of 

½” Inconel seamless tubing (Swagelok, UK) tightly wound around a Bronze core into 

which 4 x 1.5 kW heating rods (Firerod ™, Watlow) and K-type thermocouples were cast. 

The heating units were cast in Bronze to ensure good thermal conductivity between the 

water flowing within the Inconell tubing and the heating block. The thermocouples 

inserted into each heating unit were used to ensure equal flow between each of the units in 

parallel and to monitor the heating block temperature. An annotated photograph of the 

complete process is presented in figure 2.11. 

 

In the dual pump configuration T-3 is used to store the dilute salt of a metal (e.g. zinc 

nitrate) and T-4 contains a dilute acid, base or oxidant (e.g. ammonia, citric acid or 

hydrogen peroxide). The contents of T-3 and T-4 are pumped by P-3 and P-4 (fitted with 

pulsation dampeners), respectively, to a tee-piece followed by a static mixer (Swagelok). 

The combined feed had an analogue pressure gauge (40 MPa) connected (RS components) 

to allow for the operator to see the system pressure (insulated from high temperature by a 3 

m length of 1/8” seamless tubing). Using certain precursors, precipitation of a solid may 

occur at this point, and the purpose of static mixer was used to ensure homogenisation of 

the reagents entering the reaction point. The scH2O issuing from H-1 is rapidly mixed with 

the pre-mixed precursors in the “Confined Jet Mixer” (CJM) of the same basic core design 

as that presented in figure 2.3 the dimensions of which are provided later. The products 

from the reaction point (R-1) are cooled to room temperature in C-1, where C-1 consists of 

a bank of two coolers (ca. 1.5 m in length) where the flow issuing from R-1 is fed through 

two units in series. The product produced in R-1 flowed through a pipe in each cooling 

unit, cooled externally by an outer jacket through which cooling water (supplied by a 

recirculating chiller) flowed at 100 L min
-1

 with an inlet temperature of 15 C. Under all 

quoted synthesis conditions the cooling water exited the heat exchanger at ~20-40 C 

dependent on the mass flow rate of the system. The design of each cooling unit was 

identical to that which has been previously described in detail on the lab scale apparatus 

except the total length of each unit was 1.5 m and the outer diameter of the cooling water 

jacket was 25.4 mm. The cooled product flowed through a backpressure regulator (PCV-1) 
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after which it was collected in a suitable product tank (PVC or stainless steel).  The back-

pressure regulator was obtained from Swagelok UK and a custom made electronic actuator 

unit was fitted to remotely control pressure through a GUI (described later in this section). 

 

 
 

Figure 2.11: Annotated photograph showing the pilot scale CHFS process used in this 

work 

 
 

In the dual pump configuration the system was always brought upto operational 

temperature and pressure using an internal recycling loop constructed from 3/8” tubing 

connected from T2 to pumps 1 and 2 via V-1 and V-2. Where, the output of pump 2 was 

used to replace the flow issuing from pumps P-3 and P-4. To change the process to 

synthesis mode the start-up pumps were isolated using switch valve (V-2) precursors could 

be pumped into the system through the use of pumps P-3 and P-4. All feed lines and 
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pumps were primed against atmospheric pressure before start-up. V-5 was used to switch 

the process from total internal recycle (feeding T-1) to product collection T-6. Figure 2.12 

shows the valve assembly used to isolate and direct feeds within the process. Internal 

recycle was not used during cooling the system due to possible contamination of fixed 

process components by residual products in the process tubing. This system was 

implemented to increase the overall water efficiency of the process as under the highest 

flow regime (ca. 800 mL) min to save ca. 55 L of DI water which would have previously 

been lost during start up. 

 

 
 

Figure 2.12: Photograph of the switch valve assembly used to isolate and direct feeds 

within the pilot scale CHFS process. 

 

The automated pilot scale CHFS process was entirely controlled by a LAB View GUI 

developed by Dr C Tighe. The control software automatically controlled heater out-put and 

the solenoid controlling the Swagelock BPR dependent on the required temperature and 

pressure defined by the user. The flow-rates of each of the pumps could also be 

independently controlled though this interface. The process was designed to include a 

deployable programme  which could run independently of the GUI in case of power failure 

via the Compact Rio control unit which was built into a custom made control panel 

constructed by Claremont Eves (London, UK). The complete process is annotated in figure 

2.10. 
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2.3.2 Description of Process Modifications for  Materials Synthesis: 

The pilot scale process was also modified to allow for the addition of a capping agent into 

the process shortly after the formation of nanoparticles in a system analogous to CHFS 

system 2. This reactor configuration is presented schematically in figure 2.5. In this 

configuration the feed from pump 4 was directed into the reaction point shortly after the 

formation of nanoparticles. Briefly, the CJM type reaction point used in this work 

consisted of a ¾” cross piece into which a ¼” inlet was used to supply a preheated water 

feed into the reactor. The inlet of the feed from pump 4 consisted of ¼” tubing fed into the 

centre of the flow issuing from the reaction point consistent with the design presented in 

figure 2.7. In this configuration all ancillary process equipment remained situated as 

described in section 2.2.3 and as shown in figure 2.10. In this configuration the process 

was brought upto operational temperature and pressure using the feeds form pump 1, 2 and 

4 (feed directed from T-1 for the pre-heated water feed and precursor feeds respectively. 

To change the process to synthesis mode the start-up pump (P-2) was isolated using switch 

valve 2 (v-2) and precursors could be pumped into the system into the using pumps P-3 

and P-4 by switching the origin of P-4 to T-4.       

 

 

Figure 2.13: process schematic for the pilot scale-process used for the production of 

surface functionalised nanoparticles. 
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The pilot scale process was also modified to allow for the combinatorial synthesis of 

nanoparticles using a three pump configuration in which each pump and feed line 

contained a different reagent. Similarly, this three pump set-up could also be used for the 

online dilution of reagents allowing solution concentrations to be varied during a single 

experiment. This process configuration is presented schematically in figure 2.14. In this 

embodiment the feeds issuing from pumps P-3 and P-4 (typically containing metal salts) 

were mixed in a Tee piece prior to being diluted inline with the addition of the feed issuing 

from pump P-2 (typically and auxillary feed such as KOH).  The solution compositions 

entering the reaction point as well mixed solutions after passing through a static mixing 

device could be controlled by the output of each pump. In this configuration the process 

was brought to operational temperature and pressure using the feeds form pump 1 and 2 

(All feeds were  directed from T-1 for the pre-heated water feed and precursor feeds 

respectively). To change the process to synthesis mode the start-up pump (P-2) was 

isolated using switch valve 2 (v-2) and precursors could be pumped into the system into 

the using pumps P-3 and P-4 by switching the origin of P-4 to T-4. The feed tank for P-2 

was switched using V-2 to come from an ancillary tank containing a reagent.  

 

 

Figure 2.14: process schematic for the pilot scale-process used for the combinatorial 

production of nanoparticles or for scale-up via concentration studies. 
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2.4 Sample Preparation and Clean-up: 

The purpose of this section is to detail the product recovery methods used in this thesis 

owing to the relatively large volumes of nanoparticle laden slurry which had to be 

processed. 

 

2.4.1 Salt/non-solvent Precipitation: 

 

Salt precipitation was used in the recovery of surface functionalised nanoparticles 

produced in chapters 6, 7 and 8. The optimisation of the salt/solvent precipitation and 

product cleaning processes are not presented (available on request). Briefly, in the 

optimisation of precipitation processes, methanol, ethanol and NaCl were used as 

precipitation agents.  In the case of experiments involving solvent precipitation the 

evolution of precipitates was followed using DLS as a function of time where it was found 

that the volume of non-solvent required to effectively precipitate particles was too large to 

be economically used on the scales required in this thesis.  Hence, NaCl based flocculation 

was used in the recovery of all surface functionalised nanomaterials. Where, a total salt 

concentration in the range of 0.5-1.0 M in the nanoparticle laden slurry was sufficient to 

induce complete  sedimentation (under gravity) on time scales of < 24 h. After the addition 

of salt the particle suspension was allowed to precipitate under gravity. The precipitate was 

concentrated by centrifugation at 4500 rpm for 5 minutes prior to being re-suspended for 

dialysis.  This procedure was applied for volumes of nano-particle laden slurry in excess of 

80 L although many are not reported. 

 

2.4.2 Dialysis: 

Dialysis tubing with different molecular weight cut-off was used in different applications 

(MW. range 12,400-200,000, (obtained from SLS)). In a typical preparation the sample 

dispersion was sealed into dialysis tubing with an appropriate molecular weight cut-off. 

The sealed tubing was secured and fastened at both ends and a magnetic stirrer attached. 

The membrane was placed into an appropriate beaker (ca. 100 x nominal volume of the 

dialate) 15 Mega Ohm distilled water was used as the buffer and stirred to ensure rapid 

equilibrium between the dialate and buffer. The buffer solution (typically >15 Mega Ohm 

DI water) was exchanged at regular time intervals and the conductivity of the dialate and 
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buffer were measured until no change in conductivity was measured (ca. 3-5 cycles). Upon 

completion of the dialysis, the membrane was removed and either freeze dried for further 

characterisation or retained as particle dispersion. Materials produced on the pilot scale 

process were initially dialysed against tap water before a final dialysis against > 15 Mega 

Ohm DI water due to the large processing volumes.  

 

2.4.3 Centrifugation and Cleaning: 

 

A Sigma 4K15 Centrifuge with a rotor housing four buckets,  each with a  capacity of 

seven 50 ml Falcon tubes each (28 tubes in total), was used to centrifuge the suspensions 

after collection from CHFS systems.  Each of the slurries (ca. 1-10 wt% in water) either 

precipitatd autogenously or with the addition of a flocculant were placed in falcon tubes. 

Samples were centrifuged for ca. 5-10 min (material dependent) at a speed of 4500 rpm 

(6800 g).  The supernatant was removed and replaced with DI water (>10 Mega Ohm) and 

centrifuged. This step was repeated ca. 3-10 times to ensure the removal of all residual 

ions. The solids were redispersed using a VWR analogue vortex mixer (model VM-3000) 

on its maximum setting for 1 minute between reach round of centrifugation. Samples were 

washed until either the pH of the slurry approached 7 or the conductivity of the sample 

was stable for 3 rounds of centrifugation. In the case of materials produced on the pilot 

scale process the same centrifugation procedure was applied. However, the falcon tubes 

were replaced by 0.75 L centrifuge buckets and the samples were placed in bucket liners 

giving a nominal volume of ca. 0.70 L. Samples were retained as consolidated slurries 

which were  ca. 10-40 wt% particles. The consolidated slurry was either freeze-dried or 

retained for further analysis or dialysed depending on the material. 

 

2.4.4 Freeze Drying: 

After centrifugation or cleaning to remove residual ions as defined in sections 2.4.1-2.4.3 

samples were freeze-dried prior to characterisation unless otherwise stated.  The samples 

in this thesis were frozen by placing them in a Virtis Genesis  35 XL   freeze drier and 

allowing the samples to freeze to a preset temperature ca. -40-60 °C. for at least 1 hour 

prior to freeze drying. All drying was carried out against a condenser compartment set at 

ca. -60 °C. Freeze drying was carried out for 22.5 hours under a ca. 1.3  10
-7

 MPa 

vacuum.  However, in the case of materials produced on the pilot scale process the drying 

duration was extended to 48-72 hours depending on the amount of material. Alternatively, 
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some samples required freezing in liquid nitrogen prior to freeze drying and this was added 

as a step prior to the freeze drier cycle (Citric acid coated magnetite produced on the pilot 

scale CHFS process). 

 

2.5 Materials Characterisation and Equipment: 

 

2.5.1 X-ray Diffraction: 

The purity and phase composition of the samples were determined by powder X-ray 

diffraction (XRD). X-ray diffraction patterns were collected using a Bruker D4 

Diffractometer (CuKα1, λ=1.540598 Å).  This diffractometer was used as it allowed the 

diffraction patterns of materials which normally fluoresce under CuKα1, λ=1.540598  to be 

characterised due to controllable diffraction slits and a secondary monochromator. The 

aperture size of the slit was set usually set to 0.5 mm in each data collection unless 

otherwise stated. The diffractometer was equipped with an automated sample holder 

allowing large numbers of samples to be processed rapidly. In all diffraction data 

presented within this thesis step scans were collected and the scan parameters were altered 

as required for each material investigated. The scan parameters used for all the samples in 

this thesis are summarised in table 2.2. Samples were prepared for analysis by grinding 

and mounting in either plastic or amorphous silica holders.   

 

Table 2.2: Scan parameters [2θ range, step size and count time per step] and 

diffractometers used for all samples. 

 

Sample series [corresponding section] 

Scan parameters 

2 θ range 

(°) 
Step (°) 

time 

(s) 

Hydroxyapatite samples [Chapter 3 + 4] 10-80 0.04 2 

ZnO [ Chapter 3 + 4] 10-80 0.02 2 

Iron oxide nanoparticles  [Chapter 5] 10-70 0.05 2 

Magnetic iron oxides[ Chapter 6] 10-80 0.06 1 

(Eux Y1-x)OOH [ Chapter 7] 20-70 0.04 2 

Magnetic iron oxides [Chapter 8] 10-70 0.05 2 

Citric acid coated  Magnetic iron oxides [Chapter 8] 10-70 0.05 2 
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Ce-Zn Oxides [Chapter 8] 10-70 0.04 3 

ZnO [ Chapter 8] 10-80 0.02 2 

 

Phases were identified using the Joint Committee on Powder Diffraction Standards 

(JCPDS) database, the ICDD database, in the XRD or evaluation program Diffracplus 

EVATM Version 5.0 (Bruker-AXS, Germany). Refinement of selected diffraction patterns 

using the Le-bail method was done using GSAS/EXPGUI. In each case a standard material 

(Y2O3) was used to estimate instrumental broadening and peak shift to refine the 

diffractometers zero. The volume weighted mean crystallite size was estimated using the 

Scherrer equation: 

 

   
    

     
  (Equation 2.1) 

 

 

Where, t = crystallite size in nm, λ= wavelength of X-rays, B = full-width at half 

maximum in radians, θ = angle corresponding to the peak. Alternatively, estimates of 

particle size were made using equation 2.2,  where the contribution of sample induced 

broadening was defined by the term X determined for the overall profile fit from GSAS. 

This method was used for samples which had complete diffraction profile fits (as indicated 

within this thesis). 

 

  
       

  
    (Equation 2.2) 

 

Where ρ is the crystallite size (Å), x is the Lorentsian broadening (° x 10
-2

), the constant 

(κ) in this equation was dependent upon the symmetry of the material and values 

appropriate to each crystal system were chosen. 

 

2.5.2 FTIR: 

FTIR spectra were recorded on a Perkin Elmer Spectrum 1 fitted with an ATR accessory. 

This equipment is located in the department of chemistry, UCL. Prior to use on the ATR 

accessory samples were ground into a fine powder  and a sufficient quantity was used to 

ensure complete coverage of the sample window. Spectra were obtained in the wave 

number range 4000 - 600 cm
-1

 with 64 scans and a spectral resolution of 4 cm
-1

. 

Backgrounds were collected using the sample accessory mirror alone and all spectra were 
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automatically corrected adjusted and accordingly. Table 2.3 provides a summary of the 

scan parameters used in this thesis alongside the data location within the text. 

 

 

Table 2.3: summary of scan parameters used in ATR-FTIR and the data location within 

the thesis: 

Sample series 

[Corresponding section] 
Number of scans Spectral resolution (cm

-1
) 

Citric acid coated magnetite 

[Chapter 6] 
64 4 

Citric acid coated (Y1-

xEuxOOH) [Chapter 7] 
64 4 

Pegylated  (Y1-xEuxOOH) 

[Chapter 7] 
162 4 

Citric acid magnetite pilot 

plant [Chapter 8] 
64 4 

 

2.5.3 Raman Spectroscopy: 

Raman spectra were collected in a Renishaw InVia Raman Spectrometer equipped with a 

785 nm diode laser. The output laser power was 80 mW (i.e. 100%). The experimental 

parameters used were dependent on the material under study and a summary of the 

measurement conditions is presented alongside the data generated using each measurement 

condition is presented in table 2.4. The Raman system was calibrated against the mode of  

silicon at 520 cm
-1

 and the spectral resolution was 1 cm
-1

. Materials were all evaluated as 

freeze dried powders mounted and pressed flat on glass microscope slides. 

 

Table 2.4: Summary of Raman  scan parameters and the data location within the thesis  

Sample series Scans 
Scan time 

(s) 

Laser power 

(% of 80 mW) 

Resolution 

(cm
-1

) 

Hydroxyapatite [Chapter 3] 10 10 100 1 

ZnO [Chapter 3] 10 10 50 1 

Pilot scale ZnO [Chapter 8] 5 10 50 1 

Ce-Zn Oxides [Chapter 8] 5 10 5-50 1 
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2.5.4 BET surface area measurements: 

 

Brunauer, Emmet, Teller (BET) surface area measurements (using N2 gas adsorption 

method), were performed on a Micromeritics Gemini Micromeritics ASAP 2420 analyser. 

Freeze dried powders were degassed at 120-180 °C for at least 12 hours prior to analysis. 

After the degas procedure the samples were weighed (to calculate dry weight) and then 

analysed for nitrogen absorption. Liquid nitrogen was supplied by BOC, UK. Data for 

absorption isotherms and derivation of surface area was recorded. Typically the adsorption 

type maybe referred to demonstrate that typically solid materials were produced. Hence, 

limited data from these measurements is presented (most measurements were type II 

isotherms unless otherwise stated). This protocol was applied to all materials studied in 

this thesis. The BJH adsorption/desorption method mentioned in Chapter 7 was also 

measured using the ASAP 2410 analyser and both the adsorption and desorption isotherms 

were recorded to provide an estimate of pore size. The crystallite could be estimated using 

the equivalent sphere approximation as described by equation 2.3: 

    
    

     
 (Equation 2.3) 

Where, DS (nm) is the equivalent sphere diameter, SBET (m
2 

g
-1

) is the BET surface area 

and ρ (g cm
-3

) is the density of the material (either assumed to be that of the bulk material 

or calculated from the diffraction data [theoretical material density]). In certain cases this 

approximation is presented for materials which do not show a spherical morphology and 

this is presented only to provide the reader with an interpretable number derived from 

surface area. 

 

2.5.5 Dynamic light scattering (DLS): 

The particle size distribution of nanoparticles in suspension either obtained directly from 

the CHFS process or as formulated using the strategies presented in within respective 

chapter sections were determined using a Malvern Zetasizer Nano (ZEN3600). The sizes 
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were measured using dynamic light scattering (also called quasi elastic light scattering 

[QELS] and Photon Correlation Spectroscopy [PCS]) using a measurement angle of 173°. 

The instrument was calibrated using a size standard (Nanosphere™ 3200A 199±6 nm) 

before each days use.  The measurement of dispersions was optimised for each material 

analysed using this method and depended heavily on sample adsorption. Samples were 

prepared for measurement by an appropriate dispersion protocol which typically involved 

a round of sonication (ca. 5 minutes) followed by filtration (1.2 μm pore size) to remove 

dust and other large particle detritus.  All measurements were performed in disposable 

plastic cuvettes with a nominal path length of ca. 1 cm.  Each measurement was taken 

using a backscatter geometry and the intensity of light scattered by the sample was 

recorded at a measurement angle of 173 ° decreasing the sensitivity of the measurement to 

slight variation in colloidal number concentration.(Holthoff et al., 1996) All measurements 

of hydrodyanamic diameter are reported as an average of 25 measurements of 10s 

duration. Typically, hydrodynamic diameter is reported as the distribution calculated from 

the raw scattering data as a distribution based on total scattered light (633 nm). However, 

in certain cases number weighted distributions are reported by correcting the intensity 

weighted distribution to a number weighted distribution by acknowledging the 

contribution of Mei scattering to the interpretation of the sample data. The following 

paragraph provides a justification for the number weighted conversion used to support 

some of the discussion presented. 

 

Scattering from a colloidal sample can be described in terms of two theories; Rayleigh 

scattering and Mie scattering. If the particles are small compared to the wavelength of the 

laser used (typically less than d =λ/10 ca. 63nm for a He-Ne laser (633 nm) as used in the 

Malvern instrument), Rayleigh scattering applies. In the Rayleigh approximation, intensity 

Ι α d
6 

and also that Ι α 1/λ
4
, where Ι = intensity of light scattered, d = particle diameter and 

λ = laser wavelength. (Lin et al., 1990) The d
6 

relationship shows that scattering is non-

linear and larger particles scatter significantly more light that smaller particles i.e. a 50 nm 

particle will scatter 10
6 

times as much light as a 5 nm particle. Hence, the sensitivity of the 

measurement to the presence of a small population of larger nanoparticles or agglomerated 

nanoparticles. (Lin, Lindsay, Weitz, Ball, Klein, & Meakin, 1990) This d
6 

factor also 

means it is difficult with DLS to accurately measure samples showing polydispersity 

because the contribution to the total light scattered by the small particles will be negligible. 

To allow estimation of the distribution of particles scattering in a sample a Cumulants 
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analysis is performed on the raw light scattering data (Malvern’s DTS software V5.1) This 

analysis yields a plot of the relative intensity of light scattered by particles in various size 

classes and is therefore known as an intensity size distribution (based upon the diffusion 

rate of a hard sphere in a medium of known viscosity). (McNeil-Watson & Kaszuba, 2010)  

However, if the plot shows a substantial tail, or more than one peak, then Mie theory can 

make use of the input parameter of sample refractive index to convert the intensity 

distribution to a volume weighted size distribution or a number weighted distribution by 

modeling the complex scattering of a population of particles based on scattering angle per 

the size classes identified from cumulant analysis. This will then give a more realistic view 

of the importance of the tail or second peak present by accounting for the differences in 

scattering at different angle by particles of different sizes. Hence, distributions based on 

both interpretations of the scattering data are provided. (McNeil-Watson & Kaszuba, 2010) 

 

2.5.5.1 Colloidal Stability Measurements: 

The colloidal stability of nanoparticle dispersions was assessed in a variety of buffer 

solutions. This was achieved by measuring the evolution of hydrodynamic diameter as a 

function of time (sample dependent) for a known solution condition. (Holthoff et al., 1996) 

Colloidal stability measurements were performed using DLS and all measurements were 

taken on a Malvern Zetasizer Nano (ZEN3600). Each measurement condition was 

optimised using trail runs prior to data collection. Typically, a suitable measurement 

position and attenuator setting was used over the entire intended measurement range. In a 

typical experiment a known concentration of particles ca. 0.05 mg mL 
-1

 was dispersed in 

the appropriate buffer in a disposable cuvette (PMMA) with a nominal path length of ca. 1 

cm and all measurements were performed in a backscatter configuration. Typically, the 

duration of each measurement was 10 s. The results were recorded as the samples average 

hydrodynamic size (un-weighted) and the measured sample polydispersity.  Interpretation 

of the evolution of hydrodynamic diameter is provided alongside the relevant discussion 

presented in the body of the thesis.      

 

2.5.6 Zeta-Potential Measurement: 

The zeta potential measurements were performed using a Malvern Zetasizer Nano 

(ZEN3600) using disposable electrophoretic mobility cells (DTS1060). A zeta-potential 

standard (Malvern DTS1050, -50 ±5 mV) was run to calibrate the instrument prior to each 

days use. All samples prepared for zeta-potential measurement were further cleaned by 
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dialysis against >10 Mega Ohm DI Water. Samples of particle dispersions were dispersed 

ultrasonically in 0.005M NaCl aqueous solution to ensure sufficient conductivity to a 

concentration of ca. 0.001 g L
-1

 nanoparticles (ensuring sample transparency). The zeta-

potential (ξ) was typically measured as a titration in series from pH 3 to 10 by using  

0.01M NaOH and HCl as titrants and the pH of each dispersion was measured by a 

calibrated pH Probe (Malvern, DTS1230).  All solutions containing nanoparticles for zeta-

potentail measurements were subjected to three measurements taken sequentially with a 

pause of 30 s between each measurement and the results were averaged (mean). Each 

measurement was a composite of 10-20 runs each lasting ca. 10 s. The calculations of zeta-

potential were performed by the software where the measured electrophoretic mobility was 

converted to zeta-potential by application of the Smoluchowski approximation (f(Ka) 

=1.5) to Henry’s equation shown in equation 2.4, as this was the most valid interpretation 

of the electrophoretic mobility data under the measurement conditions chosen.(McNeil-

Watson & Kaszuba, 2010) The relationship between electrophoretic mobilitiy and zeta-

potential is described by equation 2.4: 

 

    
            

  
  (Equation 2.4) 

Where, Ue is the electrophoretic mobility of the sample, z is the zeta-potential,     the 

dielectric constant of the suspending medium (assumed to be that of water at 25 °C),   is 

the viscosity of the suspending medium and F(ka) is the Smoluchowski approximation 

(1.5). All quoted measurements are reported as zeta-potential values. 

 

2.5.7 Microscopy and Related Methods: 

2.5.7.1 Transmission Electron Microscopy (TEM): 

Nanoparticles synthesised using the CHFS system at both a laboratory and pilot scale were 

studied using various TEM instruments. The electron microscopes used in this thesis are 

identified in the list below and data coming from each instrument is identified within the 

body of the thesis. 

 

1. JEOL 100cx operated at an acceleration voltage of 100 KeV (tungsten filament), 

this instrument is located in the department of chemistry UCL. Images generated 

using this microscope were film based and scanned in as negatives prior to image 

calibration. 
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2. JEOL 1200 operated at an acceleration voltage of 120 KeV (tungsten filament), this 

instrument is located at the Royal institution of Great Britain. Images generated 

using this microscope were collected on a Gatan CCD camera. Similarly, SEAD 

diffraction patterns were obtained using a 5 µm aperture and the pattern was 

captured using a GATAN CCD camera. The camera length was calibrated for the 

diffraction setting using Al foil.  

3. JEOL 4000x is a high resolution TEM instrument based at the department of 

Materials university of Oxford. The instrument was operated using an acceleration 

voltage of 400 KeV with a LaB6 crystal as the electron source for the generation of 

high resolution images. SAED patterns were taken using this microscope on film 

and were calibrated using a Si wafer as a standard. Access to this instrument was  

funded under the EPSRC access scheme (grant reference EP/F01919X/1). 

4. JEOL 2010 high resolution transmission electron microscope based at the 

department of Materials university of Oxford. The instrument was operated using 

an acceleration voltage of 200-300 KeV using a LaB6 electron gun. SEAD patterns 

were taken using this microscope as digital images captured using a Gatan CCD 

camera and the images were calibrated using a Si wafer as a standard. Access to 

this instrument was funded under the EPSRC access scheme grant reference 

EP/F01919X/1.  

 

Sample preparation for TEM differed between the microscopes used and the objective of 

the work undertaken. As an example, samples which were stable aqueous dispersions were 

either dropped onto TEM grids (Agar scientific, 400 mesh) as dispersions and allowed to 

dry prior to analysis (TEM preparation method 1). However, samples prepared from stable 

aqueous dispersions for HRTEM were first freeze dried and re-dispersed ultrasonically in 

methanol prior to mounting on grids (TEM preparation method 2). This was essential as 

polymerization of adventitious carbonaceous material on the film resulted in “fogging “of 

the image making image capture difficult. Powders produced from freeze dried materials 

were mounted using the same procedure as for the preparation of samples for HRTEM.  In 

microscopes 2, 3 and 4, SAED (Selected area electron diffraction patterns) were take 

simultaneously to images to confirm the phase of the material under observation. In the 

case of microscope 4 it was possible to select a small enough aperture to allow for 

diffraction from individual nanoparticles and generate structural data. 
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2.5.7.2 Scanning Electron Microscopy and Energy dispersive X-ray Spectroscopy: 

 

In this work, SEM was carried out on samples using a JEOL-5410LV SEM apparatus, with 

the accelerating voltage of 20 kV. Prior to analysis, the samples were mounted onto a 0.5 

cm circular aluminium stubs using a double-sided adhesive carbon tape and then coated 

with a thin layer of carbon using an Edwards (ED100) sputter coater to render them 

electrically conductivity. The SEM was not used for imaging particles due to the low 

resolution (ca. 30 nm), however it was used as a platform to perform EDX. Energy 

Dispersive X-ray (EDX) spectroscopy coupled with scanning electron microscopy (SEM) 

was conducted on a JEOL-5410LV SEM apparatus, equipped with an Oxford Instruments 

Inca 400 EDX unit operating at 20 kV and a 15 mm working distance (backscatter). 

Averages of 10 area scans (1 × 1 μm areas) were used to calculate average elemental 

compositions. Dependent on the objective of the work the atomic percentages of elements 

were calculated using the microscopes internal calibration references and typically only 

metallic elements of interest were quantified in the analysis. 

 

2.5.8 Fluorescence Microscopy: 

In this work fluorescence microscopy was used to evaluate various phosphor materials. 

Fluorescence was captured using an Olympus BX51 microscope (BX51WI) using standard 

continuous excitation from a mercury arc lamp (HBO-1001). The microscope was 

equipped with a dichroic narrow pass filter centred at 470 nm  and interchangeable 

emission filters (wide pass 640 nm or wide pass 540 nm). Observations were made with an 

Olympus UVFL 60 x PL, N.A. 1.30 silicon oil immersion lens which resulted in a total 

magnification of 350 x to the CCD camera used to capture fluorescence. The dichroic 

mirror was suitable for visualisation at all chosen wavelengths. Digital images of  

phosphor particle or cellular autofluroescence  were taken with a EM-CCD camera (Ixon, 

Andor) and the exposure was optimized for each experiment. COS7 cells were used in 

visualization experiments and this culture was maintained and mounted by Dr James Muir. 

 

2.5.9 Photo Luminescence Spectroscopy: 

A Perkin Elmer LS55 spectrometer was used for fluorescence measurements on as 

synthesised powder samples.  Scans were conducted at appropriate wavelength spreads for 

emission spectra. Excitation spectra were recorded at the wavelength of peak emission for 
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each sample. The scan speed was set at 100 nm min
-1

 for all samples. The sample 

preparation protocol varied due to the nature of the material under investigation and are 

described the different measurement methods are presented below. The spectrometer 

settings were fixed with both excitation and emission slits set at 10, 10 which served as ca. 

20 % signal attenuation and allowed all measurements to be performed within the optimal 

sensitivity window of the detector.  

 

2.5.9.1 Powders: 

Quantative photoluminescence measurements were performed on powdered samples. The 

samples were prepared by pressing the sample flat in well plates of 6 mm nominal 

diameter and 2 mm depth. Ensuring equivalency in the relative sample height relative to 

the excitation and emission fibers (nominal width, 2 mm) of the spectrometer (LS55 

detailed above). In each measurement ca. 1 g of powder was used and comparative work 

was performed on samples in series. Each measurement was performed at a scan rate of 

100 nm min
-1

 for both excitation and emission spectra. Exitation spectra for emission at a 

given wavelength and vice versa were recorded for each sample. 

 

2.5.9.2 Dispersions: 

Quantitative photoluminescence measurements were performed on colloidal dispersions of 

nanoparticles in DI water (10 MΏ resistivity). The samples were prepared by dispersing 

the nanopowder to a known particle concentration (the relative proportion of nanomaterial 

excluding capping agent was previously quantified using TGA). Measurements were 

performed on samples with a nominal volume of ca. 2 mL in quartz cuvettes (6030-UV, 

obtained from SLS) each measurement was performed at a scan rate of 100 nm min
-1

 and 

comparative work was performed on samples in series. 

 

2.5.10 Time Resolved Photoluminescence Spectroscopy (TRPL): 

Samples were prepared for TRPL measurements by mounting powder between two glass 

slides (microscope coverslips, SLS). PL measurements were performed using a 473 nm 

excitation source (DPSS laser) passed through a Bentham M300 single grating 

monochromator, emission spectra were recorded using a Hamamatsu photomulitiplier. 

Time resolved measurements were taken using a 473 nm excitation source monochromated 

using a Bentham M300 single grating emission, transitions were recorded using a digital 

oscilloscope. The most intense emission wavelength of each sample was identified and 
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time resolved measurements were performed at that wavelength unless otherwise stated.  

Exponential decay curves were fitted to the data obtained from time resolved emission 

measurements to obtain a time constant for the radiative decay of the sample. All PL 

measurements were taken at room temperature. 

 

 

 

2.5.11 UV-Vis: 

UV-Visible absorbance (200 - 800 nm) spectra were recorded using an Ocean Optics 

spectrophotometer (USB 4000) with a deuterium halogen light source (DH-2000-BAL)  and 

6 μm fibre optic cables, white Spectralon
TM

 was used as a reference material for any 

spectrometer calibration. Samples were all measured as powders which were pressed flat 

onto glass microscope slides.  

 

The band gap of materials evaluated using data obtained from UV-Vis were calculated 

using the Kubelka-Munk method.  The Kubelka-Munk (K-M) function, and Tauc plots are 

derived from equations 2.5 and 2.6 as shown below:  

R

R
RF

2

)1(
)(

2


    
(Equation 2.5) 

 

R = 1/10A   (Equation 2.6) 

 

Where, A is the measured value of absorbance and R is the calculated value of reflectance. 

The K-M function, (F(R)) used is shown in equation 2.5 was calculated from the 

reflectance R and is determined from the absorption data using equation 2.6.  The factors 

used for the determination of indirect (
2

1

).( ERF ) and direct (
2).( ERF ) band gaps, were 

used to draw  Tauc plots and the value of the factor was plotted against photon energy 

(eV). The K-M function defined above for direct and indirect energy transitions was 

plotted against the photon energy (eV) and Eg  and the band gap was extrapolated by a 

linear fit of the point on the low energy side of F(R) curve at which the linear increase 

starts. However, all presented band-gap measurements are derived from the direct bandgap 

calculation unless otherwise stated. Similarly, CIE L*a*b* colour data was also calculated 

from the reflectance spectra using the Ocean Optics Spectrasuite software and a D65 light 

source.  Data generated from this derivation is only presented in Chapter 8. 
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2.5.12 X-ray Photoelectron Spectroscopy: 

X-ray photoelectron spectroscopy (XPS) experiments were performed on selected samples 

using a Kratos Axis Ultra-DLD photoelectron spectrometer using monochromatic Al-Kα 

radiation (1486.6 eV, 150 W).  Survey scans were performed at a pass energy (PE) of 160 

eV, whilst detailed scans were performed at PE 40 eV. All data were analyzed using 

CasaXPS
TM

 software (Version 2.3.14). Spectra were acquired using the Kratos immersion 

lens charge neutralisation system, and all spectra were calibrated to the C (1s) signal, 

which was assigned a value of 284.7 eV, and attributable to either adventitious carbon or a 

capping agent such as citric acid. Curve fits were performed using a Shirley background 

and a Gaussian peak shape with 30 % Lorentzian character. The XPS was located at 

Cardiff University and all the samples (in this thesis) were run by Dr David Morgan. 

 

2.5.13 Magnetic Property Measurements: 

 

2.5.13.1 SQUID-VSM: 

A Quantum Design MPMS7 SQUID Magnetometer allowing DC magnetisation 

measurements at temperatures of 2-400 K in magnetic fields of 0-7 T was used in the 

evaluation of all samples presented in this thesis and all measuremnts were performed on 

samples loaded into plastic capsules. Both M(H) curves and ZFC/FC measurements were 

performed on materials prepared in this fashion. The measurements of M(H) curves was 

typically performed at 300 K unless otherwise stated and measurements were performed 

upto a maximum applied field strength of 5-7 T. The number of data point recorded in 

each M(H) measurement were determined experimentally to provide sufficient resolution 

for analysis. ZFC/FC measurements were performed on selected samples and 

measurements were performed at constant applied field of 100 Oe. Each sample was 

measured consecutively from low temperature (5-10 K) to high temperature (300 K), ZFC 

measurements were performed in the absence of an applied field and FC measurements 

were performed at constant field.  

 

The ferromagnetic volume fractions (σFM) and a paramagnetic-like susceptibility (χ), the 

latter accounting for the non-saturating behaviour observed in samples, were calculated by 

fitting the experimental magnetization curve assuming a volume weighted log-normal 
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ferromagnetic diameter distribution as described by equation 2.7. This method of 

ferromagnetic fitting was initially described by Chen et al. (Chen et al., 2009) 

           
 

       
 

          

     (Equation 2.7) 

Where, x is the ferromagnetic size, σ is the average ferromagnetic diameter determined 

from the Langevin equation and µ is the ferromagnetic polydispersity and v is the 

ferromagnetic volume diameter.  The equation which described the over-all fitting 

procedure is shown below. 

 

      ∫              

 
                   (Equation 2.8) 

 

Where, p is the probability density function (equation 2.7), Ms is the saturation 

magnetization, χ is a term which describes the paramagnetic component, Lx is the 

langevain function (defined in equation 2.9), h is the applied field and dv is the volume 

weighted diameter. This fitting was performed using a programme written by Dr P. 

Southern which allowed iterative fitting based upon least squares. Fits were judged on 

their quality by reduced χ
2
. The fitting is done by iteratively changing the values of σ, M, d 

(the diameter of the median volume) and χ (the paramagnetic component). Langevin 

function weighted by the log normal distribution of ferromagnetic size is described by 

equations 2.9 and 2.10, respectively.  

   

      (       
 

 
)  (Equation 2.9) 

 

Where, x is defined by (Equation 2.10) 

 

   
   

     
  (Equation 2.10) 

 

Where, Mo is the magnetisation of the sample, Ms is the saturation magnetisation assumed 

to be the bulk value of magnetite (92 emu g
-1

), T is the absolute temperature, χ is a term 

which describes the paramagnetic component on approach to saturation and H is the 

applied field strength.  Values determined from the fitting procedure reported are the 

ferromagnetic diameter (μ), ferromagnetic diameter polydispersity (σ) and χ which 

describes the paramagnetic component of the magnetization curve. 
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2.5.13.2 Calorimetric Measurements for the Determination of Hyperthermia 

Performance: 

The efficacy of magnetite nanoparticles from magnetic hyperthermia was evaluated by 

placing a ferrofluid sample into an alternating magnetic field. Figure 2.15 shows a 

photograph of the measurement set-up using the MACH (Magnetic Alternating Current 

Heating) system developed by Kallamundil et. al. (Kallumadil et al., 2009) The AC 

magnetic field amplitude and frequency was controlled by patented circuitry and 

measurements were performed at a field frequency of 1.05 MHz and a field amplitude of 

12 kA m
-1

 and powered a supply of 150 Volts at ca. 0.8 Amps. The AC field was actuated 

with a 2 cm water-cooled 6 turn solenoid and the sample was placed in the centre of the 

coil in an eppendorf tube. The heat-rise per unit volume magnetic fluid was measured 

using fluoro-optic thermocouples obtained from Luxtron and measurements were recorded 

every 0.1 s. Both the temperature of the magnetic fluid and the 6 turn solenoid was 

recorded to ensure that heating of the sample was not due to the inductive heating of the 

solenoid. The temperature of the solenoid was controlled by using a re-circulating chiller 

unit set at 20 °C. Samples were prepared for measurement by dispersing surface 

functionalised magnetic nanoparticles in distilled water to a particle concentration of 50 

mg mL
-1

 by a moderate sonication protocol using a 4.5 kW ultrasonic bath on it’s 

maximum power setting (ca. 2 mins).  
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Figure 2.15: An annotated photograph of the calorimetric measurement used in the 

magnetic AC hyperthermia (MACH) system to induce heating from a sample. 

 

The heating efficiency of ferrofluids determined by calorimetric measurements is typically 

compared using a value termed the SAR (specific absorption rate) of the material under 

evaluation, alternatively the same measure is also called the specific loss power (SLP) and 

is defined as the energy dissipated per unit mass of magnetic material (Typically W g
-1

). 

Within the literature, either the mass of the magnetic phase (e.g.  Magnetite 

(Fe3O4)/maghemite (Fe2O3)) present within the sample is used or the mass of the magnetic 

element the definition used seems to be dependent on the laboratory in which the work 

originated. The SAR value is calculated using equation 2.11: 

 

     
  

  

 

   
 (Equation 2.11) 

 
 

Where, C is the heat capacity of the fluid per unit mass of fluid, mfe is the iron mass in the 

fluid per unit mass of fluid (defined as either the mass of the magnetic element or mass of 
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the magnetic phase) mfe is defined as the mass of the magnetic element present in the 

sample when the material phase is assumed to be stoichiometric magnetite. Δt/ΔT is the 

initial heat rise rate determined from calorimetric measurements by fitting with a 

phenomelogical box lucas equation: 

 

               (Equation 2.12) 

 

 

Where, T is the measured temperature, t is time, A is the saturation temperature and B is a 

parameter related to the curvature of the heating curve. The product (A x B at T = 0) is 

also known as the initial heat rise rate and is equivalent to the ratio Δt/ΔT defined in 

equation 2.11. Pankhurst et al. suggested that although the SAR value is widely used in the 

literature to characterise the heating efficiency of ferrofluids, it has a significant limitations 

in that it is an extrinsic parameter and will vary for the same magnetic fluid when 

measured in AC magnetic field systems with different frequencies and 

strengths.(Kallumadil, Tada, Nakagawa, Abe, Southern, & Pankhurst, 2009) The influence 

of the extrinsic parameters on the SAR value calculated for a ferrofluid can be deduced 

from the formula for volumetric power dissipation described by equation 2.13: 

 

               (Equation 2.13) 
 

 

where µo is the permeability of free space, χ
”
 is the out-of-phase (imaginary) component of 

susceptibility, and H is the applied field strength. Where, χ
”
 is intrinsically a function of f. 

The SAR parameter is proportional to P divided by the density of the magnetic material, 

hence the value of SAR varies with both H, and f thus making comparative work difficult 

without large numbers of measurements over various field strengths and frequencies. 

Pankhurst et al, subsequently derived a new formulation of the SAR value termed ILP 

which allows for the effects of field strength and frequency to be accounted for in a 

comparative measure.(Kallumadil, Tada, Nakagawa, Abe, Southern, & Pankhurst, 2009) 

This approximation relies on the work of Rosenwieg who showed to a good 

approximation, χ
”
 is largely frequency independent in the measurement ranges used for the 

evaluation of ferrofluids (ca. 10
5
–10

6
 Hz) when the sample shows a polydispersity index > 

0.1 (this approximation was experimentally validated).(Rosensweig, 2002) In such cases, 

the SAR parameter can be regarded as a function of f and the square of magnetic field 

strength only as described by equation 2.14: 
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 (Equation 2.14) 

 

The ILP is a step towards an intrinsic, system-independent parameter, derived to allow a 

direct comparison between materials which have been developed and evaluated in 

independent laboratories and under different measurement conditions. Hence, the ILP 

formulation has been used to compare samples presented in presented in this thesis.  

 

2.5.14 Thermal Gravimetric Analysis: 

Thermal analyses were carried out in order to study thermal behaviour of phases, their 

decomposition temperatures and weight loss. Simultaneous differential scanning 

calorimetric (DSC) and thermogravimetric analyses (TGA) were carried out using a 

Netesch STA 1500 using a heating rate of between 5-10 ºC min
-1

 from 30 to 800-1500 °C 

in air. The measurement conditions are identified within the text. Samples were analysed 

under a constant flow of air unless otherwise stated. Samples were analysed as freeze dried 

powders and typically 20 mg of a sample was used in each analysis. All samples were 

prepared and analyzed in alumina crucibles. In the case of the materials presented in 

chapter 7 section 7.3 a dynamic step was inserted into the heating rate which allowed the 

sample to be held at 400°C so the decomposition of an organic could be accurately 

quantified near a phase change. 

 

2.6: Contributions of others 

The contributions of other academics presented in this thesis is clearly identified within the 

text of each chapter. 
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Chapter 3 

An Evaluation of Counter-Current Reaction Points for the Continuous Hydrothermal 

Synthesis of Nanoparticles 

3.0 Aim: 

The purpose of this chapter is to develop an experimental understanding of the mixing and 

particle synthesis dynamics in hydrothermal flow reactors. This chapter presents both in-situ 

temperature measurements and the characterisation of materials produced under different 

synthesis conditions to identify if temperature differences at the point of particle nucleation 

lead to changes in the physical properties of the products. This is because the bespoke nature 

of many continuous hydrothermal systems makes it very difficult to compare materials 

synthesised in different laboratories as many system parameters used for the synthesis of 

nanoparticles differ and are rarely standardised (i.e. temperature, flowrates (including flow 

types), type of reaction point, heating systems and cooling systems). 

3.1: Introduction 

As particle properties such as size, size distribution and composition are critical to the 

performance of many nanoceramics, there is a strong push towards achieving greater control 

over particle properties such as size, shape and polydispersity. (Darr and Poliakoff 1999) The 

resultant growth in the demand for “high quality” nanomaterials has prompted investigation 

into synthetic routes which are scalable and highly reproducible. To this end, many synthetic 

methods have been optimised to produce certain materials as reviewed in greater detail within 

Chapter 1. (Adschiri et al., 2011, Byrappa and Adschiri 2007) 

CHFS is a method based upon the rapid hydrothermal reaction of water soluble metal salts and 

a preheated water feed and can be used for the synthesis of many nanomaterials. (Adschiri et 

al., 2011, Lester et al., 2006) Nanoparticles are produced in CHFS when a feed of preheated 

water is mixed with a solution containing precursors under flow, or, alternatively a precursor 

flow is continually heated to produce nanoparticles. (Adschiri et al., 2000, Lester et al.,  2006) 

Formation of nanoparticles occurs through the rapid hydrolysis and dehydration reactions of 

the metal salts upon contact with the preheated water to form the corresponding metal oxide. 

(Darr & Poliakoff 1999) Precipitation of the metal ion as either a hydroxide or oxide occurs 
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when the precursor feed and preheated water  feed mix due to the insolubility of the oxide in 

both near and supercritical water. (Lester et al., 2006; Lester et al., 2010) However, the 

contribution of hydrolysis and dehydration reactions to precipitation is not clear in the 

literature. (Sue et al., 2004a; Sue et al., 2004b; Sue et al., 2006) It is widely reported that the 

reaction point geometry and the degree of mixing between the component streams influences 

the size distribution of materials produced through discrete differences in the particle 

nucleation and growth reactions. Although, little conclusive work has been presented for a 

single geometry operated over a range of process conditions as reviewed in Chapter 1. 

(Kawasaki et al., 2010b; Lester et al., 2006; Lester et al., 2010) 

Different reaction point designs are reported in the literature allowing the precipitation of 

nanoparticles when the preheated water feed and precursors mix. These designs are based on 

geometries with movable inlets, (Mae et al., 2007) swirl type mixers, (Kawasaki et al., 2010a) 

classical tee mixers, (Ohara et al., 2004; Takami et al., 2012) and nozzle type mixers, (Blood 

et al., 2004; Lester et al., 2006). Many of these designs suffer from experimental limitations 

arising through “poor mixing” of the component streams within geometry leading to material 

deposition and reactor blockage.(Lester et al., 2006; Lester et al., 2010) In the context of 

CHFS, it is widely accepted (not often stated) that the extent / efficiency of mixing between 

the preheated water feed and the precursor feed is the dominant step in the formation of 

nanoparticles. Subsequently, much effort has focused on achieving rapid and intimate mixing 

between to two component streams and a number of engineering solutions have been adopted 

which allow for the synthesis of nanoparticles. (Blood et al., 2004; Lester et al., 2006) 

Consequently, authors working with these systems have defined empirical criteria for the 

“ideal” mixing within a mixer that result in the formation of nanoparticles, these can be 

summarised  as follows: near instantaneous and uniform mixing of reactant streams with a 

supercritical water feed (essential for the formation of uniform particle nuclei), short reaction 

residence times are required to limit particle growth, minimal pre-heating of precursors prior 

to mixing with a supercritical water feed ensuring rapid uniform nuclei formation and minimal 

product deposition within the reactor, high flow velocity from the reaction point to prevent the  

accumulation of reagents and products at the reaction point. (Lester et al., 2006; Toft et al., 

2009)    
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Very little work has been reported of in-situ investigations of mixing, therefore the effects of 

different processing conditions on the formation of nanoparticles and can be attributed to the 

difficulty of taking measurements at the conditions typically required for the synthesis of 

nanoparticles. (Middelkoop et al., 2009; Takami et al., 2012)  As such, novel experimental 

methods have been used to visualise certain properties of a hydrothermal system at working 

temperatures and pressures. For example, the formation of CeO2 nanoparticles within a 

counter-current mixer has been mapped using in-situ X-rays from a synchrotron. This analysis 

showed CeO2 formed around the point at which the precursor was contacted with supercritical 

water and provided evidence of the initial nucleation and subsequent growth of the 

nanoparticles as they travelled through the mixer. (Middelkoop et al., 2009) However, much 

of the investigation of mixers used for the synthesis of nanoparticles takes the form of  

comparative work i.e. the synthesis of nanoparticles in different mixers. (Mae et al., 2009) For 

example, Toft et al. detailed a comparison between titania (TiO2) nanoparticles synthesised 

using counter current and tee type reaction point geometries using supercritical 

isopropanol/water mixtures which showed that smaller particles were produced using a tee 

type geometry and suggested that the tee piece was a better reaction point geometry for this 

specific system. (Toft et al., 2009) Similarly, Wakashima et al. published results on an 

experimental comparison between a “tee” and swirling micromixer which showed smaller 

NiO particles with narrower particle size distributions were produced in the latter, these 

observations were attributed to more uniform particle nucleation. (Kawasaki, Sue, Ookawara, 

Wakashima, & Suzuki 2010a) As such, attempts to evaluate different mixers are few and far 

from supplying a complete insight into the changes in temperature and chemical environment 

experienced by reagents in these systems, or the experimental observation of any adverse 

mixing/product deposition issues predominantly due to the difficulties of observation type 

measurements at typical synthesis conditions. (Middelkoop et al., 2009) 

The objective of this Chapter is to gain a deeper understanding of the temperature profile and 

physical properties of the mixture of the precursor and preheated water occurring inside a 

counter current reaction point, with measurements relevant to the synthesis of nanoparticles, 

and supplement the data with materials characterisation. Initially an operational envelope for 

the synthesis of two materials ZnO (hydrothermal dehydration) and hydroxyapatite 

(hydrothermal crystallisation) was established using the counter-current geometry and the 
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physical characteristics of the particles produced were evaluated by XRD, Raman 

spectroscopy, UV-vis (ZnO samples) and TEM. Allowing, a coherent analysis of both the 

effects of temperature distributions within a mixer and the consequent effects of these 

observations on the formation of nanoparticles.  

3.2 Materials and Methods: 

3.2.1 Description of Mixer: 

Figure 3.1 presents a schematic representation of the counter-current mixer used in this 

Chapter, showing all relevant dimensions used in the analysis. The details of its construction 

are presented in Chapter 2. This configuration was first used by Lester et.al. and has been 

applied to the synthesis of many nanoparticles and was deemed appropriate for further 

investigation.(Lester et al., 2006) Figure 3.2 is a schematic of the process equipment used,  

into which the reaction point was located. 

3.2.2 In-situ Temperature Measurements: 

Temperature profiles were measured inside the counter-current mixer by inserting four long 

thermocouples into the reaction point at different positions as shown in Figure 3.3. The 

difficulties encountered in measuring the temperatures in-situ with fine thermocouples at such 

a high temperature and pressure were overcome by inserting the four thermocouples into the 

apparatus between the cooler and the BPR as indicated in figure 3.2, using a high pressure 

feed-through fitting (Spectite MF, viton elastomer seal, also supplied by TC Direct). 

The temperature at eight different locations in the mixer was measured in two separate runs 

and the data amalgamated. The flows from pumps P1, P2 and P3 (figure 3.2) were all de-

ionised water for these experiments, as it was found that during the synthesis of nanoparticles 

the thermocouples fouled (reducing reliability). The positions of the thermocouples are quoted 

relative to the outlet of the inner tube in shown in figure 3.3, and the terminus of the inner tube 

is defined as z = 0 with  positive z in the direction towards the outlet. This strategy permitted 

the temperature to be measure in the bulk flow, the positions of the thermocouples are quoted 

to ca. ± 2 mm in the z direction and could be situated at any point along the axis in the x 

direction as summarised in figure 3.3 (limiting the interpretation of the measurements).  The 
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temperature measurements reported herein were of a non-insulated mixing point as insulation 

of the mixing point is not normally used during synthesis as it has to be removed after each 

use (for maintenance and the identification of leaks). Furthermore, measurements obtained 

from an insulated mixing point consistently showed temperatures which were only ca. 6-12 °C 

higher than those obtained without insulation suggesting only negligible heat loss through 

radiation (data not shown).  

 

Figure 3.1: Schematic representations of the counter current mixer  
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Figure 3.2: Schematic diagram of the CHFS process that was used for the synthesis of ZnO 

and Hydroxyapatite nanoparticles. 

3.2.3 Operational Envelopes for the Synthesis of Hydroxyapatite and ZnO: 

3.2.3.1 Reagents: 

Diammonium hydrogen phosphate ((NH4)2HPO4, 98.3 %), calcium nitrate tetrahydrate 

(Ca(NO3)2·4H2O, 99.0 % ), Zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 99 %)) and potassium 

hydroxide (KOH (96 %)) were obtained from Sigma-Aldrich (Dorset, UK). Ammonium 

hydroxide solution (NH4OH, 30% w/w) was obtained from VWR International (Lutterworth, 

UK). Tables 3.1 and 3.2, provide details of the experimental conditions used for the synthesis 

of hydroxyapatite and ZnO samples, respectively. In total, 23 reactions were run to define an 

operational space for the synthesis of hydroxyapatite and 15 reactions defined an operational 

space for the synthesis of ZnO nanoparticles. Descriptions of the procedure used for the 

synthesis of each system are presented in sections 3.2.1.2 and 3.2.1.3, for ZnO and 

hydroxyapatite samples, respectively. 

3.2.3.2 Synthesis of ZnO: 

Zinc oxide nanopowders were synthesised as detailed in table 3.1. The schematic diagram of 

the CHFS reactor used in this work is presented in figure 3.1. Pump 2 was used to feed Zn 
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salts to meet a feed of KOH issuing from pump 3. Flow regimes are referred to as the 

volumetric ratio of the feeds issuing from P1 (supercritical water feed [Qsw]) and the 

combined flow from P2 and P3 (hereafter referred to as precursor [Qp]). Sample volumes of 

ca. 500 mL nanoparticle laden slurry were collected from the exit of the CHFS system and 

recovered using the method detailed in Chapter 2. Samples were labelled according to 

synthesis condition and are identified alongside the condition used for synthesis in table 3.1. 

Reaction yields were calculated from the recovered dry particle mass from a fixed volume of 

raw slurry. 

Table 3.1: Summary of the synthesis and characterisation data for ZnO nanoparticles.  

ID 

Qs

w 
Precursors Qp Tmix

1 

(°C) 

RT 

(s) 

Crystallite size 

(nm) 
Yiel

d 

(%) 

Eg 

(eV) 
P1 

[Zn] 

(M) 

[KOH

] (M) 
P2 P3 

Cs  TEM SD 

ZnO1 20 0.1 0.00 10 10 199 4.19 - - - - - 

ZnO2 20 0.1 0.00 10 10 305 3.48 - - - - - 

ZnO3 20 0.1 0.00 10 10 335 3.16 - - - - - 

ZnO4 20 0.1 0.10 10 10 199 4.19 - - - - - 

ZnO5 20 0.1 0.10 10 10 305 3.48 - - - - - 

ZnO6 20 0.1 0.10 10 10 335 3.16 44.2 65.7 13.3 58 3.26 

ZnO7 20 0.1 0.25 10 10 335 3.16 31.7 49.5 11.2 90 3.26 

ZnO8 20 0.1 1.50 10 10 335 3.16 31.9 54.4 16.7 85 3.26 

ZnO9 20 0.1 2.00 10 10 335 3.16 30.5 61.4 12.2 94 3.27 

ZnO10 20 0.05 0.10 10 10 335 3.16 30.6 68.8 14.2 83 3.27 

ZnO11 20 0.1 0.10 10 10 335 3.16 31.4 64.6 11.9 89 3.26 

ZnO12 20 0.2 0.10 10 10 335 3.16 30.6 60.1 9.70 90 3.27 

ZnO13 15 0.1 0.10 7.5 7.5 335 4.22 33.2 67.1 13.5 90 3.27 

ZnO14 10 0.1 0.10 5 5 335 6.33 31.4 62.1 15.8 89 3.26 

ZnO15 20 0.1 0.10 10 10 335 6.33 33.2 59.3 14.8 91 3.27 

ZnOAP1 20 0.1 0.05 10 10 22 4.80 - - - 86 - 

ZnOAP1 20 0.1 0.10 10 10 22 4.80 - - - 85 - 

ZnOAP1 20 0.1 0.20 10 10 22 4.80 - - - 83 - 

Key: Tmix1 = reaction point temperatures (°C) determined by enthalpy balance (Equation 3.1), 

RT = Residence time (assuming complete mixing at the terminus of the preheated water inlet). 

Eg = Bandgap (eV) determined from the  Kubelka-Munk function detailed in Chapter 2. Cs = 

the crystallite size determined from the application of the Scherrer equation, Qsw =  flow rate 

of preheated water (mL min
-1

) and Qp = combined flow rate of precursor (P2 + P3). 
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3.2.3.3 Synthesis of Hydroxyapatite: 

Hydroxyapatite nanoparticles were synthesised using the conditions presented in table 3.2. 

Initially reactions were based on the work of Chaudhry et al. (Chaudhry et al., 2006) The 

CHFS system used to evaluate the synthesis of hydroxyapatite was the same as that used for 

the synthesis of ZnO (section 3.2.1.2). Calcium nitrate and diammonium hydrogen phosphate 

solutions were pumped by pumps 2 and 3, respectively. Hereafter, these are referred to as pre-

cursor (Qp) and P1 was used to supply supercritical water feed (Qsw). The pH of the solution is 

quoted as that of the mixture and was iteratively adjusted by the addition of NH4OH solution 

(28 % v/v). Samples were labelled incrementally and are listed grouped per variable in table 

3.2. After collection at the end of the back pressure regulator (BPR), the particles were 

washed, centrifuged, and then freeze dried according to the method details given in Chapter 2. 

Materials were characterised using TEM, Raman, XRD and XPS.  

 

3.3 Results and Discussion: 

3.3.1 In-Situ Measurements of Temperature 

Figure 3.3 b shows a sample of four simultaneous measurements at locations within the coun-

ter-current mixer corresponding to z = 0, - 10, - 20 and - 22 mm, as described pictorially in 

figure 3.3a and provides an indication of the noise associated with the measurements in differ-

ent flow regimes.  At  t = 0 (Figure 3.3b), the flowrates of superheated water, Qsw, and ‘pre-

cursors’, Qp, were both 20 mL min
-1

, at  t = 150 s Qsw was increased to 25 mL min
-1

 and Qp 

was reduced to 10 mL min
-1

. As can be seen the transition from a balanced to unbalanced flow 

regime saw a substantial increase in the “noise” associated with the measurements. The fluc-

tuations are most likely the result of inhomogeneity in the fluids due to the time taken for the 

positive displacement HPLC pumps to refill (125 ms). Serving to represent the noise observed 

in the measurements for each theoretical mixture temperature, as determined from enthalpy 

balance (equation 3.1): 

psw

inppinswinswsw

calcoutcalcout
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HGTHG
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(Equation 3.1)
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Where, Gsw and Gp are the mass flow rates of the preheated water and precursor feeds. The 

specific enthalpies inswH , and inpH ,  and the temperature Tout,,calc at which the specific enthalpy 

is outmH ,  at 24.1 MPa were determined for from the IAPWS Formulation 1995 as described in 

Chapter 2. All interpretation presented from here is subject to the limitations associated with 

the noise observed in each measurement condition. 

 

Table 3.2: Summary of the synthesis conditions used for the production of Hydroxyapatite 

nanoparticles using CHFS system 1. 

ID Qsw 

Qp 
[Ca] 

(M) 
[P] (M) pH 

Tmix 1 

(°C) RT (s) 

Crystallite size  (nm) 

Aspect 

ratio  (SD) 

Yield 

(%) 
Ca 

(P2) 

P 

(P3) 
Cs TEM 

SD 

 

HA1 20 10 10 0.1 0.05 10 199 4.19 - 261 92.3 3.89 (1.23) 86 

HA2 20 10 10 0.1 0.05 10 305 3.48 - 208 73.3 4.16 (1.35) 87 

HA3 20 10 10 0.1 0.05 10 335 3.16 - 235 74.4 4.61 (1.54) 98 

HA4 25 5 5 0.1 0.05 10 383 2.16 - 252 83.9 4.02 (1.48) 90 

HA5 20 10 10 0.1 0.05 11 335 3.16 - 261 77.6 4.34 (2.02) 97 

HA6 20 10 10 0.1 0.05 10 335 3.16 - 223 79.6 5.13 (2.31) 86 

HA7 20 10 10 0.1 0.05 9 335 3.16 - 221 74.7 4,56 (1.75) 88 

HA8 20 10 10 0.1 0.05 8 335 3.16 - 203 62.1 4.46 (1.78) 83 

HA9 20 10 10 0.1 0.05 6 335 3.16 - 271 95.1 4.23 (1.39) 80 

HA10 15 7.5 7.5 0.1 0.05 10 335 4.22 - 246 78.5 4.67 (1.89) 89 

HA11 10 5 5 0.1 0.05 10 335 6.33 - 230 78.5 4.56 (1.32) 83 

HA12 20 10 10 0.1 0.05 10 335 6.33 - 219 73.8 3.92 (1.69) 89 

HA13 20 10 10 0.1 0.058 10 335 3.16 - 234 86.3 4.04 (1.57) 87 

HA14 20 10 10 0.1 0.055 10 335 3.16 - 269 92.7 4.56 (2.10) 81 

HA15 20 10 10 0.1 0.052 10 335 3.16 - 247 73.4 4.34 (1.89) 86 

HA16 20 10 10 0.1 0.05 10 335 3.16 - 282 87.3 4.29 (145) 84 

HA17 20 10 10 0.1 0.045 10 335 3.16 - 261 84.3 4.11 (1.54) 87 

HA18 20 10 10 0.2 0.1 10 335 3.16 - 254 78.2 4.14(1.34) 82 

HA19 20 10 10 0.05 0.025 10 335 3.16 - 249 92.7 4.26 (1.58) 89 

HA20 20 10 10 0.025 0.0125 10 335 3.16 - 278 80.2 4.28 (1.49) 74 

Ap9 20 10 10 0.1 0.05 9 22 8.80 - 89 22 3.72(1.10) 32 

Ap10 20 10 10 0.1 0.05 10 22 8.80 - 78 15 3.14 (1.34) 35 

Ap11 20 10 10 0.1 0.05 11 22 8.80 - 84 21 3.69(1.56) 42 

Key: Tmix1 = reaction point temperatures (°C) determined by enthalpy balance (Equation 3.1), 

RT = Residence time (assuming complete mixing at the terminus of the preheated water inlet). 

Cs = the crystallite size determined from the application of the Scherrer equation, Qsw =  flow 

rate of preheated water (mL min
-1

) and Qp = combined flow rate of precursor (P2 + P3), 

Aspect ratio = the length / width of particles viewed using TEM, P = diammonium hydrogen 

phosphate solution and Ca =  calcium nitrate tetrahydrate solution. 
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Figure 3.3:  a) locations of thermocouples placed within the mixer b) graphical representation 

of the noise associated with the measurements for a transition from a balanced to un-balanced 

flow regime (Tp,in = 20 °C for all experiments). Tcalc,out is the outlet temperature calculated 

from Equation 3.1.   

The temperature profiles measured as a function of z within the mixer point are shown in fig-

ure 3.4 for heater temperatures (Tsw) of 400 and 450 °C. The dashed lines in Figures 3.4 show 

the theoretical temperature (Tmix) at the outlet of the entire mixer for each flow condition, as-

suming complete mixing and any heat losses from the outer pipe to the surroundings are neg-

ligible as determined by equation 3.1.  It is apparent from the temperature profiles shown in 

figures 3.4 a and b that the mixture (Qp + Qsw) flowing through the annulus between the inlet 

tube and the outer pipe is not isothermal and the temperature at  z = 0 of the combined flow  

Qp + Qsw is much lower than that at the outlet from the mixer (z = 72 mm). This observation 

suggests dynamic variation of the temperature and flow properties occur as a function of Qp, 

Qsw and Tsw. These observations also suggest that differences in the properties of nanoparti-

cles should be observed, principally as the largest variation in temperature and thus particle 

formation would occur around the point of particle nucleation. (Adschiri et al., 1992a; Adschi-

ri et al., 1992b; Takami et al., 2012) As in CHFS, mixing results in rapid changes in tempera-

ture which are regarded as the dominant force for particle nucleation and growth. (Lester et 

al., 2006)  
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Figure 3.4: Temperature profiles measured within the counter-current reaction point geometry 

using preheated water temperatures of a) 450 and b) 400 °C, respectively. Dashed lines 

represent the theoretical mixture temperature determined by Equation 3.1 and each 

measurement condition is defined within the figure. 
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From the measurements presented in figures 3.4 a and b, it is  interesting to consider the 

processes of mass and heat transfer underpinning mixing in the counter-current reaction point, 

to better define  events occurring at z = 0 (i.e. around the point of particle nucleation) and 

explain some of the observation made in figure 3.4.  As the superheated water exits the inner 

tube it is acted upon by three dominant forces; i) drag due to the difference in velocity 

between the downward moving superheated water and the upward moving mixture, ii) 

buoyancy due to differences in density and iii) the net pressure gradient. As shown in the 

temperature measurement the apparent penetration of Qsw into Qp  depends on both T sw and 

Qsw, and Qp as there is a significant difference in density between Qsw and the cooler mixture 

flowing around it Qsw + Qp which is highly dependent upon the magnitude of heat transfer 

occurring between the flows. To estimate the temperature and thus the properties of Qsw 

exiting the inner tube the apparent contribution of heat transfer was determined. Where, the 

mixer is treated as a counter-current heat exchanger. Assuming all heat lost from the 

superheated water (ΔQsw) equals that gained by the cooler mixture (ΔQm) as determined by 

enthalpy balance (the cooler mixture is defined as Qsw + Qp) (equation 3.2): 

)]MPa 24.1,()MPa 24.1,([ 720   zpzppswm ThThGQQ
. (Equation 3.2) 

The specific enthalpy and thus the temperature of the superheated water exiting the inner tube 

at z = 0 may subsequently be determined from (Equation 3.3): 

sw

sw

inswswzswsw
G

Q
THTH


 )MPa 24.1,()MPa 24.1,(

,0,

 (Equation 3.3.) 

Values of 
'

0, zswT
 determined from equations 3.2 and 3.3 are given in table 3.3.  Values of 

'

0, zswT
 for unbalanced flows at Tsw,in = 400 and 450 °C have been excluded, as the temperature 

rise from z = 0 to 72 mm was only a few degrees, but the magnitude of ΔQm from equation 3.2 

was large owing to the increase in the specific heat capacity of water near to its critical 

temperature as described further in Chapter 1. The measurements presented for low Qsw and 

Qp are also omitted, as it is apparent significant heat loss is occurring within the system. 
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Table 3.3: Temperature profiles (30-second time averaged) in counter current mixer as a 

function of Qp and Qsw (Tp,in = 20 °C for all experiments). Tcalc,out is the outlet temperature 

calculated from Equation 3.1. Tsw (z = 0) is the temperature of the superheated water leaving the 

inner pipe calculated from Equation 3.2 and 3.3. Resw(z = 0)  and (Frsw(z = 0) )
2
 are the 

dimensionless Reynolds and Froude numbers of Qsw at z = 0. 

No. 
Tsw 

(°C) 

Qsw Qp Tz=0 

(°C) 

Tz=72 

(°C) 

'

,outmT
 

(°C) 

'

0, zswT
 

(°C) 

Resw,z=0 

x 10
3 

(Frsw,z=0)
2 

mL min
-1 

1 400 10 10 135 268 307 323 1.5 1.6 

2 400 20 20 200 297 307 362 3.6 6.2 

3 400 10 5 280 310 367 - 6.3 ? 

4 400 25 10 359 374 377 - 9.8 21.8 

5 450 10 10 170 294 337 373 2.1 1.3 

6 450 20 20 237 323 337 381 5.9 6.5 

7 450 10 5 250 350 382 - 7.4 ? 

8 450 25 10 380 383 382 - 10.5 44.9 

 

From the measurements presented in figure 3.4 and calculation of the temperature of Qsw 

exiting the inner tube at z = 0 it is possible to assess the behaviour of the flow of Qsw which 

from much of the available literature should influence the precipitation of nanoparticles. 

(Kawasaki et al., 2010b; Lester et al., 2006; Sue et al., 2006) The relative magnitude of the 

momentum of the flow of Qsw water at z = 0 compared to the viscous drag force can be 

represented by the Reynolds number, Resw,z=0, of the flow as described by equation 3.4: 

swi

sw

sw

iswsw

0zsw,
μπd

4G

μ

duρ
Re 

 (Equation 3.4) 

Where, sw, usw and sw are the density, velocity and dynamic viscosity, of the superheated 

water exiting the inner tube at z = 0 determined from the IAPWS formulations and di is the 

internal diameter of the inlet (1.76 mm). The values of Resw,z=0 are summarized in table 3.3. 

Similarly, the relative magnitude of the momentum of the jet acting downwards compared to 
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the buoyancy force acting upwards (due to differences in fluid density) can be represented by 

the square of the Froude number, (Frsw,z=0)
2 

as defined in equation 3.5: 

gd

G

gd

u

swmswi

sw

swmi

swsw

)(

16

)(
)(Fr

52

22

2

0zsw,










 (Equation 3.5) 

Where, m is the density of the mixture determined from the temperature measured at z = 0 in 

each run (table 3.3). When the value of (Frw,z=0)
2

  is > 1, the momentum of the flow dominates, 

resulting in greater penetration of into the oncoming flow of Qp, whilst a magnitude of 

(Frw,z=0)
2

  << 1 suggests buoyancy forces dominate,  and a  rapid reversal in the direction of 

the flow is expected under this condition.  

 

The magnitudes Resw,z=0 in table 3.3 suggest that the  superheated water  exiting the inlet at Z 

= 0 is either laminar (Resw < 2300) or turbulent (Resw > 5000) depending on the flowrates and 

temperatures used. In particular, the superheated water flow appears to be turbulent (Resw,z=0  

1  10
4
) in the experiments using unbalanced flows and Tsw  400 °C. Expressed in terms of 

the mass flowrate of superheated water, Gsw, it is clear from Equation 3.4 that Resw depends 

heavily on dynamic viscosity, hw, (i.e. the temperature at z = 0 ) at constant di, and Gsw. This 

shows the process is dynamic around the magnitude of heat transfer occurring between Qsw 

and Qsw + Qp. More interesting are the variations in the magnitude of (Frsw,z=0)
2
 given in table 

3.3 shows that at the lowest, but balanced, flowrates, the momentum of the jet and the buoy-

ancy force opposing it are of a similar magnitude, i.e. (Frsw,z=0)
2
   1 and the flow of Qsw at Z 

= 0 would behave  more as a plume. Whereas, at the higher balanced flowrates, momentum 

begins to dominate over the buoyancy force, i.e. (Frsw,z=0)
2
 > 1 and the flow would behave 

more like a jet. Under this approximation it would be assumed that a higher degree of mixing 

and thus a more rapid change in the temperature of Qp would be expected when the flow issu-

ing from the inlet behaves more like a jet. (Strykowski and Niccum 1991) Similarly, the pene-

tration of the jet of superheated water deep into the precursor when the flowrates are unbal-

anced and at Tsw  400 °C, evident in the temperature measurements shown in figure 3.4 a and 

b, appears to result from two factors: i) a transition from a situation in which the momentum 

of the jet of superheated  water is approximately in balance with the drag and buoyancy forces 

opposing it (Resw,z=0  2000 and (Frsw,z=0)
2
  1) to one in which momentum dominates 
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(Resw,z=0  10000 and (Frsw,z=0)
2
 >> 1) and ii) the effect of thermal dilation due to entrainment 

of the mixture of ‘precursors’ and superheated water into the jet of superheated water issuing 

from the inner pipe is less significant when the mixture is above the critical temperature of 

water (low density) than when it is below the critical temperature (much higher density). Sug-

gesting that in a counter-current geometry the mixture flowing upwards past the jet (contain-

ing nanoparticles under reaction conditions) may under some flow regimes be pulled back into 

the jet, resulting in re-circulation and a broadening of the residence time distribution of the 

mixer, which may serve to dynamically influence the synthesis conditions used for the pro-

duction of nanoparticles. Similarly under these conditions recirculation of the flow in the re-

gion z = -10 to -20 would be expected as the combined flow of Qp + Qsw would be entrained 

into the rear of the issuing jet. (Sreenivasan et al., 1989a; Sreenivasan et al., 1989b) 

 

In light of these observations i.e. the noted differences in both temperature profile and possi-

ble differences in mixing events at z = 0,  this chapter now moves forward to assess the effects 

of mixing near the terminus of the preheated water inlet on the formation of nanoparticles 

produced under different flow and chemical conditions. Materials synthesis performed in an 

unbalanced flow regime as the synthesis of both ZnO and HA resulted in rapid reactor block-

age at ca. z = -20 mm and it was deemed unsafe to produce materials under these conditions. 

However, reference is made to the synthesis of HA under this flow condition although the re-

actor rapidly blocked.  
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3.3.2 Synthesis of Nanoparticles: 

3.3.2.1 Synthesis of ZnO Nanoparticles:  

The purpose of this section is to define an operational envelope for the synthesis of ZnO 

nanoparticles using CHFS, in light of the temperature analysis presented in section 3.3.1, the 

samples presented in this section are identified in table 3.1. 

All syntheses reported in this section yielded products which were identified as Wurtzite 

structure ZnO. XRD patterns of the products reported in this section are shown in figure 3.5a 

and all show good agreement with JCPDS pattern 76-0704. To confirm the structure of ZnO, 

Raman spectra obtained for the samples are shown in figure 3.5b, and confirmed the  phase 

assignment made through XRD. The two modes centred at 435 and 404 cm
-1 

are attributable to 

the E2(high) and E1(TO) phonons of ZnO with the hexagonal space group Pmm6/3 and a  mode 

centred at 327 cm
-1

 is attributable to the (E2H - E2L)  second order phonon. (Calleja and 

Cardona 1977) UV-Vis was used to further assess the similarity of the reaction products (data 

not shown). All the samples showed a good absorption over the entire range of UV and little 

or no visible absorbance consistent with that expected for ZnO. The calculated band-gap 

values are shown in table 3.1 for the samples reported in this section. The bandgap values 

were all slightly red shifted when compared to reported bulk ZnO band gap of 3.37 eV, yet 

internally consistent providing a further measure of the structural and compositions similarity 

in the products. (Hale et al., 2005) 

To confirm the reported mechanism of ZnO formation in hydrothermal solution described by 

equations 3.6 - 3.8, several control reactions were performed to ensure that the formation of 

ZnO nanoparticles was not internally limited by any chemical factor. In CHFS, no product 

was recovered from the process regardless of reaction point temperature (reactions ZnO1 - 3) 

in the absence of KOH and a clear solution was formed, thought to be a Zn peroxide species 

(ZnO2
2-

). (Demianets et al., 2002; Kolb et al., 1967; Sue et al., 2004a; Sue et al., 2006) 

However, the addition of KOH to the reaction yielded crystalline ZnO at reaction 

temperatures > 305 °C (reactions ZnO4 - 6). To ensure that the coprecipitation reaction of 

ZnO with KOH prior to hydrothermal reaction did not limit the particle size formed through 

the process the co-precipitate formed upon mixing KOH and Zn feeds within the CHFS 
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process were characterised, samples ZnOAP1 - 3 (table 3.1). These materials were amorphous 

as determined by XRD and were likely to be Zn(OH)2 , formed through equation 3.6 (data not 

shown). TEM images taken of the coprecipitate formed at a KOH concentration of 0.1 M, 

showed no resolvable crystallites (data not shown). Reactions ZnO4 - 6 (table 3.1) 

demonstrated that although a coprecipitate was formed by mixing KOH and ZnO at ambient 

temperature the formation of ZnO was shown to transition through a soluble intermediate  

(ZnO2
2-

) described by equation 3.7. (Demianets et al., 2002)  These observations are 

consistent with the reported reactions leading to the formation of ZnO in hydrothermal 

systems. Where, equations 3.6 and 3.7 define the hydrolysis (formation of insoluble zinc 

species) and dehydration reactions responsible for ZnO2
2-

 formation under  hydrothermal 

conditions, which occur upon mixing the precursor solution with supercritical water, and the 

concentration of KOH contribute to the formation of the product (possibly by aiding 

nucleation of ZnO from solution) described by equation 3.8. (Demianets et al., 2002) The 

crystallisation of ZnO only at occurring at reaction point temperatures > 305 °C suggest that 

the increased supersaturation afforded by both KOH and the low dielectric constant of water 

at > 305 °C (ca. 23, deterimed from IAPWS formulations), suggests a synergistic effect 

between both lower solubility of Zn (through increasing temperature) and chemically induced 

supersaturation, which are both required for the formation of ZnO via CHFS.  

Zn(OH)2 + 2OH
-
 → Zn(OH)4

2-
. (Equation 3.6) 

 

Zn(OH)4
2-

 → 2H
+
 +ZnO2

2-
. (Equation 3.7) 

 

Zn (NO3)2• 6 H2O + 4OH
-
  →  Zn(OH)2

4-
 + O

2-
  →Zn(OH)2  + 2OH-  → ZnO2

2- 

+ 2H → ZnO (crystal) + 2e
- 
  (Equation 3.8) 
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Figure 3.5: a) XRD patterns of ZnO nanoparticles produced using CHFS under the conditions 

stated in table 3.2, b) Raman spectra of ZnO. 

To ensure that particle formation of ZnO was not significantly influenced by KOH 

concentration a series of samples were produced in which the concentration of KOH was 

varied, represented by reactions ZnO7 - 11. Characterisation of the particles produced under 

these conditions using TEM showed that the concentration of KOH marginally affected the 

crystallite size and only a slight trend in crystallite size and sample polydispersity were 

observed on variation of Zn : KOH concentration, with crystallite sizes of 49.5, 54.4, 65.7 and 
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61.5 nm obtained for samples when the KOH concentrations of 0.25, 0.1, 1.0 and 2.0 M, were 

used (table 3.1).  A similar observation has been made previously, where in a continuous 

hydrothermal tubular reactor ZnO particle size was shown to decrease on increasing KOH 

concentration, and was attributed to greater supersaturation and the dominance of particle 

nucleation in the synthesis. The data presented here shows the opposite trend (suggesting the 

interpretation put forward previously was biased by some intrinsic system parameter i.e. the 

temperature profile as the reported nanomaterials were larger than those presented here). 

(Ohara et al., 2004; Sue et al., 2006) The observations presented herein suggest that 

increasing KOH in counter current reactor, influenced to a greater degree the growth phase of 

ZnO, in that growth appears retarded in the presence of low concentrations of KOH as 

inferred by the lower reaction yield (ca. 58.6 %). Suggesting that in the formation of ZnO via 

CHFS is codependent upon both a chemical driving force for precipitation or addition of Zn 

species to particle nucleates and the reaction temperature an observation well reported in the 

literature. (Demianets et al., 2002) 

Reactions ZnO12 - 14 present the synthesis of ZnO under variable flow rates, in these 

reactions samples with striking similarity in both the primary crystallite size and sample 

polydispersity (sd) ( ca. 60.1 (9.7), 67.1 (13.5) and 62.1 (15.7) nm for materials produced 

using Qp + Qsw = 40, 30 and 20 mL min
-1

, respectively) were obtained (figure 3.6). The  

similarity in both crystallite size and size distribution is surprising in light of the differences in 

temperature profile measured between the highest and lowest flow rates, as a comparatively 

large temperature deviation was observed as a function of both Tsw and Qp : Qsw around the 

point of particle nucleation (figure 3.4). These observations suggests that the particle 

nucleation is less sensitive to slight differences in mixing before a critical temperature is 

reached (ca. >305 °C). In effect making the formation of Zn species independent of the events 

occurring at the terminus of the preheated water inlet. Inference from these observations 

suggest that particle nucleation and growth are similar over the processing range due to high 

degrees of  supersaturation and upon onset of particle nucleation and a rapid particle growth 

phase occurs, limited by exhaustion of Zn species in solution. (Demianets et al., 2002; Liu and 

Zeng 2003) Although, from the temperature measurements presented in section 3.1 it is 

evident that the time scale of this transition to a supersaturated state would differ considerably 

between flow rates. To confirm that growth was constrained by exhaustion of the Zn species 
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in solution and the particles do not grow via coarsening, a sample was produced increasing the 

residence time of the reaction by lengthening the reaction zone (reaction ZnO15). This sample 

showed that particles with similar physical characteristics to those produced in other reactions 

were obtained at a similar reaction yield (summarised in table 3.1). Confirming that particle 

growth was constrained by a reduction in the driving for particle growth caused by near 

exhaustion of the Zn species in solution and the particles did not grow via a coarsening 

mechanism.  

3.3.2.2 Summary: 

In summary, the synthesis of ZnO nanoparticles was used to assess the effect of different 

CHFS processing conditions on the formation of nanoparticles. This analysis also assessed the 

effect of differences in the mixing between the preheated water feed and the precursor feed as 

identified in the previous section. The mechanism of ZnO formation was found to be 

consistent with the growth processes of ZnO produced in both batch and other hydrothermal 

processes. In this CHFS process it was observed that particles showing similar characteristics 

are formed over a wide range of experimental variables. The results suggest that the initial 

mixing between the component streams in a counter-current reaction point are not critical to 

the synthesis of ZnO under the experimental conditions evaluated, and are in fact governed by 

the terminal temperature. However, it is speculated that this may not be the case in the 

continuous hydrothermal synthesis of all metal oxides using CHFS. This chapter now moves 

forward to evaluate the synthesis of a non-oxide based nanomaterial (hydroxyapatite) to assess 

if observed differences in mixing result in different particle characteristics in materials which 

are formed through a different mechanism. 
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Figure 3.6: TEM images of ZnO nanoparticles produced in reactions; a) ZnO6,  b) ZnO7, c) 

ZnO8, d) ZnO9, e) ZnO10, f) ZnO11, g) ZnO12, h) ZnO13 and i) ZnO14 as summarised in 

table 3.2. 
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3.3.3 Synthesis of Hydroxyapatite 

The aim of this section is to study the effect of different CHFS processing and synthesis 

conditions on the particle characteristics of hydroxyapatite. In total, 23 reactions were 

performed to establish an operational envelope for the synthesis of hydroxyaptite using CHFS. 

These reactions were used to assess the effect of different synthesis conditions on the particle 

phase, size and size distribution. Table 3.2 summarises the reaction conditions and 

characterisation data obtained for samples reported in this section. 

 The formation of hydroxyapatite (Ca10(PO4)6(OH)2) in CHFS is described by equation 3.9. 

The mechanism of particle formation in this context is thought to arise from the rapid 

crystallisation and growth of a coprecipitate formed by the mixture of Ca(NO3)2 and 

(NH4)2HPO4 under hydrothermal conditions, as initially reported by Chaudhry et al. 

(Chaudhry et al., 2006) At ambient conditions the mixture of Ca(NO3)2 and (NH4)2HPO4  at  

pH > 8 forms a precipitate composed of either, brushite [CaHPO4.2H2O] described by 

equation 3.10 or its dehydrated form, monetite [CaHPO4] described by equation 3.11. (Liu et 

al., 2001; Yoshimura et al., 1994) Characterisation of control experiments for the precipitation 

of Ca and P sources within the reactor yielded amorphous monotite/brushite mixtures as 

identified by Raman (data not shown). (Koutsopoulos 2002) Further characterisation via TEM 

(figure 3.7) of the products  showed some structure to the precipitates forming needle like 

precipitates with a size of ca. 89 (22), 78 (15), and, 84 (21) (SD) for materials produced from 

ambient precipitation at pH 9, 10 and 11, respectively (50 precipitates measured) which is 

consistent with many ambient temperature precipitation reactions for the formation of 

hydroxyapatite. (Kay et al., 1964) This observation is presented here as it forms the basis of 

much of the analysis presented for this hydrothermal crystallisation reaction. The low reaction 

yields under ambient precipitation suggests incomplete precipitation of the component ions 

and a degree of growth would be observed in hydrothermal solution (table 3.2).(Koutsopoulos 

2002) 

10Ca(NO3)2 + 6(NH4)2HPO4 + 2H2O = Ca10(PO4)6(OH)2  +  12 NH4NO3  +  8 HNO3  

(Equation 3.9) 

 

 

Ca(NO3)2 + (NH4)2HPO4 + 2H2O = CaHPO4 ∙ 2H2O + 2 (NH4)
 
NO3 (Equation 3.10) 
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Ca(NO3)2 + (NH4)2HPO4  = CaHPO4  + 2 (NH4)
 
NO3  (Equation 3.11) 

 

Figure 3.7: TEM images of the products of co-precipitation obtained from the CHFS system; 

a) HAAP1, b) HAAP2 and c) HAAP3. 

To assess the effect of reaction point temperature on the crystallisation of hydroxyapatite 

using CHFS the reaction point temperature was controlled by varying T sw, (350 – 450 °C) as 

described in table 3.2 (samples HA1 - 4). Diffraction patterns of samples (HA1 - 4) 

synthesised at reaction point temperatures of 199, 305, 335 and 383 °C are shown in figure 

3.8, showing an increase in material crystalinity with reaction point temperature. Low reaction 

temperatures (HA1 - 2) produced an apatite like phase similar to those produced at higher 

temperatures (HA3 - 4). However, no evidence of a crystalline brushite or monotite phase was 

observed (all diffraction patterns are compared to JCPDS pattern 09-0432) suggesting 

complete re-crystallisation of the monotite precipitate initially formed on mixing the Ca and P 

sources at ambient temperature.(Yoshimura et al., 1994) 

TEM images (figure 3.9) of the products obtained from reactions HA1 - 4 showed a rod like 

particle morphology. The particle size distributions obtained for the materials were 261.6 

(92.35), 208.6 (73.34), 235.21 (74.44) and 252 (83.9) nm for the materials synthesised at 

reaction point temperatures of 199, 305, 335 and 383 °C, respectively. Hydroxyapatite is 

known to preferentially grow along the 0001 (c-axis) directions forming rod like or needle like 
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structures. (Kay, Young, & Posner 1964) The preferential growth of the particles in this 

direction stems from the charge associated with different crystal facets. (Liu, Troczynski, & 

Tseng 2001) The observed morphology is consistent with the anisotropy observed between 

families of reflections in XRD (figure 3.8). Where the observed particle size is significantly 

larger than that observed for the products of the coprecipitation reaction (figure 3.7) showing a 

degree of growth related to hydrothermal reaction. To further evaluate the effect of reaction 

point temperature on particle growth the aspect ratio distribution was assessed to see if slight 

differences in the morphology of the reaction products could be resolved, the aspect ratio 

distributions are summarised in table 3.2 (ca. 150 particles measured) and was largely 

invariant of reaction point temperature. These observations also suggest the complete 

precipitation of Ca and P sources within the reaction as evidenced by the high reaction yields 

(table 3.2) with the temperature effecting particle crystalinity rather than absolute particle size. 

 

Figure 3.8: XRD patterns of HA samples HA1 - 4 produced at reaction point temperatures of 

199, 305, 335 and 383 °C, respectively. 
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Figure 3.9: TEM images of hydroxyapatite synthesised at a reaction point temperature of a) 

199 °C (HA1), b) 305 °C (HA2), c) 335 °C, (HA3) and d) 383 °C (HA4). 

 To further investigate the effect of reaction point temperature on the structure of the product 

Raman spectra were collected as shown in figure 3.10.a. The Raman spectra of the materials 

produced at reaction point temperatures of 199, 305, 335 and 383 °C showed all the expected 

modes for hydroxyapatite. Peaks centred at 965 cm
-1

 correspond to the symmetric stretching 

mode (ν1) of the P-O bond in phosphate. Peaks at 610, 593 and 583 cm
-1

 observed as 1 broad 

peak corresponds to the bending mode (ν4) of the O-P-O in phosphate. (Penel et al., 1998; 

Tsuda and Arends 1994) Similarly, the bending mode (ν2) of the O-P-O in phosphate resulted 

in peaks at 450 and 433 cm
-1

. Lattice based modes were observed in the spectra of 

hydroxyapatite synthesised at reaction point temperatures of 305,  335 and 383 °C but were 
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absent in the material synthesised at 199 °C (typically observed in the 200 - 300 cm
-1

 region) 

confirming observations using XRD  and are indicative of sample crystalinity increasing as a 

function of temperature. The mode positions observed were slightly shifted when compared to 

the mode positions observed for samples precipitated at ambient temperature (samples AP1 - 

3) and are consistent with those reported in the literature. (Tsuda & Arends 1994) 

As shown in Section 3.3.1 slight variance in the temperature profile of the reaction point was 

observed as a function of Qp / Qsw for a given Tsw. To assess the effect of this observed 

temperature profile the synthesis of hydroxyapatite  a fixed reaction point temperature of ca. 

335 °C was used and Qp and Qhw,in were varied (Reactions HA3, 10 - 11).  XRD patterns of the 

products of these reactions are presented in figure 3.11 and confirmed that highly crystalline 

hydroxyapatite phase was obtained as the reaction product, Raman spectra confirmed the 

phase assignment made using XRD (figure 3.10 c). Direct observation of the particles (figure 

3.12) of the reaction products showed that similar crystallite sizes were obtained; 235 (74.4), 

246 (78.5)and 230 (78.5) nm for samples HA3, 10-and 11 respectively. Similarly, the aspect 

ratio distributions also highlighted the similarity in crystallite morphology, with aspect ratios 

of 4.61, 4.67 and 4.56 being obtained for reactions HA3, HA10 and HA11, respectively. 

These observations are surprising in light of the temperature differences at the terminus of the 

pre heated water inlet defined in Figure 3.4 where in the lowest flow regime (Qp + Qsw = 20 

[HA11]) a reaction point temperature at the terminus of the preheated water inlet was ca. 100 

°C lower than that measured in the high flow regime (Qp + Qsw = 40). Conceptually this would 

suggest that smaller materials would be produced in the high flow regime as a transition to 

temperature where precipitation of Ca and P sources would occur more rapidly. However, 

from these results it appears that almost complete and instantaneous precipitation of the 

product occurs as evidenced by the high reaction yields (table 3.2). This suggests that particle 

formation processes are once again governed by a transition within the reaction point to a 

condition of rapid precipitation and crystallisation. Increasing the residence time was shown to 

have little effect on any of the physical properties of the materials produce in terms of both 

greater crystalinity and an increase in particle size due to coalescence (table 3.2).  Overall 

these observations are consistent with that made in the synthesis of ZnO where a rapid and 

swift transition to a condition of rapid particle growth occurs within the reactor although 

through in-situ measurements identified quite large differences in temperature profile within 
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the reactor however, the measured difference shows very little effect on the hydrothermal 

crystallisation of HA in CHFS. 

 

Figure 3.10: Raman spectra of hydroxyapatite synthesised using CHFS; a) HA1 – 4, b) HA5 

– 9, c) HA10 – 12 and d) HA13 - 20 
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Figure 3.11: XRD patterns of Hydroxyapatite nanoparticles produced under different 

synthesis conditions; a) variation of flow rate (HA 10-12), b) variation of precursor 

concentration (HA18-20). 

To ensure that the particle size was not dominated by the comparatively low concentration of 

precursors used several experiments were conducted to assess the effect of increasing 

precursor concentration on the reaction. Diffraction patterns of the products are shown in 

figure 3.11b and show significant similarity to the materials produced previously, the structure 

of the reaction products was also confirmed using Raman (figure 3.10b). Similar to previous 

observations the crystallite size was shown to be largely independent of precursor 

concentration.  The crystallite sizes determined for reactions HA 18, 19 and 20 were  254 

(78.2), 249 (92.7), and 278(80.2)  nm, the similarity in particle size and size distribution was 

also mirrored in the similarity of particle aspect ratios 4.14, 4.26 and 4.28 nm for samples HA 

18, 19 and 20, respectively. Although this is counter intuitive (as growth is expected to be 

proportional to [Ca and P] it could be explained by dynamic equilibrium within the system in 

that the number concentration of precipitates would likely increase with increasing 

concentration. This observation suggests that the similarly sized crystallites are produced as a 

result of an increase in the number of particle nucleates ↔ precursor concentration. The 

degree of particle growth in this context is constrained by the compete precipitation of Ca and 

P sources adding to a variable nucleate number concentration. 
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Figure 3.12: TEM images of hydroxyapatite nanoparticles synthesised at different flow rates; 

a) HA3 (Qsw + Qp = 40),  b) HA10 (Qsw + Qp=  30) and c) HA11(Qsw + Qp =20). 

As the temperature profile within the reaction point was shown to have little effect on the 

hydrothermal crystallisation reaction a broader investigation into the hydrothermal 

crystallisation of hydroxyapatite was performed in which the Ca:P ratio,  and the pH of the 

reaction were investigated. The Ca:P ratio was varied (1.8-2.2) to assess the effect of 

elemental composition on the hydrothermal crystallisation (samples HA 13 to 17). Similarly, 

the effect of changing the pH of the reaction mixture was also investigated (HA 5  to 9) to 

assess the effect of precipitation prior to hydrothermal crystallisation (n.b. no precipitation at 

ambient temperature was observed when the pH of the mixture ≤ 8).  XRD patterns of the 

products from reactions HA13 - 17 and HA5 - 9 are presented in figure 3.13. All diffraction 

patterns were in good agreement with JCPDS 09-0432. Consistent with observations made on 

previous samples. Raman spectra of the series shown in figure 3.10 b and 3.10 d showed all 

expected raman modes, suggesting significant structural similarities between samples. TEM 

images of selected samples from each series HA13-17 and HA 5-9 are shown in figure 3.14 

and show a particle morphology consistent with that observed in all other materials presented 

in this section. The crystallite size determined from the measurement of ca. 300 particles was 

also consistent between series and consistent with the mean size from all other samples. 

Similarly, the aspect ratio of the particles was also similar as summarised in table 3.2 with 
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both size determinations being internally consistent, suggesting a high dependence of particle 

formation on the hydrothermal precipitation reaction.  

 

Figure 3.13: Powder XRD patterns of hydroxyapatite samples a) HA5-9 and b) HA13-17. 

 To confirm the stoichiometry of the reaction products produced in sample series HA13 - 17 

and HA5 - 9 the elemental compositions of selected samples was measured using a calibrated 

EDX.  Table 3.4 provided a summary of the elemental compositions measured for the 

materials synthesised using Ca:P ratios in the range 1.8 - 2.2, samples synthesised. Ca:P ratios 

of > 2.0 produced a material which showed an elemental composition close to that of 

stochiometric hydroxyapatite (Ca:P = 1.67) being slightly calcium deficient. XRD showed no 

difference in primary material phase even when different Ca:P ratios or concentrations were 

used in the synthesis. It is well known that the apatite structure can accommodate significant 

cation and anion vacancies under conservation of the apatite structure, this appears mirrored 

by the results presented in table 3.4. (Kay, Young, & Posner 1964) The similarity in crystallite 

size, suggests that the crystallisation reaction of HA in CHFS occurs at a rate independent of 

anion to cation ratio, with the crystallite growth occurring accommodating Ca deficiencies 

within the lattice. (Liu, Troczynski, & Tseng 2001) Similarly, elemental compositions 

measured for the samples produced at pH 6 - 11 (through the addition of NH4OH solution) 



Chapter 3 

 

166 
 

showed a variation of Ca stoichiometry as a function of pH (with Ca:P ratio increasing as the  

pH of the reaction increases) consistent with the observations made in samples HA13 - 17. 

The calcium content of the sample decreasing with reaction temperature is unsurprising as Ca 

is highly soluble in aqueous media and is known to be difficult to precipitate in hydrothermal 

solution. (Suchanek et al., 2002; Yoshimura et al., 1994) It is well known in the 

hydroxyapatite synthesis literature, that careful control of reaction pH is required to produce 

stoichiometric hydroxyapatite. (Liu, Troczynski, & Tseng 2001) Again the variation in 

product stoichiometry and the similarity of hydroxyapatite size suggests the crystallisation 

reaction is not heavily influenced by Ca:P stoichiometry (within the limits evaluated) with 

material and crystallite growth occurring rapidly, and independent of most process conditions. 

Whereas, many other processing methodologies such as co-precipitation and sol-gel methods 

observe variation in crystallite size an morphology as a function of Ca:P ratio suggesting that 

the crystallisation reaction in CHFS is heavily driven by temperature and the short reaction 

times (ca. 1.4 seconds) yielding complete precipitation of the component ions as a crystalline 

nanomaterial accommodating cation deficiencies in the lattice. (Yoshimura et al., 1994)  

 

Table 3.4: Summary of compositions obtained from EDX for hydroxyapatite samples 

synthesised under different conditions using CHFS. The quantification of each element was 

obtained through the relative intensities of the K lines. 

Sample 

ID 

Atomic (%) Ca:P 

ratio Ca P O 

HA5 15.43 10.41 74.16 1.48 

HA6 16.43 10.73 72.84 1.53 

HA7 15.49 9.68 74.83 1.60 

HA8 15.87 9.74 74.39 1.63 

HA9 16.45 10.03 73.52 1.64 

HA15 10.98 8.45 80.57 1.30 

HA16 11.78 8.12 80.10 1.45 

HA17 16.63 10.27 73.10 1.62 

HA18 16.78 10.11 73.11 1.66 
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Figure 3.14: TEM images synthesised at different pH a) HA6, b) HA7, c) HA8 and TEM 

images of hydroxyapatite nanoparticles synthesised at different Ca:P ratios d) HA13, e) HA14 

and f) HA15 (n.b. the amorphous content of this sample is likely to be from the presence of 

residual ions in the solution).  
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Figure 3.15: XPS spectra of selected hydroxyapatite samples produced using CHFS a) Survey 

scan, b) High resolution data of the Ca 2P region and c) high resolution data of the O1s 

region. 
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To provide further clarification on the crystallisation the differences between the bulk 

stoichiometry of HA (measured by EDX) and the surface of the particles was measured using 

XPS as shown in figure 3.15. The composition of the surface of samples HA15 - 18 was 

determined from survey spectra and the composition analysis is summarised in table 3.5. The 

mole fractions of the powders were obtained from intensities of the P 2p and Ca 2p3/2 core 

levels. High resolution spectra of the O 1s regions and Ca 2p regions are shown in figures 

3.15b and 3.15c, respectively. Analysis of the Ca 2p region showed significant similarity 

between samples HA15 - 18 consistent with many reports of the characterisation of Ca 

deficient apatites, as the Ca 2p loss peak is not sensitive to slight differences in Ca:P 

coordination. (Casaletto et al., 2002; Lu et al., 2000; Zeng and Lacefield 2000) The O 1s 

spectrum (shown in figure 3.15c)  consists of three components at  binding energies of   531.5, 

532.3  eV, which can be assigned to hydroxide and phosphate groups (OH
-
, PO4

3-
), and  

adsorbed water (H2O) all features which could be expected from the synthesis.  However, 

analysis of the O 1s energy loss peak can provided useful information about the differences in 

the surface structure of hydroxyapatite as described previously by Zeng et al. (Zeng & 

Lacefield 2000) The characteristic energy loss peaks observed at  ca. 554 eV (peak I) and  ca. 

568 eV (peak II) with higher BE than the main O 1s peak are shown in Figure 3.15c. These 

peaks exhibit unique area ratios of (O 1s peakII) / O(1s) or (O 1s peak II) / (O 1s total),  O 1s 

total = O 1s  + peak I + Peak II. The difference in this ratio arises from differences in the  

energy loss peak related to the phosphate oxygen content, and for this sample series the ratios 

determined are summarised in table 3.5. (Lu et al., 2000; Ong et al., 1994) Typically, loss 

ratios of  < 3.5 are indicative of monotite  (Ca : P = 1) like calcium phosphates, and ratios > 

3.5 are indicative of HA (Ca : P = 1.67) and is attributed to variance in the  PO3/ PO4 anion 

composition of the samples (although in these samples this could not be independently 

measured). (Lu et al., 2000) These observations suggest a difference in stoichiometry between 

the bulk of the particle and the surface which could either be attributed to a segregated surface 

phase from precipitation of monetite from solution or from the presence of a cation deficient 

hydroxyapatite at the surface of the particle. The discontinuity between the elemental ratios 

determined from EDX and the surface composition and phase identified using XPS, these 

observations suggest further complexities in the crystallisation of Hydroxyapatite in CHFS 

and further work is required to understand the differences in the bulk and surface structures.  
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However, it is interesting to consider the phase behaviour of calcium deficient hydroxyapatite 

at elevated temperatures, as thermal treatment of calcium deficient hydroxyapatite leads to 

phase separation forming a stoichiometric hydroxyapatite and monotite or tricalcium 

phosphate it could be that hydrothermal crystallisation of these Ca deficient phases leads to 

nanoscale phase separation at the particle surface.  

Table 3.5: Relative proportions of Ca, P and O measured using XPS for samples synthesised 

at a reaction point temperature of 335 °C using Ca:P of 1.8, 1.9, 2.0 and 2.2  (samples HA15, 

HA16, HA17 and  HA18 respectively). 

ID 
(at %) 

Binding energy (eV) O1s (II)/ 

O1s 

ratio 

Ca:P 

ratio 

Surface 

phase P 2p 
Ca 2p 

1/2 

Ca 2p 

3/2 
O 1s 

Ca P O 

HA15 19.73 18.03 62.2     0.067 1.09 monetite 

HA16 24.46 17.24 58.3     0.062 1.41 monetite 

HA17 24.77 18.02 57.2     0.071 1.37 monetite 

HA18 24.11 19.52 56.3     0.075 1.23 monetite 

Compositions were determined by using the Ca 2p, P 2p and O 1s peaks from the survey 

spectra (figure 3.15). 

3.3.3.1 Summary: 

In summary, from the data presented in this section it is clearly shown that crystalline hydrox-

yapatite is produced above reaction point temperatures of ca. 305 °C. The effect of different 

synthesis conditions, Qp and Qsw were shown to have little effect on the particle size. The par-

ticle size appeared to be dominated by the formation of monotite nucleates which upon con-

tact with supercritical water recrystallised to form hydroxyapatite with addition of material 

from solution with almost complete crystallisation of the reaction products. Where, the low 

apparent solubility of both Ca and P sources in the reaction yielded particles of similar size 

under most processing conditions. In light of the in-situ analysis performed using temperature 

measurements the results suggest that the reactions governing particle formation and crystalli-

sation are largely independent of the rate of temperature change experienced by reagents and 
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are more influenced by the final temperature consistent with the observations presented for 

ZnO. Using control reactions it was possible to identify the nucleates (ca. 30-60 % of mass 

balance) onto which atoms are added upon mixing with supercritical water and crystallisation 

of hydroxyapatite from monotite occurs. Suggesting the crystallisation reactions occurring for 

the production of hydroxyapatite using CHFS are largely independent of all processing condi-

tions when the material is produced using CHFS. Elemental analysis of the reaction products 

also suggested that cation deficiency within the lattice can be accommodated and the particles 

form in the presence of these atomic vacancies yielding overall similarly sized materials 

showing that crystallisation in this reaction is not overall sensitive to atomic ratios in the hy-

drothermal solution. Further analysis of some of the reaction products suggests the surface 

phase is not strictly hydroxyapatite and from the available literature the analysis of the XPS 

spectra suggests the surface phase of the products is monotite. However it is still unclear 

whether this observation stems from simply cation deficiency within the structure or from the 

presence of a separate phase at the surface and requires further work.  

 

3.4 Conclusions: 

The work in this chapter has demonstrated some of the complexities in controlling the size of 

nanoparticles produced using CHFS. In-situ temperature measurements were useful in 

defining the key differences in the temperature profile within a counter-current reactor over a 

spread of conditions and allowed a much finer analysis of the events occurring around the 

point of mixing precursors with supercritical water. This region is commonly defined as the 

point of particle nucleation as such much time and effort has been spent on ensuring rapid 

changes in the temperature of hydrothermal solutions at this point i.e. driving the formation of 

nanoparticles. Many of the results presented here contravene the ideal reaction conditions for 

reagents to experience in CHFS resulting in the formation of nanoparticles as resolvable 

differences in the distribution of temperature within the reaction point were measured.  In-situ 

temperature measurements showed that the CHFS process and the mixing process in the 

reactor are dynamic and are highly system dependent, showing that even simple variation in 

the flow rate yields significant differences in the temperature at the point of particle formation 

and the distribution of temperature within the reaction point. Although the empirical criteria 

(stated in the introduction to this chapter) used by many to guide the development and 
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evaluation of reaction points for nanoparticles in CHFS the criteria appear over simplified. 

Ultimately, the results presented in this chapter have provided the only conclusive evidence of 

the dominance of precipitation process occurring in the reactor and have elucidated that the 

short-time scale of the reactions probably dominate all other process often cited within the  

within the literature as crucial for the formation of nanoparticles. These results span a much 

broader and better defined set of reaction conditions experienced by reagents in CHFS and 

have served to demonstrate that many of the microscale mixing processes are probably not 

important for the formation of nanoparticles, as such the kinetics of particle formation 

probably play a greater role. Although this chapter has not definitively addressed the time 

scales of mixing the span of reaction parameters suggest significantly different temperature 

profiles are required before significant difference in the nucleation and growth of 

nanoparticles are resolved.  

In this chapter the crystallisation of two materials ZnO and hydroxyapatite was studied, these 

model systems served to assess the effect of different CHFS processing conditions on the 

formation of nanoparticles in light of the temperature profile within the reactor identified by 

in-situ temperature measurements. The mechanism of ZnO was also suggested to be consistent 

with the growth processes of ZnO produced in both batch and other hydrothermal processes. It 

was observed that particles showing similar characteristics are formed over a large number of 

experimental variables. The results also suggest that the initial mixing between the component 

streams in a counter-current reaction point are not critical to the synthesis of ZnO under the 

experimental conditions evaluated and are in fact governed by the terminal temperature. 

Similarly, the hydrothermal crystallisation of hydroxyapatite was also studied and clearly 

showed a connection between ion precipitation and the formation of a crystalline material. In 

all cases it was shown that materials with a similar crystallite size were produced over the 

process variables evaluated which was attributed to complete precipitation of the component 

ions and overall material phase and crystalinity were governed by reaction temperature. The 

effect of slight differences in the temperature at the point of contact with supercritical water 

were once again shown to have little effect on the particle size.  The particle size appeared to 

be dominated by the formation of monotite nucleates which upon contact with supercritical 

water recrystallised to form hydroxyapatite with addition of material from solution with 

almost complete crystallisation of the reaction products as observed by the high reaction 
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yields. In light of the in-situ analysis performed using temperature measurements the results 

suggest that the reactions governing particle formation and crystallisation are largely 

independent of the rate of temperature change experienced by reagents and are more 

influenced by the final temperature consistent with the observations presented for ZnO. Using 

control reactions it was possible to identify the nucleates (ca. 30-60 % of mass balance) onto 

which atoms are added upon mixing with supercritical water and crystallisation of 

hydroxyapatite from monotite occurs further suggesting the complete precipitation of the 

component ions in solution was the driving force for the similarity in particle size between 

experiments. This was further emphasised by changes in monetite coprecipitate size as a 

function of the pH which was also shown to have little effect on the precipitation reaction. 

However, this analysis yield some interesting observations in that crystallite size was also 

largely independent of the stoichiometry of the reaction product and suggests the lattice can be 

accommodate significant vacancies on conservation of the structure showing that the reaction 

is not overall sensitive to atomic ratios in the hydrothermal solution. However, further 

investigation into the hydrothermal crystallisation mechanism is required as analysis of the 

XPS spectra suggests the surface phase of the products is monotite or another calcium 

deficient phosphate phase. However it is still unclear whether this observation stems from 

simply cation deficiency within the structure or from the presence of a separate phase at the 

surface and requires further work.  

3.5 Future work: 

The largest single contribution to this work would come from CFD (Computational Fluid 

Dynamics) modelling of the reaction point operated at a variety of temperature and flow 

regimes. Although, the presented in-situ temperature measurement strategy highlighted some 

useful information the data was significantly limited (pertaining to a further understanding of 

the mixing processes) and the exact placement of thermocouples within the system could not 

be determined allowing only an empirical comparison. The use of CFD would also allow the 

visualisation of complex flow patterns, fluid velocity contours to be mapped and the addition 

of tracers would the state of complete mixing to be modelled on the experimental results 

obtained. Ultimately, these endeavours would not significantly influence the physical 

characteristics of materials produced by this process, they could possibly aide in further 
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understanding of the process as a whole and could be useful in rapidly assessing the effects of 

other process such as material deposition within the reactor. In section 3.3.1 it was mentioned 

that an unbalanced flow regime yielded jetting of the supercritical water feed in materials 

synthesis this resulted in plugging of the reactor limiting the operational range and more 

significantly the reaction point temperature. Further work is required to fully understand the 

formation of nanoparticles in CHFS systems as some of the results presented herein are 

ambiguous and it would be beneficial to extend the analysis of the effects of particle size to 

materials which have lower crystallisation temperatures which would allow the influence of 

temperature to be further understood (this is briefly addressed later in the thesis).  
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Chapter 4 

An Experimental Evaluation of Confined Jet Mixers for the Continuous 

Hydrothermal Synthesis of Nanoparticles 

4.0 Aim:  

The aim of this chapter is to describe the application of alternative  mixers (reaction points) 

for the continuous hydrothermal synthesis of nanoparticles. Following on from Chapter 3, 

where it was found that particle formation in CHFS not sensitive to local variation in 

temperature profile. Hence, it was reasoned that other mixer designs may be more versatile 

in terms of the flow regimes they are able to utilise without adverse effects on reactor 

operation. These investigations were undertaken to mitigate the adverse jetting behaviour 

observed in the previous chapter.  In this chapter, the systematic assessment of co-axial 

type mixers is evaluated and the practical limitations of materials synthesis in such mixers 

are defined. 

4.1 Introduction: 

 Many different reaction point designs are reported in the literature that are suitable for the 

continuous hydrothermal synthesis of nanoparticles. (Lester et al., 2006; Lester et al., 

2010) These geometries take many forms, with many orientations of flows to overcome 

some of the difficulties associated with mixing supercritical and ambient temperature water 

as reviewed earlier in Chapter 1. (Lester et al., 2010) Geometries based on movable inlets, 

(Mae et al., 2007) swirl type mixers, (Kawasaki et al., 2010) classical tee mixers (Adschiri 

et al., 1992a; Takami et al., 2012; Toft et al., 2009) and nozzle-type mixers (Blood et al., 

2004; Lester et al., 2006; Middelkoop et al., 2009), are all well represented in the 

literature. Many of the aforementioned methods of mixing for CHFS type processes give 

“poor mixing” of the component streams within the reaction point leading to material 

deposition and reactor blockage (these complications are often poorly described), and often 

arise through hydrothermal reaction of precursors prior to entering the mixer as discussed 

further in Chapter 1. (Blood et al., 2004; Lester et al., 2006; Takami et al., 2012) As shown 

in Chapter 3, mixing supercritical water and ambient temperature water is complex and 

many of the heat and mass transfer processes governing the formation of nanoparticles are 

poorly described due to the high operating temperatures and pressures required for the 

synthesis of nanoparticles in CHFS. The large differences in the physical and transport 



Chapter 4 

 

175 
 

properties of the flows that are mixing and the need to prevent “preheating” of the 

incoming precursor feed are at the heart of the problem which prevents the efficient use of 

mixers in CHFS.   

Although, accurate data of the mixing processes occurring within CHFS systems are 

difficult to acquire, a set of empirical criteria have been defined to satisfy nanoparticle 

synthesis in CHFS and define the “ideal” mixing of precursor feeds in a CHFS system  

which result in the formation of nanoparticles. (Takami et al., 2012) Although, in Chapter 

3 it was shown that a large distribution of temperature within a counter current reactor 

showed little apparent effect on the nucleation and growth of nanoparticles, the criteria are 

widely applied in the development of novel reaction points for the synthesis of 

nanoparticles using CHFS. The criteria include the following characteristics; near 

instantaneous and uniform mixing of reactant streams with a supercritical water feed, short 

reaction residence times to limit particle growth (through coarsening or growth from 

solution), minimal heating of precursor feeds prior to rapid mixing with a preheated 

supercritical water feed ensuring rapid and uniform nuclei formation, high flow velocity 

from the reaction point to prevent the  accumulation of reagents and products at the 

reaction point. (Lester et al., 2006) As initially discussed in chapter 3, defining limits with 

many of the ideal conditions for the formation of nanoparticles is difficult as such these 

empirical criteria have been used to guide the development of a novel reaction point 

suitable for the synthesis of nanoparticles presented in this Chapter. Nevertheless, it is 

widely reported that the reaction point geometry and the degree of mixing between the 

component streams influences the size distribution of materials produced although 

independently in a counter-current reactor large temperature variations in and around the 

point of particle nucleation did not yield measurable effects on particle size or distribution. 

(Adschiri et al., 1992b; Lester et al., 2006; Takami et al., 2012; Toft et al., 2009) 

In this Chapter an experimental evaluation of co-axial mixers is presented for the 

continuous hydrothermal synthesis of nanoparticles. Coaxial mixers often find application 

in combining a laminar flow with a turbulent flow, and at ambient conditions mixing is 

governed by the mass flow rate ratio of laminar and turbulent feeds, respectively. 

(Zhdanov and Chorny 2011; Chorny and Zhdanov 2012; Pitts 1991a) As initially discussed 

in Chapter 3, this could be beneficial for the synthesis of nanomaterials in CHFS as mixing 

a ambient temperature feed of precursors (ρ ≈ 1010 kg m
-3

) and a high temperature low 

density feed of supercritical water (ρ ≈ 166 kg m
-3

)  is complicated by the large differences 
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in the physical properties of the component streams. (Takami et al., 2012) Mixing a feed of 

supercritical water and a denser precursor flow in a co-axial flow orientation would confer 

a similar variation in the mass flow rate ratio normally used to control mixing, especially if 

the low density feed flowed through a narrow inlet. In co-axial jet mixers the inner flow 

always supplies the most turbulent feed and the mixing of the turbulent inner flow with its 

laminar co-flow occurs through entrainment into the rear of the emerging turbulent jet. 

(Pitts 1991b; Sreenivasan et al., 1989) Although, in many co-axial mixing applications a 

degree of recirculation within the turbulent jet flow is expected especially at high Re 

numbers, in CHFS this recirculation could be tolerated if no adverse effects on particle 

properties were measured as this was initially evidenced in Chapter 3. (Takami et al., 

2012) As suggested in Chapter 3, zones of recirculation are inferred from an in-situ 

temperature profile analysis of a mixer that has been used in the synthesis of nanoparticles. 

This Chapter describes an experimental evaluation of a co-axial type reaction point and the 

steps taken to select an optimal geometry for the synthesis of nanomaterials (yielding a 

novel application of this mixing configuration). Hereafter, co-axial jet mixers are referred 

to as CJM or confined jet mixers. Data obtained from operational envelope studies of the 

formation of ZnO and hydroxyapatite is presented in Chapter 3 has been used to explain 

experimental observation made here. The synthesis of both hydroxyapatite and ZnO 

nanoparticles have been used to study the effects of nanoparticle synthesis in CJM. All 

materials reported in this section were characterised by XRD, Raman spectroscopy and 

TEM. 

4.2 Materials and Methods: 

4.2.1 Reagents: 

Diammonium hydrogen phosphate (NH4)2HPO4 (98.3 wt %), calcium nitrate tetrahydrate 

Ca(NO3)2·4H2O (99.0 wt %), Zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 98 %) and 

potassium hydroxide (KOH; 96%) were obtained from Sigma Aldrich (Dorset, UK). 

Ammonium hydroxide solution (NH4OH, 30 % w/w) was obtained from VWR 

International (Lutterworth, UK).  
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4.2.2 Materials Synthesis: 

Sample of both hydroxyapatite and ZnO produced using CJM type reaction point 

geometries are presented and have both been used as model systems to validate the use of 

CJM for the synthesis of nanoparticles. Samples of ZnO were produced under equivalent 

conditions to those used in the preparation of samples ZnO8 and ZnO12 (Chapter 3), 

where Qp (combined precursor (P2 + P3) flow rate) and Qsw (supercritical water flowrate) 

were equal.  All reactions were conducted using a 0.1 M metal salt concentration and an 

equal concentration of KOH. Similarly, the conditions chosen for the synthesis of 

hydroxyapatite were equivalent to those used to produce samples HA4 and HA6 (chapter 

3) and Qp (combined precursor (P2 + P3) flow rate) and Qsw were equal and all syntheses 

were conducted using 0.1M metal salt concentrations. All materials synthesis was 

performed using CHFS system 1 into which a CJM was inserted (shown schematically in 

figure 4.1). The materials are identified by the flow regime chosen for the synthesis and 

further identified by the ratio of the diameters (do-di) of the preheated water inlet (di) and 

the diameter of the confining tube (do) of the CJM used in the synthesis, if the material was 

produced in a reaction point with a different physical dimension e.g. A hydroxyapatite 

sample  produced in a CJM with a 0.99 mm diameter inlet and a 4.97 mm confining tube 

using a flow rate of Qp + Qsw = 40 is identified as 40HA3.98.  

4.2.3 CJM Reaction Point Geometries: 

A schematic diagram of the CJM used in this work is presented in figure 4.1. The 

schematic shows the typical arrangement of the reaction points defined as CJM type which 

were substituted into CHFS system 1. The details of the components used for the 

construction of all CJM are presented in greater detail within Chapter 2. In this Chapter 

several attributes of CJM were evaluated, the first being the position of the supercritical 

water inlet (di) relative to the other process feeds, and the second was the physical 

dimensions of the mixer. In this Chapter data, is presented from two inlet positions defined 

as confined and unconfined, in the unconfined position the inlet of preheated water was 

below the level of the precursor annuli, in the confined position the inlet was positioned 

above the precursor inlet annuli and confined by the diameter of the outer tube do as shown 

in figure 4.1. Data from these analyses is presented in Section 4.3.1 for a reaction point 

constructed from ¼” components and a 1/16” inlet (do = 4.97 and di = 0.99).  CJM 

constructed to be of different dimensions are presented in section 4.3.2. The reaction point 
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geometries used in this work are identified by the ratio of the diameters (do - di) of the 

preheated water inlet (di) and the diameter of the confining tube (do) as summarised in 

table 4.1.  

 

Figure 4.1: Schematic representation of CJM reaction point geometries defining the key 

dimensions used within the text (drawn to a relative scale). Key: di = the diameter of the 

preheated water inlet, do = the diameter of the confining tube, z = position within reactor, 

Q = flowrate, Qsw =  flow rate of preheated water, Qp =  flow rate of precursors. 

Table 4.1: Summary of inner pipe diameters and components used for the construction of 

CJM presented in this chapter. 

Geometry 

identifier  

(do-di) 

Inlet (“) 
Confining 

tube (“) 

di 

(mm) 

do 

(mm) 

3.98 1/16 1/4 0.99 4.97 

6.63 1/16 3/8 0.99 7.62 

3.57 1/8 1/4 1.4 4.97 

6.22 1/8 3/8 1.4 7.62 
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4.2.4 In-situ Temperature Measurements: 

Temperature profiles were measured inside different CJM mixers by inserting four long 

thermocouples into the reaction point at positions relative to the terminus of the preheated 

water inlet (defined as z  = 0 in figure 4.1) and described in greater detail within Chapter 2. 

CJM reaction point geometries were evaluated in the same manner as that presented in 

Chapter 3 for the evaluation of the counter-current mixer. However, many more 

measurements were taken and the thermocouple positions used in each analysis are either 

presented graphically within the text or described relative to z  = 0. As initially described 

in Chapter 2 and applied in Chapter 3, the IAPWS Formulation 1995 for the 

Thermodynamic Properties of Ordinary Water Substance for General and Scientific Use, 

were used alongwith the associated FLUIDCAL
TM

 software to determine the physical and 

transport properties of water at elevated temperatures and pressures. (Wagner and Pruss 

2002) 

4.3 Results and Discussion: 

In this section, the experimental evaluation of Confined Jet Mixers (CJM) for the 

continuous hydrothermal synthesis of nanoparticles is discussed. Initially, the effects of 

inlet position within the geometry are identified, and an analysis of flow events leading to 

undesirable conditions for the synthesis of nanoparticles are presented. This chapter then 

moves forward to assess the effect of several reaction point geometries, which differed in 

physical dimensions. Analysis is presented from both in-situ temperature measurements 

and from materials characterisation. 

4.3.1 Effects of Inlet Position: 

Initially, the effects of inlet height on the practical aspects of reactor operation were 

evaluated. The inlet positions used are depicted graphically in figure 4.3, where the low 

inlet position level with the annuli of the precursor inlets (hereafter know as unconfined) 

and the high inlet position, which was sited just above the upper part of the precursor inlet 

annuli (hereafter referred to as confined).  

The effect of inlet position during materials synthesis was evaluated using both the 

synthesis of HA and ZnO nanoparticles to define the experimental limits of the CJM 

geometry with the inlet positioned in both the confined and unconfined position. The 

reactions chosen for the evaluation of the system were the same as reactions ZnO12 and 
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HA6 (presented in Chapter 3), the products of the reaction were characterised by XRD and 

TEM. Diffraction patterns showed the expected material phase for the reaction products 

obtained from both the confined and unconfined inlet positions (data not shown). However, 

it was observed that significant material deposition occurred in syntheses conducted using 

the unconfined inlet position (ca. 10-15 minutes of operation) as shown in figure 4.2a 

(synthesis of ZnO), whereas figure 4.2b shows the same experiment conducted with the 

inlet confined within the annulus. The mean crystallite sizes of these samples determined 

by TEM were 68.9 ±14.2 nm (±SD) and 65.7± 31. 3(±SD) for ZnO synthesized with 

confined and unconfined inlet positions (figure 4.2 c), with more polydisperse particle size 

distributions being produced in the unconfined geometry. Similarly, in the case of 

hydroxyapatite crystallite sizes of 269.1 ± 92.7 (±SD) and 308.2 ± 80.3 (±SD) were 

obtained from materials produced in the confined and unconfined inlet positions, 

respectively (figure 4.2d). These observations suggest a degree of particle growth occurred 

when the inlet was in the unconfined environment. However, the measured difference in 

particle size is not as severe as would be anticipated by a review of the available literature. 

However, the data presented in Chapter 3 supports this observation. (Takami et al., 2012) 

In both cases the increase in particle size and crystallite polydispersity has been attributed 

to particle growth. This could be attributed to either recirculation occurring within the 

reaction point (broadening the residence time distribution around the point of particle 

nucleation) or through differences in the nucleation and growth processes of nanoparticles 

arising from inhomogenous particle nucleation. (Adschiri et al., 1992) Similarly, the 

observed deposition is likely caused by particle nucleate formation and growth in an 

Ostwald ripening type process possibly induced by recirculation of the flows of Qsw and Qp 

within the geometry. (Adschiri, Kanazawa, & Arai 1992)  

 

To explain further the differences observed in material deposition and particle-size, in-situ 

temperature measurements were performed to assess if any heat or mass transfer processes 

could be attributed to these observations.  Figures 4.3 a and b show the temperature 

measured at different points within the geometry using both the confined and unconfined 

inlet positions as a function of Tsw, Qsw and Qp and the theoretical mixture temperature 

(Tmix) defined by enthalpy balance for each temperature and flow condition is summarised 

in table 4.2. From figure 4.3, it can clearly be seen that Tsw, Qp,  Qsw  and the ratio of Qp : 

Qsw affect the mixing environment and the distribution of temperature across the geometry 
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in both the confined and unconfined positions. The increase in measured temperature from 

thermocouples at z = -5 and -10 (figure 4.3 a) suggests flow of the pre-heated water into 

the precursor annuli with the increase in temperature linked to both Tsw, Qp,  Qsw   and the 

ratio of Qp : Qsw increasing as would be expected for increasing Tsw and Gsw, owing to the 

thermal dilation of Qsw issuing from the inlet. In the case of the confined inlet (figure 4.3b) 

a degree of heat transfer was observed between the inlet and Qp in annulus between the 

inlet and confining tube (do - di). Identifying compromises in both inlet position choices in 

 

Figure 4.2: Photographs showing the differences in deposition between inlet position and 

material deposition a) synthesis of ZnO when the inlet was unconfined, b) synthesis of 

ZnO when the inlet was confined, c) histogram representations of ZnO nanoparticles with a 

confined (red) and unconfined inlet (green), d) histogram representations of HA with a 

confined (red) and unconfined inlet (green). 

satisfying the ideal reaction criteria outlined previously.  At first glance, the flow pattern 

expected to issue from the supercritical water inlet in figures 4.3 a) and b) can be 

simplified to a, vertical, axisymmetric, buoyant, and turbulent jet which entrains a co-flow 

(i.e. the precursors).  Estimates of the events leading to the observed distribution of 

temperature can be made if the dominant forces influencing jet behaviour can be identified 

i.e. velocity, temperature difference and density differences. For clarity, a representation of 

the events occurring within the reactor is presented in figure 4.4 which also serves to 

define the position of thermocouples referenced. 
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Figure 4.3: The 30 second time averaged temperatures recorded for a ¼” geometry with 

the inlet (1/16”) position set at different heights a) inlet level with the annuli of precursor 

inlets (unconfined), b) inlet confined within the outlet annulus (confined). 
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Table 4.2: Summary of Tmix temperatures (°C) for different process conditions determined 

from overall enthalpy balance for each temperature of Qsw and flow regime (Qsw: Qp). 

Flow 

regime 

Qsw:Qp 

Heater set temperature 

(°C) 

350 400 450 

10:10 199 320 338 

15:15 199 320 338 

20:20 199 320 338 

25:10 256 352 383 

 

Figure 4.4: Drawing representing the possible mechanism of observations from 

temperature measurements (approximately to scale) of the confined inlet position (left) and 

unconfined (right) indicating the relative placement of thermocouples (T). 
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Accurately, determining the effects of supercritical jet exit temperatures are difficult in this 

system as the temperature and density of Qsw are subject to change over both Qsw: Qp 

especially in light of the heat transfer (ΔQ) occurring in the confined inlet geometry (figure 

4.3 b). However, in the unconfined inlet geometry the loss of heat from Qsw can be 

assumed to be minimal, as the inlet does not penetrate into the cooler precursor flow (as 

indicated by Tmix being reached in the annulus of the outlet). As such, the temperature at 

the point of issue is assumed to be that of Tsw from the heater. Where, under this 

assumption the relative magnitude of the momentum of the flow of Qsw z=0 (where z = 0 is 

defined as the terminus of the preheated water inlet) compared to the viscous drag force 

can be represented by the Reynolds number, Resw z=0, of the flow (Equation 4.1); (Coulson 

et al., 1999) 

o=z sw

o=z sw

o=z sw

o=z swo=z sw

o=z sw

4

Re




di

G
diu



 (Equation 4.1) 

Where, ρsw z=o, usw z=o and μsw z=o are the density, velocity and dynamic viscosity of Qsw , 

respectively, and di  is the internal diameter of the inlet (0.99 mm in this case).   Similarly, 

the relative magnitude of the momentum of the jet acting upwards compared to the 

buoyancy forces  can be represented  by the square of the Froude number, (Frsw z=0)
2
 (equal 

to the reciprocal of the Richardson number, Ri ( i.e. the ratio of sheer to buoyancy in the 

flow ) as described by equation 4.2;  (Coulson et al., 1999) 
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, (Equation 4.2) 

Where, μsw is the density of Qsw, z=0. As summarised in table 4.3 the  magnitude of  Resw, z=0 

ranged  from 3.0 to 18.8 x 10
3  

increasing as expected for Gsw and Tsw, defining the flow in 

the mixer as  turbulent at the point of issue under all evaluated flow and temperature 

regimes. Similarly, the magnitude of  (Frsw z =0)
2
 for the mixer  increased as expected with 

Tsw and Qsw. This suggests that over the range of Tsw and Qsw, the  rapid movement  of flow  

towards the outlet of the mixer is driven by momentum (Frsw, z=0)
2
 >> 1. The influence of 

buoyancy on the behaviour of the jet issuing from the inlet can be largely ignored in this 

context as in all evaluated flow and temperature regimes the magnitude of (Frsw, z=0)
2
 >> 1, 

suggesting a large dominance of momentum over buoyancy. A review of axisymmetric 



Chapter 4 

 

185 
 

buoyant jets by  Rodi et al.  suggested that the contribution of buoyancy to jet behaviour 

can be ignored if the Fr 
2
 > 5, as shown in table 4.3 this was calculated to be the case for all 

measurements. (Ljuboja and Rodi 1980; Rodi and Srivatsa 1980)  

Table 4.3: Summary of supercritical water jet behaviour calculated for the CJM with an 

unconfined inlet. 

Qhw Qp Tmix  

°C 

'

0, zswT
 

°C 

Rehw,z=0 

x 10
3
 

(Frhw,z=0)
2
 

mL min
-1

 

10 10 199 350 3.0 21 

20 20 199 350 5.9 89 

25 10 256 350 7.5 133 

10 10 320 400 7.6 40 

20 20 320 400 15.3 159 

25 10 352 400 19.1 248 

10 10 338 450 7.5 55 

20 20 338 450 15.0 219 

25 10 383 450 18.8 313 

 

The study of vertical, axisymmetric, buoyant jets is of particular relevance in 

understanding the measured temperature distribution within the CJM in the unconfined 

inlet position. Coaxial turbulent jets are well known to entrain a co-flow (i.e. the precursor 

flow in this case) which leads to the thermal and spatial dilation of the jet. (Ricou and 

Spalding 1961) It is well known that jets entrain fluid in their wake, often resulting in re-

circulation and a broadening of the residence time distribution of the mixer with more 

turbulent jets environments leading to greater degree of recirculation as summarised in 

table 4.3.  This was shown to increase with both Resw, z = 0 and Fr
2

 sw, z = 0. (Pitts 1991;Ricou 

& Spalding 1961) From this analysis,  dilation and relatively poorly controlled 
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recirculation of the jet is expected due to the flow issuing into a unconfined environment. 

Similarly, in the unconfined position the temperature of the medium into which the jet is 

issuing would also affect the behaviour of the jet, although this is beyond the resolution of 

the measurements. However, if the jet is unable to entrain a sufficient co-flow, greater 

recirculation would be expected as is observed when Qsw > Qp (figure 4.3 a). Suggesting, 

that the observed increase in nanoparticle polydispersity using a CJM with an unconfined 

inlet arises partly due to the thermal gradient across the mixer (leading to inhomogenous 

particle nucleation) and the formation of zones of recirculation leading to steady material 

buildup (through Otswolds ripening) and material growth through recirculation i.e. a local 

increase in reagent concentration in zones of recirculation. Nevertheless, the measured 

effect on particle size was smaller than expected for the degree of deposition observed 

within the reactor. Although recirculation caused issues the residence time distribution in 

the mixer was still sufficiently short to prevent nanoparticles growing to much greater than 

the nm scale. 

 

As shown in figure 4.2, the confined inlet showed properties more desirable for the 

formation of nanoparticles in CHFS in terms of minimal material deposition within the 

reactor and a comparatively narrower PSD for the materials produced. However, 

accurately determining the effect of supercritical water inlet temperature on the behavior of 

the jet issuing from the confined inlet is more complicated than the simplified analysis of 

the unconfined inlet. This is due to heat transfer occurring between the feeds (Qsw and Qp) 

and the possible influence of the confining wall.  Figure 4.5 provides a sketch of the 

processes of heat and mass transfer expected in the confined inlet mixer. The 

measurements presented in figure 4.3 have shown that complete mixing of the feed issuing 

from the inlet and the precursor flow reach Tmix within 4 mm of the terminus of the inlet. A 

magnitude of heat transfer (ΔQ) was also observed to increase with both increasing Qp + 

Qsw and Tsw. This suggests that events occurring shortly after issue at the terminus of the 

inlet are responsible for the fully mixed stream at z = 4 mm. The observation of complete 

mixing  and beyond  z = 4 mm is consistent with the findings of previous studies. (Chorny 

and Zhdanov 2012; Zhdanov and Chorny 2011) Where, highly turbulent jets have been 

shown to rapidly entrain a co-flow leading to a uniform concentration of a passive scalar at 

and beyond five inner pipe diameters for ambient flows and between 1.8 - 2.4 inner pipe 

diameters in near critical flows (issuing into a cold co-flow). (Augustine and Tester 2009; 
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Chorny and Zhdanov 2012; Zhdanov and Chorny 2011) In the case of the confined inlet, it 

was possible to estimate the magnitude of the heat transfer occurring between the inlet and 

the precursor feed by the measurements taken at z = -20 and z = -10 over a heat transfer 

area (Ao) of 7.85 x 10
-8

 m
-2

 (calculated using a simple co-axial heat exchanger model). 

(Coulson et al., 1999) Correspondingly, the estimates of heat transfer coefficients ranged 

from 1.75 to 2.35 kW m
-2

 k
-1

 increasing as expected with an increase in Tsw,in and Gsw. The 

values obtained from this estimation agreed well with those measured for the counter-

current reactor (0.9 - 2.0 kW m
-2

 k
-1

) derived from the measurements presented in Chapter 

3 (not reported in detail). However, the complications with accurately placing a 

thermocouple at z = 0 influenced this analysis, as an apparent temperature step between 

just below the terminus of the preheated water inlet and the mixture was observed. This 

step will now be shown to be due to rapid and complete entrainment of the precursor flow.  

 

 

 

Figure 4.5: Representation of the processes of heat and mass transfer occurring within the 

confined jet reactor. 

As the streams of Qsw and Qp meet at the terminus of the inlet the temperature of the 

mixture (Qp + Qsw) may reach Tmix, simply by conduction of heat between the supercritical 

water and aqueous precursor feed, even if no mixing occurred between the two streams. 

This has in fact been observed in direct observation measurements performed in CHFS 

systems as reviewed in Chapter 1. Consequently, the magnitude of the distance required to 

closely approach Tmix through the conduction of heat between the inlet (diameter di) of and 

an annulus (width do – di)  has been estimated to ensure the rapid transition to Tmix is not 

governed by conduction. This situation represents a simple pipe-in-pipe co-current heat 

exchanger. In stratified flows of steam and water, it has been reported that Uo (heat transfer 
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coefficient) can vary between 3 and 30 kW m
-2

 K
-1

 giving a length to approach within 95% 

of Tmix ranging from 200- 33 mm (Qp + Qsw = 20 (Tsw = 350) and Qp + Qsw (Qsw > Qp) = 35 

(Tsw = 450), respectively, i.e. much greater than the measured 4 mm suggesting events 

occurring near the terminus governed the rapid mixing. (Chorny & Zhdanov 2012; Viollet 

1987) The work of Thring and Newby assessed the flow of co-axial turbulent jets of different 

densities, similar to the densities and velocities presented here and described a parameter which can 

predict whether a jet issuing into a co-flow can entrain all the available co-flow as described by 

equation 4.3: (Thring and Newby, 1980) 

     
      

   
(
   

  
)
   

  

  
  (Equation 4.3) 

Where, Ctn is the Thring-Newby parameter, Gp is the mass flow-rate of the precursor, Gsw 

is the mass flowrate of the preheated water , ρsw is the density of the preheated water at the 

outlet, ρp is the density of the precursor flow, di is the inlet diameter and do is the diameter 

of the confining tube. According to Thring and Newby’s analysis, there is insufficient co-

flowing fluid if Ctn  <  0.9 and it is likely that a recirculation zone is formed downstream of 

the inlet. However, in this case slight recirculation could be tolerated if no adverse effects 

on particle size were measured. If it is assumed that no heat transfer occurs between Qp and 

Qsw as is the case in the unconfined mixer the values of Ctn ranged from 0.128 – 0.08, 

suggesting that the jet issuing from the inlet will entrain all the precursor flow and could 

possibly entrain a significantly greater co-flow than its own mass flow rate. Similarly, a 

relationship was put forward in which the distance required for the Jet to entrain all 

available co-flow as defined by equation 4.4; (Thring and Newby, 1980) 

 

                  (Equation 4.4) 

Where, X0 is an estimate of the distance required by the jet to entrain the fluid, do is the 

diameter of the confining tube and Ctn is the Thring-Newbury parameter.  In the 

unconfined mixer distances in the order of a few mm (range 0.99 – 2.54 mm) were 

calculated assuming the confining tube could be represented by do. However, in the case of 

the confined inlet, the density and velocity of the jet issuing from the inlet is subject to 

large variation near the critical temperature and the effect of ΔQ could not be readily 

resolved. For this reason, calculation of the effect of supercritical water exit temperature 

were estimated assuming different magnitudes of heat transfer occurring between Qp and 

Qsw (arbitrarily defined) resulting in a distribution of  temperatures and densities between 
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Qsw and Qp. An analysis is presented on the basis of differences in density between Qp and 

Qsw determined from enthalpy balance and an indication of the total heat transfer yielding 

different mixing lengths is presented. The specific enthalpy and thus the temperature and 

density at 24.1 MPa of the superheated water exiting the inner tube at z = 0 (within these 

bounds) was determined using equation 4.5: 

ppswswzswzsw GQThTh /)MPa 24.1,()MPa 24.1,( '

0,0,  (Equation 4.5) 

Where ΔQp is the heat transferred from Qsw to Qp. Similarly, the temperature of Qp may be 

determined by adding the heat transferred to known enthalpy of ambient temperature 

water. The calculation of all relevant physical properties is presented in table 4.4 assuming 

different magnitudes of heat transfer through defining the temperature of Qp z=0. From this 

analysis is can be seen that even at relatively large magnitudes of ΔQ substantial 

entrainment between the precursors and preheated water is expected, owing principally to 

the large density change in water around the critical point as discussed further in Chapter 1. 

These calculations suggest that the behaviour of Qsw issuing from the inlet is responsible 

for the mixture rapidly achieving Tmix. Similarly, the estimated distances for entrainment 

fall within the measured mixing lengths determined experimentally. This analysis showed 

that even if ca. 90% of the mixture temperature was reached by Qp the flow regime at issue 

would yield a Re and Fr
2
 similar in magnitude to those assumed for the adiabatic case i.e. 

the flow would be turbulent and the flow would show a (Frsw z=0)
2
 >>1 and be dominated 

by momentum, and that rapid entrainment was caused by the momentum of the jet. (Pitts 

1991) Although a significant simplification this analysis suggests that in all reported cases 

this mixer geometry operates in a regime where, 1) rapid entrainment of the precursor 

solutions into the issuing jet is occurring and 2) that the jet could potentially entrain a 

greater flow of precursors relative to its own mass flow rate. To further support the 

discussion presented here a brief description of CFD modeling data for the CJM is 

presented in section 4.3.2. From a particle formation point of view it was shown in chapter 

3 that ZnO formation occurs through the formation of a soluble intermediate which in the 

CJM operated in the confined position would form through preheating of the precursor in 

the annulus bound by do-di and dehydration would only occur above a temperature of 305 

°C suggesting that deposition in this reaction would be unlikely. However, similar 

observations were also made in the synthesis of hydroxyapatite which suggests this 

reaction point is suitable for the efficient and clean (lack of material deposition) of many 
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nanoparticle compositions. However, this analysis also suggested that recirculation would 

occur under all reaction conditions downstream of the inlet. However, recirculation 

downstream of the particle formation could be tolerated if no adverse effects in particle 

properties or evidence of particle growth were measured. This chapter now moves forward 

to evaluate this aspect of the application of CJM for the synthesis of nanoparticles.  

 

Table 4.4: Summary of the variation in entrainment length and Ctn as a function of density 

difference at z = 0. All calculations are derived from a defined temperature difference at z 

= 0. 

Qsw Qp Tsw Tmix Tpz=0 (°C) 

Tsw, 

z=0 

(°C) 

(Frsw, 

z=0)
2
 

Resw, z=0 

x 10
4
 

Ctn 
Xo 

(mm) 

25 10 450 383 100 419 288 1.9 0.15 1.78 

20 20 450 338 100 392 142 1.5 0.18 2.08 

10 10 450 338 100 392 35 0.74 0.25 2.78 

25 10 450 383 200 399 241 1.9 0.30 3.43 

20 20 450 338 200 381 88 1 0.34 3.58 

10 10 450 338 200 381 22 0.5 0.38 3.98 

25 10 450 383 300 387 178 1.8 0.32 3.92 

20 20 450 338 300 351 85 0.6 0.36 4.04 

10 10 450 338 300 351 21 0.3 0.45 4.32 

 

4.3.2 Preliminary modelling data: 

The modelling data presented for the CJM was completed by Dr Caiyun Ma and Professor 

Xue Wang (University of Leeds). CFD models of the mixing in the CJM were generated 

using the FLUENT software package and constructed as described in our previous work. 

(Ma et al., 2011) Figure 4.6, shows the velocity, temperature and density vector 

distribution in the region near the terminus of the preheated water inlet modelled 

independently of the in situ temperature analysis presented here. This preliminary 

modelling work supports the above discussion of a large temperature (Figure 4.6 c) and 

density difference (figure 4.6 c) still occurring at the terminus of the inlet. This preliminary 

modelling data has served to demonstrate, both entrainment and recirculation (figure 4.6 a) 
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lead to the step change in temperature measured at z = 0 which made accurate (and 

reproducible measurements in the near z = 0 range impossible). Similarly, the modelling 

also supports the analysis presented above, which suggested that entrainment and 

vanishingly small mixing lengths would be observed in the region near the terminus even if 

high heat transfer was anticipated. In the model depicted below the temperature of Qp at z 

= 0 is in the region of 140 - 180 °C and still shows rapid entrainment and mixing. For 

comparison the heat transfer co-efficient determined from the model was 2.13 kW m
-2

 k
-1

 

and mid-range for the estimation presented earlier. Suggesting a valid interpretation of the 

experimental data presented earlier. 

 

Figure 4.6:  a) Velocity vectors (m s
-1

) b) temperature vectors (scale in K) and c) density 

distributions (kg m
-3

) in the supercritical water exit regions of a confined jet mixer (di = 

0.99, do = 4.97 mm). This modelling work is of the Tsw = 450 Qsw + Qp = 40 process 

condition. 

4.3.3 Effects of CJM mixers on the continuous hydrothermal synthesis of 

nanoparticles: 

To evaluate the effects of both materials synthesis in the CJM and to assess if the 

preheating of Qp prior to the terminus of the preheated water inlet influenced particle size, 

ZnO was chosen as a model system to evaluate the effect of processing variables. Samples 

were produced a flow rates ranging from Qp + Qsw = 20 to Qp + Qsw = 40 at three precursor 

concentrations as summarised in table 4.5 alongside the characterisation data obtained for 

each sample. The reactions governing the formation of ZnO in hydrothermal systems have 
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been described previously in Chapter 3 and by others. (Demianets et al., 2002; Li et al., 

1999) 

 

Table 4.5:  Summary of the synthesis conditions used for the production of ZnO on the 

laboratory scale CHFS process (mixer 1/16” inlet within ¼” components). 

ID 
[Zn] 

(M) 
Qsw Qp(zn) 

Qp 

(KOH) 
Cs 

(nm) 
TEM 

(nm) 

TEM 

SD 

(nm) 
AR 

Eg 

(eV) 

Yield 

(%) 

0.05M40 0.05 20 10 10 32.0 68.8 14.2 1.01 3.27 92 

0.1M40 0.1 20 10 10 37.7 64.6 11.9 1.06 3.26 88 

0.2M40 0.2 20 10 10 33.6 60.1 9.7 1.2 3.26 91 

0.05M30 0.05 15 7.5 7.5 37.8 67.1 13.5 1.04 3.26 90 

0.1M30 0.1 15 7.5 7.5 34.1 62.1 15.8 1.08 3.26 83 

0.2M30 0.2 15 7.5 7.5 33.2 59.3 14.8 1.1 3.26 96 

0.05M20 0.05 10 5 5 34.0 63.9 10.3 1.16 3.27 94 

0.1M20 0.1 10 5 5 33.6 69.2 11.7 1.18 3.27 92 

0.2M20 0.2 10 5 5 35.5 64.6 9.3 1.08 3.27 95 

Key: Cs is the crystallite size determined by application of the Scherrer equation, AR is the 

aspect ratio measured by TEM, Eg is the direct bandgap calculated using the KM method. 

The concentration of KOH was equal to the Zn concentration used in each synthesis. TEM 

is the average particle size determined by TEM and TEM (SD) is the standard deviation 

determined from a particle size distribution taken from ca. 300 particles. 

The diffraction patterns of the materials summarised in table 4.5 could be indexed to the 

Wurtzite structure of ZnO (ICDD 26170) and showed significant similarity to those of 

ZnO produced in Chapter 3. Significant similarity in particle size of ZnO produced in the 

CJM was inferred from calculation of the diffraction peak FWHM of the (101) reflection 

giving estimates of particle size consistent across the sample series as summarised in table 

4.5. The similarity in the reaction products was also reaffirmed by their UV-VIS spectra 

which all showed striking similarity, the band gaps of each of the samples are summarized 

in table 4.5 and showed no significant differences in any of the samples inferring no size 

dependent absorption effects. (Hale et al., 2005) TEM images representative of samples 

0.05M20 – 0.2M40 (table 4.5) are shown in figure 4.7 and were used to confirm the 

similarity in particle size and size distribution inferred from powder XRD. A summary of 
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the particle size distributions taken from the measurement of ca. 300 particles of each 

sample are summarised in table 4.5, showing that crystallite size and size distribution is 

largely invariant over the experimental conditions presented. The observations infer that 

the particle nucleation and growth steps of ZnO are largely unaffected by slight variation in 

the mixing processes occurring within the CJM and that heat transfer occurring between 

Qsw and Qp within the reactor has little effect on the formation of nanoparticles in this 

reactor. From the data presented in Chapter 3, the formation of ZnO nanoparticles was 

shown to proceed via a soluble Zn peroxide species the dehydration and crystallization of 

which was shown to occur at temperatures above 305 °C. From the measurements 

presented in figure 4.3 and the temperature calculations presented in table 4.4, it is unlikely 

that the reagents in the CJM only reach a temperature >305 °C when almost completely 

mixed with Qsw. As such, it is unsurprising that little effect in the variation both Qsw and Qp 

is seen in the properties of ZnO produced using this reactor.  

 

The anisotrophic growth of ZnO is observed in many syntheses, and is expected if there are 

distinct particle nucleation and growth phases present. (Demianets et al., 2002) To confirm 

that no slight anisotropic particle growth occurred in the samples produced using the CJM, 

the aspect ratio distributions of each of the samples were measured (ca. 150 particles), 

yielding values close to 1 (range 1.0 - 1.2) for all samples as summarised in table 4.5. As 

ZnO rods, bars and whiskers have been synthesised in other continuous hydrothermal 

systems, these observations imply that a particle growth phase can be observed in CHFS 

systems, arising through differences (sic) in the nucleation of particles. (Ohara et al., 2004; 

Sue et al., 2004a; Sue et al., 2004b; Sue et al., 2004a) As these observations were not 

made in this sample series (0.05M20 – 0.2M40), the data suggests that the nucleation and 

growth of nanoparticles was not sufficiently different to observe a change in the 

characteristics of the reaction products. Although, from the calculations presented in table 

4.4 slight differences in the behavior of Qsw exiting the preheated water inlet could be 

expected, but do not appear to be significant enough to observe differences in the 

nucleation and growth of the nanoparticles even when the precursor concentration was 

varied (an attempt to exaggerate any particle growth phases). These observations are 

consistent with the observations made in Chapter 3. It is inferred that the differences in 

mixing behavior in the CJM as a function of flow rate and the degree of heat transfer 

occurring with the CJM were not large enough to observe differences in the growth of 
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nanoparticles. This chapter now moves forward to assess the effects of the physical 

geometry of CJM mixers and the effects of variation in flow rate.  

 

Figure 4.7: TEM images representative of ZnO nanoparticles produced on the laboratory 

scale CHFS  process through a variation of flow rate and precursor concentration, a) 

0.05M40, b) 0.1M40, c) 0.2M40, d) 0.05M30, e) 0.1M30, f) 0.02M30, g) 0.05M20, h) 

0.1M20 and i) 0.2M20. 
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4.3.4: Evaluation of CJM on Particle Synthesis 

In this section the effect of the physical dimensions of the reaction points are assessed for a 

fixed Tsw (450 °C) and at two flow regimes Qp + Qhw = 40 and Qp + Qhw = 20. Tabulated 

characterisation data for the materials presented in this section is provided in Table 4.6 

alongside the synthesis conditions. This section presents data from four distinct geometries 

of CJM (identified in Table 4.1). These experiments were performed to assess if the slight 

variation inferred from in-situ temperature measurements and calculation of the flow 

regimes influenced the properties of nanoparticles obtained from the process. The 

application of CJM to the synthesis of nanoparticles was evaluated using both 

hydroxyapatite and ZnO as model systems to supplement the data reported in table 4.5. 

Table 4.6: Summary of the synthesis and characterisation details of the nanoparticles 

produced for the evaluation of CJM of different dimensions as summarised in table 4.1 

ZnO 

[CJM] (do-di) Qsw Qp(zn) 
Qp 

(KOH) 
Cs (nm) 

TEM 

(nm) 

TEM 

SD 

(nm) 
AR 

Eg 

(eV) 

Yield 

(%) 

3.98 20 10 10 29.6 65.7 13.3 1.06 3.27 90.3 

3.98 10 5 5 31.1 68.8 14.2 1.10 3.26 87.6 

6.63 20 10 10 30.5 64.6 11.9 1.03 3.26 90.2 

6.63 10 5 5 34.2 60.1 9.7 1.08 3.26 87.8 

3.57 20 10 10 33.5 67.1 13.5 1.13 3.26 93.4 

3.57 10 5 5 33.6 54.4 16.7 1.13 3.26 92.4 

6.22 20 10 10 29.6 68.6 13.1 1.02 3.27 90.9 

6.22 10 5 5 34.2 65.9 14.2 1.15 3.26 79.2 

Hydroxyapatite 

3.98 20 10 10 - 187.3 24.9 3.23 - 88.9 

3.98 10 5 5 - 183.8 21.2 4.01 - 94.6 

6.63 20 10 10 - 212.4 42.3 3.56 - 92.2 

6.63 10 5 5 - 218.3 45.0 3.42 - 93.1 

3.57 20 10 10 - 198.6 32.6 3.56 - 89.6 

3.57 10 5 5 - 241.5 46.4 3.78 - 90.8 

6.22 20 10 10 - 226.5 36.7 3.47 - 93.2 

6.22 10 5 5 - 234.0 41.02 3.58 - 87.3 

Key: All metal salt precursor concentrations were fixed to 0.1M, AR = aspect ratio, Cs 

crystallite size determined from the application of the Scherrer equation. 
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Measurements of temperature taken from the four distinct CJM mixers are presented in 

figure 4.8. The characteristic mixing length (defined as the distance taken for the mixture 

preheated water and precursors) to reach the theoretical maximum temperature Tmix was 

used as a measure of the performance of each CJM.  Where, in figure 4.8 complete mixing 

(the mixture achieving Tmix as summarised in table 4.1) is shown to occur within 5 internal 

pipe diameters (di) in each geometry over a large range of Tsw and Qp : Qsw ratios (Qp + Qsw 

= 20, Qp + Qsw = 40 and Qp (10) + Qsw (25) = 35) and suggests significant similarity in the 

mixers with the notable exception of the mixer 6.22 (figure. 4.8d) in which Tmix is achieved 

at ca. 10 internal pipe diameters. The similarity in temperature measurements for different 

mixers is unsurprising in light of the analysis presented for the confined inlet reaction point 

presented in Section 4.3.1. If it is assumed that the magnitude of heat transfer ΔQ is similar 

in each geometry the variation in (di / do) over each geometry is comparatively small (0.9 -

1.2 mm) and as such it is expected by equations 4.1 and 4.2 that slight dilation of the inlet 

would yield comparatively small effects on the jet of preheated water issuing from the inlet 

as neither the Re of the flow or (Fr)
2
  would not change significantly in magnitude.  

Although, a degree of variation in the (Frsw z=0)
2
 of Qsw issuing from inlets of different 

internal diameters would suggest slight variations in the length of entrainment, in many 

cases these variations are anticipated to be much smaller than the resolution of the 

temperature measurements (equation 4.4). However, these measurements have served to 

identify the dynamics in mixing in CJM of different size ratios. In this evaluation, 

“equivalent mixing behaviour” is observed in reactors with do-di ratios of 3.98, 3.57 and 

6.63.  In these geometries either a higher magnitude of Resw z=0 and correspondingly greater 

(Frsw z=0)
2
 or a narrower annulus bound by do-di was used when compared to the 6.22 

reactor (figure 4.8 d). This suggests a dynamic interplay between jet behaviour at the 

terminus of the inlet and the influence of the confining wall. As in the 6.22 reaction point 

geometry, on increasing di it is anticipated that in an adiabatic case (i.e. no heat transfer) 

that the (Fr)
2
 of the jet issuing from the inlet would decrease and the contribution of 

momentum in the flow would reduce when compared to that of mixer 6.63 (not sufficiently 

to induce buoyancy driven flow). Similarly, an increase in di would also have the effect of 

lowering the Re of the flow (equation 4.2)  leading in certain cases to a more transient flow 

(i.e. Re > 2000 but  < 4000) which would have the effect of altering jet behaviour at the 

terminus of the inlet and possibly altering entrainment effects. Hence, it is reasoned that 

the increase in mixing length observed in the 6.22 reactor is due to the flow of Qsw 
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behaving in a more plume like manner (rather than jet like) and not interact with the 

confining wall until further from the terminus of the Qsw inlet due to less rapid 

entrainment. This effect is likely complex and cannot be adequately addressed using this 

strategy. However, inference made from the modelling data presented in figure 4.6 

suggests the confining wall influences the flow pattern as shown in the velocity vector 

diagram (figure 4.6a) and confining the jet issuing from the inlet yields a large local 

temperature rise. Whereas, in a reactor with a broader do this region is extended until the 

flow of Qsw interacts with the confining wall.  

To confirm that these geometries give similar outcomes under the conditions used for the 

synthesis of nanoparticles. Samples of both HA and ZnO were produced at two flow rate 

ratios (Qsw + Qp = 20 and Qsw + Qp = 40) spanning a range of flow rates commonly used for 

the synthesis of nanoparticles (as summarised in table 4.6). Powder Diffraction patterns of 

the samples produced using the four distinct CJM’s  showed significant similarity and 

could either be indexed as the hexagonal wurtzite structure of ZnO (ICDD: 26170) or as 

hydroxyapatite (JCPDS pattern 09-0432). In both materials no evidence of contaminating 

phases in the reaction products was observed consistent with the work of Chapter 3. 

However, consistent with the data presented in Chapter 3, slight anisotropy was observed 

for hydroxyapatite samples in reflections related to the c-axis (001, etc) suggesting 

materials with a similar morphology were obtained to those detailed in Chapter 3 (data not 

shown). In ZnO samples, similarity in particle size was inferred from calculation of the 

diffraction peak FWHM from the (101) reflection giving estimates of particle size 

consistent across the sample series (table 4.6) and further suggested by the similarity in the 

absorbance of the samples determined by UV-Vis, the band-gaps for each of the samples 

(determined using the KM method) are presented in table 4.6.  

To confirm again the similarity in particle properties inferred from XRD and the similarity 

in temperature profiles within each of the reactors.  TEM was used to assess the crystallite 

morphology and crystallite size distributions of both the ZnO and hydroxyapatite samples, 

the crystallite size determined from the measurement of ca. 300 particles is summarised in 

table 4.6. TEM images representative of the ZnO samples are shown in Figure 4.9 which 

all show striking similarity in both size distribution and morphology. 
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Figure 4.8: Measurements of temperature at positive z from inlet position when different confined jet reactors are used,  a) do-di = 3.98,  b) do-di 

=  3.57, c) do-di = 6.63, d)  6.22 . Common key for each of the geometries evaluated identifying reactor condition (see table 4.1 for reaction point 

components).
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As identified by others, growth of ZnO nanoparticles is normally resolved as crystallite 

anisotropy when in the hydrothermal solution a particle growth phase occurs. (Demianets 

and Kostomarov 2001; Sue et al., 2004) To further evaluate the particle morphology, the 

aspect ratio distributions of each of the samples were measured (ca. 150 particles), yielding 

values close to 1 as summarised in table 4.6. This observation suggests further the 

similarity in the growth of these nanoparticles. In the case of hydroxyapatite (figure 4.10), 

a similar observation in terms of both crystallite size and aspect ratio were made 

(summarised in table 4.6).  However, hydroxyapatite samples produced using the 6.63 

mixer showed a notably smaller crystallite size and narrower polydispersity. This 

suggested a moderate difference in the crystallisation of this sample. The variation in PSD 

of both HA and ZnO samples is presented graphically in figure 4.11a and 4.11b which 

identifies each sample as a function of do/di. These results suggest that measurable 

differences in temperature profile occur between reaction points,  the differences are not 

sufficiently large to influence the size or size distribution of nanoparticles (figure 4.11). In 

light of these observations, the process appears heavily dominated by particle nucleation, 

even in cases where continuous running is not favoured.   

From the mechanisms of particle formation described in Chapter 3, the similarity in 

particle size obtained in each of the CJM geometries for both materials systems are 

consistent with those produced under equivalent processing conditions in a counter current 

reactor. This observation suggests that regardless of the mixing processes used for their 

production, nanoparticles of similar physiochemical characteristcs can be produced if the 

mixing reactions are sufficiently rapid. From the data presented there are likely several 

explanations for the similarity in particle size as a function CJM geometry and the 

distribution of temperature within the reaction point ; 1) The reactions are governed by the 

terminal reaction temperature and this results in the complete precipitation of ions in the 

hydrothermal solution itself, 2) the nanoparticle crystallisation reactions are kinetically 

driven and occur at high rate, 3) nucleate formation is dominant in the process and 4) 

particle growth is constrained by exhaustion of free ions in solution. From the observation 

presented in both Chapters 3 and 4 this defines a limit to the versatility of the CHFS 

process for the synthesis of nanoparticles which are not subject to elongated particle 

growth phases.  
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Figure 4.9: TEM images of ZnO nanoparticles produced using CJM of different physical 

dimensions in the figure Q identifies the flow regime (i.e. Qsw + Qp = 20 = Q20) and the 

reaction point geometry is identified by the value of do - di summarised in table 4.1. 
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Figure 4.10: TEM images of hydroxyapatite nanoparticles produced using CJM of 

different physical dimensions, in the figure Q identifies the flow regime (i.e. Qsw + Qp = 20 

= Q20) and the reaction point geometry is identified by the value of do - di summarised in 

table 4.1. 
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Figure 4.11: Overlay of particle size distributions produced under high and low flow 

regimes divided by reaction point geometry a) ZnO samples b) Hydroxyapatite samples. 

Samples produced using the flow regime Qsw + Qp= 20 are identified with circles and 

samples produced using the flow regime Qsw + Qp = 40 are identified by squares. Error bars 

denote each samples standard deviation in nm. 

4.4 Conclusions: 

In conclusion, a novel confined jet reaction suitable for the continuous hydrothermal 

synthesis of nanoparticles was developed and tested. The reaction point was optimised and 

a number of configurations were constructed and tested for their capacity to produce 

nanoparticles. It was shown that the particle size and size distribution were largely 
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unaffected by slight differences in the mixing processes for both the formation of a metal 

oxide (ZnO), through a rapid two step dehydration reaction and a hydrothermal 

crystallisation reaction (hydroxyapatite). This observation is unsurprising in light of the 

data presented in Chapter 3.  A detailed analysis of the reaction point deemed most 

appropriated for the synthesis of nanoparticles was also presented and showed that 

particles of similar crystallite size were produced owing to the similarity in temperature 

profile. Demonstrating, particle nucleation and growth was largely unaffected by slight 

differences in mixing behaviour over a spread of precursor concentrations. This suggested,  

supersaturation of the solution was achieved in all syntheses leading to similar particle 

formation steps. It was also shown by an in-situ temperature measurement strategy that 

knowledge of the heat and mass transfer processes occurring in the reactor allowed 

construction of a mixer which showed little material deposition. This showed the 

importance of controlling the mixing by confining the inlet of preheated water preventing 

recirculation and deposition of material within the reactor. It was also shown that rapid 

mixing between the preheated water feed and the precursor feed was achieved in CJM due 

to the dominance of momentum in dictating jet behaviour. Rapid entrainment of the 

precursor solutions into the rear of the jet was suggested as the mechanism of rapid mixing 

in this system a condition that was satisfied over a broad range of process conditions. The 

CJM showed a good mixing profile in all process conditions which was shown to be more 

versatile in terms of mixing different ratios of feeds than the counter current reactor 

initially presented in Chapter 3. 

4.5 Future work: 

The largest single contribution this work would come from CFD modelling of the mixing 

processes. Although, from the materials synthesis data it is unlikely this analysis would 

contribute significantly to altering particle nucleation and growth processes. However, it 

would serve to further define the processes responsible for mixing and would be of 

academic interest. Experimentally, the processes responsible for mixing would be better 

defined through measuring the centre line jet temperature and using this data to reinterpret 

the events occurring within the reaction point with a far greater resolution than afforded by 

the presented measurements. Further investigation into mechanism to control the size of 

particles produced by this method would be of interest. This would most likely be achieved 

by altering the chemical conditions within the mixing zone. Investigation of auxillary 

reagents which would alter the solubility of ions in the hydrothermal solution would be of 
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interest as from the data presented in this Chapter complete precipitation of the ions in 

solution leads to limited particle growth. 
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CHAPTER 5 

 

Synthesis and Characterisation of Magnetic Iron Oxides Produced Using CHFS 

: 

5.0 Aim: 

 

This chapter outlines an investigation into the synthesis of iron oxide nanoparticles using a 

continuous hydrothermal method as described in Chapter 2. The synthesis of iron oxides 

from iron nitrate hexahydrate was initially investigated by varying the reaction point 

temperature over a range of temperatures. This was then compared to iron oxides 

synthesised using CHFS from iron (III) citrate precursor. The aim was to understand the 

influence of oxidizing and reducing species formed within the reactor to assess the effect 

of synthesis conditions on the structure, surface chemistry, morphology and magnetic 

properties of the iron oxide.  

 

5.1: Introduction: 

 

Iron oxides are widely used and  well-recognised compounds, which exists in 16 identified 

forms. (Laurent et al., 2008) Much research has focused on the synthesis and 

characterisation of hematite (α-Fe2O3), magnetite (Fe3O4), and maghemite (γ-Fe2O3), 

because they are the principal forms of the oxide used industrially as pigments and 

magnetic materials. (Teja and Koh 2009) Magnetite and maghemite particles ranging from 

nanometre to micrometre diameters are under study for a large number of medical 

applications, such as magnetic cell separation drug delivery, MRI contrast agents and 

magnetic hyperthermia. (Gunasekera et al., 2009; Kallumadil et al., 2009; Loebinger et al.,  

2009; Pankhurst et al., 2009; Pankhurst et al., 2003; Thomas et al., 2009) Their unique 

properties in terms of chemical stability, biocompatibility, low cost and magnetic 

properties (high saturation magnetisation), make these materials ideal for such specific 

applications. (Pankhurst et al., 2003) Similarly, the unique magnetic properties of 

nanosized magnetite are also of interest in a variety of high value applications e.g. 

magnetic markings and magnetic inks. (Lam et al., 2008) 

  

Nanoparticles of maghemite and magnetite can be synthesised by many chemical routes 

including, co-precipitation reactions, (Babes et al., 1999) mirco-emulsion routes, (Santra et 

al., 2001) synthesis in micro-reactors, (Shchukin and Sukhorukov 2004)  sol-gel, (Lu et al.,  



Chapter 5 

 

205 

 

2002) poly-ol processes, (Joseyphus et al., 2007) thermal decomposition reactions and hy-

drothermal reactions. (Hyeon et al., 2001; Lam et al., 2008) However, the most common 

and simplest synthesis of magnetic iron oxides is via the co-precipitation of di/trivalent 

iron salts in a basic aqueous medium. (Babes et al., 1999) Typically, commercially availa-

ble iron oxide nanoparticles for MRI applications are exclusively prepared by this method 

and are produced in batch sizes in the range of ca. 10-50 g. (Kim et al., 2001) The co-

precipitation approach remains an economical route to synthesise large amounts of 

nanostructured iron oxide particles it also entails several disadvantages in terms of poor 

degree of size control, crystalinity and colloidal stability with the product requiring heavy 

refinement. (Kim et al., 2001) Among the various methods for producing nanoparticles, 

wet chemical routes have the advantages of being  simple and provide good control  over 

particle properties which are desired in the synthesis of magnetic nanoparticles. (Mikhay-

lova et al., 2004) Similarly, wet chemical methods allow for the introduction of a suitable 

capping agent during, or after the synthesis to prevent the aggregation of the nanoparticles 

and make the synthesis of stable colloidal dispersion possible, thereby expanding the ap-

plication of many materials. (Thanh and Green 2010)  

 

Hydrothermal methods, both continuous and batch wise have been applied to the synthesis 

of magnetic nanomaterials. Magnetite and maghemite have both been synthesised from 

solutions of Fe(SO4)3, Fe(Ac)2 and iron citrate, respectively using continuous hydrothermal 

systems at temperatures in the range  200 to 500 °C producing materials with crystallite 

sizes of ca. 50-100 nm. (Adschiri et al., 1992; Cote  et al., 2003; Hao and Teja 2003; 

Sasaki et al., 2010). Although particles of this size range would find limited application in 

biomedical applications such as MRI or magnetic hyperthermia, the formation of these 

magnetic phases is of interest especially when lined to the time-scale on which they are 

produced. (Rosensweig 2002) The synthesis of nanoparticluate ferrites MFe2O4 (M = Co, 

Ni, Zn) has also been reported by Cabanas and Poliakoff. (Cabanas and Poliakoff 2001) 

Solutions of metal acetates (e.g. Fe(Ac)2) were used to assess the formation of ferrite in 

near critical water. (Cabanas and Poliakoff 2001) Investigations into the mechanisms of 

magnetic ferrite formation in near-critical water, suggested the hydrolysis and 

simultaneous oxidation (Fe
2+

→Fe
3+

) of mixtures of Fe(II) acetate leads to the formation of 

a spinel phase. However, disproportionation of Fe
2+

 also results in the formation of 

elemental Fe under some reaction conditions. (Cabanas & Poliakoff 2001) This suggests 



Chapter 5 

 

206 

 

further analysis of the formation of magnetic iron oxides in such systems is required as it is 

often desirable to use a phase pure material. Similarly, as many of the physical properties 

of the magnetic particles produced using CHFS have not been evaluated, it is of interest to 

define these. The strong dependence of magnetic particle properties on structural 

characteristics such as mean size, polydispersity, particle shape, crystalinity, the presence 

of defects and cation vacancies is of interest in the terminal application of many of these 

materials. (Levy et al., 2011) Hence, greater understanding of the formation and 

physiochemical properties of magnetic iron oxide synthesised using CHFS would be 

beneficial. (Cabanas & Poliakoff 2001) 

 

In this chapter, the synthesis and characterisation of magnetic iron oxides produced by 

CHFS are explored. The evaluation of the materials is presented through complete 

characterisation of nanoparticles produced under different reaction conditions. An 

investigation into the mechanism of magnetic iron oxide phase formation is also presented. 

 

 5.2: Materials and methods: 

 

5.2.1: Reagents 
 

Iron(III) citrate ([Fe(C6H5O7] technical grade, >98 %), Citric acid ([C6H8O7] 99 %) and 

(NH4)OH solution (28 vol%) were supplied by Sigma–Aldrich Chemical Company 

(Dorset, UK). Iron(III) citrate powder was dissolved in water by adding a stoichiometric 

amount of NH4OH solution forming a soluble iron citrate complex (Ammonium ferric 

citrate [NH3Fe(C6H5O7). Iron(III) nitrate hexahydrate (Fe(NO3)3·6H2O [98%]) and 

hydrogen peroxide (H2O2 [28 % v/v]) were obtained from VWR international. All 

experiments were conducted using deionized water (>10 MΏ). 

 

5.2.2: Synthesis of Magnetite using CHFS: 

 

Samples of iron oxide were produced using the experimental details presented in table 5.1 

and summarises 16 reactions. CHFS reactor 1, the same as that shown in Chapter 3 was 

used for the synthesis of all iron oxide samples within this chapter. The reaction point used 

in this work was a CJM type geometry as described in Chapter 4 (constructed from ¼” 

components and a 1/16” inlet in the optimal position defined in Chapter 4). The three pump 

configuration was used for all reactions with the precursor solution being pumped equally 
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(i.e. Qp / 2) by P2 and P3 to a desired flow rate. In this chapter a variety of reagents were 

used to evaluate mechanisms to control the phase of iron oxide produced using CHFS. 

After collection from the exit of the BPR, the slurry obtained from the process was allowed 

to flocculate, the supernatant was removed and the particles were decanted into centrifuge 

tubes, the particles were further concentrated by centrifuged at 4500 rpm for 3 min. Then 

the clear supernatant was removed and replaced. The samples were redispersed and re-

centrifuged at 4500 rpm for 3 min prior to freeze drying for 24 hours at 1 x10-4 mbar.  The 

structure and morphology of the products of continuous hydrothermal synthesis were 

investigated using XRD, TEM, HRTEM, XPS, TGA and squid magnetometry the 

experimental details of which are presented in Chapter 2. 

 

Table 5.1: Summary of the reaction conditions used for the synthesis of iron oxides using 

CHFS reactor 1, alongside characterisation data obtained for each sample.  Residence time 

(RT) was calculated assuming Tmix1 (theoretical mixture temperature) was obtained at the 

terminus of the preheated water inlet (see figure 4.1). The flowrate of supercritical water 

(Qsw) was met by a flow of precursors Qp being pumped equally by P2 and P3 (i.e. Qp/2). 

All metal salt concentrations were 0.066 M. Auxiliary reagents are identified alongside the 

concentration used by £ =H2O2 and $ =Citric acid.  

ID 
Precurs

or 
Auxillary 

[Qsw:Q

P](mL 

min
-1

) 

HT 

(°C) 

Tmi

x 

(°C

) 

RT 

(s) 
XRD 

Size 

XR

D 

(nm) 

TEM 

 (nm) 

SD 

M1 Fe(NO3)3 - 20:20 350 199 4.19 α-Fe2O3 14.0 13.26 2.91 

M2 Fe(NO3)3 - 20:20 400 305 3.48 α-Fe2O3 13.3 10.18 3.06 

M3 Fe(NO3)3 - 20:20 450 335 3.16 α-Fe2O3 15.0 12.16 3.32 

M4 Fe(NO3)3 (0.022M)
$
 20:20 450 335 3.16 α-Fe2O3 12.1 - - 

M5 Fe(NO3)3 (0.044 M)
$
 20:20 450 335 3.16 α-Fe2O3 14.5 - - 

M6 Fe(NO3)3 (O.066M)
$
 20:20 450 335 3.16 Fe3O4 14.8 - - 

M7 Fe (cit) - 20:20 350 199 4.19 - - - - 

M8 Fe (cit) - 20:20 400 305 3.48 Fe3O4 4.6 11.96 3.17 

M9 Fe (cit) - 20:20 450 335 3.16 Fe3O4 8.1 12.02 3.08 

M10 Fe (cit) - 25:10 450 382 1.69 Fe3O4 11.4 12.10 2.99 

M11 Fe (cit) (0.022M)
£
 25:10 450 382 1.69 Fe3O4 13.7 - - 

M12 Fe (cit) (0.044M)
£
 25:10 450 382 1.69 Fe3O4 12.2 - - 

M13 Fe (cit) (0.066M)
£
 25:10 450 382 1.69 α-Fe2O3 14.3 - - 

M14 Fe (cit) 0.022M
$
 25:10 450 382 1.69 Fe3O4 13.2 - - 

M15 Fe (cit) 0.044 M
$
 25:10 450 382 1.69 Fe3O4 13.9 - - 

M16 Fe (cit) O.066M
$
 25:10 450 382 1.69 - - - - 
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5.3 Results and Discussion: 

 

5.3.1 Synthesis of Magnetite Nanoparticles using CHFS: 

 

In this section, the effect of different combinations of metal ion and auxiliary precursors 

was evaluated as a function of reaction point temperature to assess the phase behavior of 

iron oxides produced using CHFS.  It is clear from table 5.1 that precursor choice and 

reaction point temperature greatly influenced the phase of iron oxide produced in each 

reaction.  

 

As shown in figure 5.1.a the hydrothermal reaction of iron(III) nitrate  solutions resulted 

exclusively in the formation of hematite (α-Fe2O3) as the reaction product when compared 

to the  ICDD pattern for hematite (ICDD:43465). Hematite was obtained at reaction point 

temperatures of 199, 305 and 335 °C which suggested that hematite was the 

thermodynamically favoured phase under these synthesis conditions. The mechanism of 

hematite formation is likely to be the direct hydrolysis of Fe
3+

 to Fe(OH)3 followed rapidly 

by dehydration to form α-Fe2O3. (Adschiri, Kanazawa, & Arai 1992)  Application of the 

Scherrer equation to the (104) reflection of hematite yielded crystallite size estimates of ca. 

14, 13.3 and 15 nm, for the samples produced at 199, 305 and 335 °C. Similarly, direct 

observation of the products using TEM revealed that the morphology and particle size 

distributions were similar in each reaction (figure 5.2). Mean crystallite sizes (s.d) of 13.26 

nm (2.91) (sample M1), 10.18 nm (3.06) (sample M2) and 12.16nm (3.67) (sample M3) 

were determined from the measurement of 300 particles and are consistent with the 

crystallite sizes estimated from the diffraction data (Table 4.1). The similarity in both 

crystallite size and reaction yield suggested that complete precipitation and crystallisation 

of the product had occurred within the reactor (table 4.1). The similarity of particle size 

distributions suggested that the extent of solution saturation (thus the extent of particle 

nucleation and growth) is similar over the given temperature range and the reaction point 

temperatures are consistent with those used in batch hydrothermal process for the 

production of crystalline hematite. (Sorescu et al., 2004) These observations are also 

consistent with the work of Sue et al. whom suggested the low solubility of Fe ions in 

near-critical water leads to similar solution saturation, and thus similarity in particle 

nucleation (dominant) and growth process when synthesis is performed above a critical 

temperature. (Sue et al., 2006) These observations are also consistent with the study of 
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ZnO nanoparticle formation presented in chapter 3 where comparatively large changes in 

the temperature profile within a reactor yielded materials with similar particle 

characteristics. 

 
 

Figure 5.1: XRD patterns of iron oxide synthesised according to the conditions presented 

in Table 5.1 (Miller indicies of both hematite and magnetite are identified in each figure). 

 

If iron citrate is used as the precursor, a spinel like phase was observed exclusively as the 

reaction product (reactions M7-10), that were similar to ICDD patterns 082234 and 79196 

for magnetite and maghemite, respectively (figure 4.3.1c). Although a definitive phase 

identification was difficult due to the structural similarity of magnetite and maghemite, the 

products were all identified as a magnetic spinel phase. (Muerbe et al., 2008; Muller et al., 

2006) Reaction point temperatures of 305, 335 and 380 °C lead to formation of the spinel 

phase (reactions M8-10). In contrast, reaction point temperatures of < 199 °C produced a 

brown-orange solutions indicative of iron ammonium citrate with no recoverable solid, 

suggesting the reaction point temperature was insufficient to decompose the complex and 
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hydrolyse the iron. It is interesting to note that at a reaction point temperature of 199 °C a 

temperature sufficient to produce crystalline hematite (through direct hydrolysis and 

dehydration) no product was recovered when iron (III) citrate was used as a precursor 

suggesting differences in the hydrolysis and dehydration reactions when different 

precursors are used. This observation is consistent with the fact that citrates are known to 

have higher decomposition temperatures in hydrothermal solutions than nitrates. 

(Pannaparayil et al., 1988)  As shown in figure 5.1c, a sequential increase in the reaction 

point temperature resulted in sharper powder x-ray diffraction peaks indicating an increase 

in sample crystalinity. Figure 5.2 iv-vi shows TEM images representative of the 

nanoparticles produced in reactions M8-M10. The particle size distributions obtained from 

the measurement of ca. 300 particles showed significant similarity with crystallites of ca. 

12 nm obtained in each synthesis as summarised in table 5.1. The decrease FWHM as a 

function of reaction point temperature appears to be dominated by an increase in sample 

crystalinity rather than crystallite size (table 5.1).  HRTEM images of products of reactions 

M9 and M10 are presented in figure 5.3. In both samples lattice fringes corresponding to 

the 311 plane with measured d-spacings of ca. 2.54 Å are clearly visualized throughout the 

body of each particle suggesting the formation of a crystalline material at both reaction 

point temperatures. SEAD (figure 5.3 insets) are consistent with observeations made using 

XRD, where it can be seen that the breadth of the Scherrer rings decreased with increasing 

temperature suggesting an increase in sample crystallinity (order) at higher temperatures.  

The smaller crystallite size reported herein when compared to the work of Adischiri et.al. 

is attributed to the rapid mixing characteristic for the Confined Jet Mixer as discussed 

earlier in Chapter 4. (Sasaki et al., 2010) Where, rapid mixing at the reaction point confers 

a fast transition from soluble precursors to insoluble oxides (leading to particle synthesis) 

this is dominated by particle nucleation with particle crystalinity being governed by 

temperature. (Adschiri, Kanazawa, & Arai 1992; Lester et al., 2006)  

 

The observation of different phases of iron oxides as reaction products is likely to be due to  

in situ reduction and oxidation reactions altered by the counter ion in the chosen metal salt. 

The decomposition of nitrates in supercritical water been shown to form some oxidizing 

species including hydroxyl radicals, O2 and NOx, which as in previous publications were 

shown to be suitable to oxidise divalent transition metals. (Boldrin et al., 2007) Similarly, a 

study of the thermal decomposition of citric acid in hydrothermal conditions showed that 
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the decomposition series formed certain reducing species which would be miscible with 

both near and supercritical water allowing the reduction of Fe
3+

 to a mixture of Fe
2+

 and 

Fe
3+

 dependent upon the extent of speciation in the decomposition products. (Shock 1995; 

Shock and Helgeson 1990) 

 

 

 

Figure 5.2: a) TEM images of Hematite (α-Fe2O3) synthesized as a function of reaction 

point temperature using i) M1 ii) M2 iii) M3  (scale bars 100nm) and TEM images of 

magnetite (Fe3O4) synthesised as a function of reaction point temperature iv) M8 v) M9 vi) 

M10 CHFS  (images were captured using a JEOL 100CX). 
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Figure 5.3: a) HRTEM image of iron oxide synthesised at 380°C using CHFS. Inset 

shows lattice fringes observed corresponding to (311) plane with a measured spacing of 

2.56 Å  (magnetite = 2.53 Å. Inset lower right shows an enhanced view of the lattice 

fringes corresponding to the 311 plane, b) indexed SEAD pattern obtained for the sample 

(images were captured using a JEOL 4000X). 

 

To further understand the phase behaviour of iron oxides in CHFS systems mixtures of 

iron(III) nitrate  solutions with different ratios of citric acid (Reactions M4 - 6), solutions 

of  iron(III) citrate with different ratios of H2O2 (acting as an oxidant, reactions M14 - 16) 

and solutions of iron(III) citrate with different ratios of citric acid (reactions M11 - 13),   

were used to assess the relative effect of  reducing or  oxidising species concentration on 

the phase of phase behaviour of iron oxides in CHFS. As shown in figure 5.1, at a constant 

reaction point temperature (ca. 380 °C) either hematite or magnetite were obtained as the 

exclusive phases in each of the reaction sets. The crystallite sizes estimated for reactions 

M4 - 6, M14 - 16 and M11 - 13 from the (104) and (311) reflections of hematite and 

magnetite taken from the powder diffraction data are summarised in table 5.1. The data 

suggest similarly sized nanoparticles have been produced in each reaction (consistent with 

the results presented for samples M8 - M10 and M1 - M3). This is likely to be due to the 

low solubility of iron ions in near and supercritical water, limiting the potential for particle 

growth in the hydrothermal solution as discussed previously in Chapter 3 and 4. 
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 Iron(III) nitrate: [CA] ratios of 0.5 and 0.33 produced hematite as the reaction product 

(runs M4 - 5). In contrast, a ratio of 1 (run M6) produced magnetite as the reaction product 

as shown in figure 5.1, suggesting that the concentration of reducing species formed in situ 

in the former reactions was insufficient to partially reduce a sufficient portion of  Fe
3+

 to 

Fe
2+

 leading to the formation of hematite. However, a [Fe(NO3)3]: [CA] ratio of 1 

produced magnetite as the reaction product consistent with the data presented for syntheses 

M7 - 10 suggesting sufficient reduction to allow the formation of the spinel phase.  In situ 

reduction reactions  governing the formation of magnetic phases of iron have been reported 

previously  using hydrothermal methods. (Adschiri, Kanazawa, & Arai 1992) As presented 

for samples M4-6 the addition of citric acid  aids the partial reduction of Fe
3+

 within the 

process which is an observation similar to the report of Takami et al. which showed that 

the addition of organic acids  [n-decanoic acid (C9H19COOH) and n-decylamine 

(C10H21NH2)] prevented complete oxidation of Fe
2+

 and the  formation of a spinel phase. 

(Sasaki et al.,  2010) 

 

Reactions (M11-13) investigated the effect of increasing the concentration of reducing 

species within the reactor. In sample M13, dissolution of the reaction product was 

observed at the exit of the slurry from the CHFS process. In contrast, samples M11 and 12 

produced magnetite as the sole reaction product similar to ICDD 082234 (figure 5.1 d).  As 

discussed earlier, redox reactions of Fe
2+

 and Fe
3+

 species are thermodynamically possible 

in water via hydrolysis and dehydration reactions to form the corresponding oxide. 

(Cabanas & Poliakoff 2001) It is interesting to note than no-disproportionation or the 

formation of other phases of iron oxide was observed even at relatively high citric acid 

concentrations (syntheses M14-16). Cabanas and Poliakoff reported the disproportionation 

of iron occurred when Fe
2+

 sources such as iron acetate were used as precursors for the 

formation of various ferrite phases although these were observed at significantly lower 

temperatures than those reported here ca. 210 °C as determined by enthalpy balance. 

(Cabanas & Poliakoff 2001)   Scheme  5.1  shows the proposed mechanism of magnetic 

iron oxide formation in CHFS where the presence of decomposing counter ions (forming 

either oxidants or reducing agents) at the process temperatures are indicated. Reactions 

M1-3 appeared to follow steps i and iv following a typical hydrolysis and dehydration 

reaction forming hematite as the sole reaction product. Reactions M7-10 appeared to 

follow steps ii and iii where partial decomposition of citrate leads to the formation of 
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reducing species in-situ and hydrolysis of Fe
2+

 (step iv) with both Fe(OH)2 and Fe(OH)3 

species dehydrating (steps viii and ix)  and crystallising into a spinel structure (steps x and 

xi). It should be noted that magnetite can form a cation deficient structure which can 

accommodate complete Fe
2+

 atomic vacancy under conservation of the spinel structure, as 

no reliable method of quantifying bulk stoichiometry was available this mechanism is 

proposed in light of this possibility. (Dieckmann 1982; Dieckmann and Schmalzried 1977). 

Reactions M14-16 appeared to follow the reaction steps described for iron citrate alone, 

where increasing the relative concentration of citrate species did not show evidence of 

disproportionation in the reaction product (step vii) as suggested by Cabanas et. al. to be 

expected if the relative proportion of Fe
2+

 was greatly increased within the synthesis. 

Addition of oxidants investigated in reactions M11-13 suggested the increased 

concentration of oxidising species influenced the reaction product as the formation of 

hematite was observed the sole reaction product (following reaction steps i and vi, 

respectively) through the likely oxidation of any Fe
2+ 

formed within the process
 
(step v). 

Low to moderate concentrations of oxidising species showed a spinel phase as the reaction 

product suggesting insufficient oxidation of Fe
2+

 species formed through the 

decomposition of citrate allowing the reaction to proceed following the same steps as the 

reactions presented for iron citrate alone (reactions M7 - 10). 

 

The formation of spinel oxides in CHFS suggests a successive reaction mechanism is 

responsible for the formation of spinel oxides under the reaction conditions presented. The 

phase of iron oxide produced is dictated by the iron ion oxidation states at the point of 

particle nucleation as mixtures of different phases were not observed as reaction products 

even in reaction series which transitioned from one phase to another. The phase behaviour 

suggests that oxidation state of Fe
n+

 species in solution determine the structure of the 

reaction product through influencing the crystallite phase nucleating from solution, similar 

to the phase behaviour of spinel compounds produced in other rapid gas phase methods. 

(Kruis et al., 1998) In CHFS the formation of magnetite appears metastable and dependent 

on the presence of organic species (choice of counter ion) within the reaction. Successive 

reactions are typically observed in rapid synthesis methodologies similar to metastable 

phases of compounds with respect to temperature. Ostwald’s step-rule describes successive 

reactions and appears a valid explanation for the data generated. In this case, at the reaction 

point temperatures used ca. 380 °C hematite is the thermodynamically favoured phase as 
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its structure shows the lowest free energy and is obtained exclusively if a Fe
3+

 precursor is 

used. Under these conditions, magnetite is the least stable state. However, in the presence 

of both Fe
2+

 and Fe
3+

 species magnetite lies closest to the original state of free energy and 

as such is a metastable product only forming in the presence of a suitable concentration of 

Fe 
2+

 species in the hydrothermal solution. (Feenstra and Debruyn 1981; Vansanten 1984) 

This chapter now moves forward to describe the effects of processing conditions on the 

magnetic properties and magnetic structure of iron oxides produced using CHFS. 

 
 

Scheme 5.1: Schematic representation of the proposed mechanism of iron oxide formation 

in CHFS starting from an Fe
3+

 precursor source. The steps highlighted in red correspond to 

syntheses in which Hematite was obtained as the exclusive reaction product. The steps 

highlighted in black relate to syntheses in which a magnetic iron oxide phase was obtained 

as the reaction product. The yellow circle identifies the starting point (i.e. the Fe precursor 

ion) 
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5.3.2 Magnetic Properties of Iron Oxides Produced Using CHFS 

 

Figure 5.4 a shows M(H) curves measured for the particles produced in reactions M8-10, 

15, 11-12 showing super-paramagnetic like behaviour with low coercivity at room 

temperature  (data summarised in table 5.2). Magnetic measurements taken of samples M8-

10 showed an increase of saturation magnetisation with increase of reaction point 

temperature ranging from 48.6 to 60.1 emu g
-1

 for samples M8- M10. The increase in 

saturation magnetisation is not surprising as the crystalinity of the respective samples was 

shown to increase with increasing reaction temperature (figure 5.1a).  The highest value of 

saturation magnetisation was lower than the value expected for bulk magnetite (92 emu 
-

1
g) or maghemite (77emu g

-1
) which is commonly observed in nanosized magnetic 

materials. (Chatterjee et al., 2003)  Similar observations were made in the magnetic 

properties of the products produced with an excess of citric acid (likely to alter the ratio of 

Fe
3+

 reduced to Fe
2+

 within the product) and the addition of H2O2 to serve as an oxidant in 

runs M15,  M11 and M12, respectively (figure 5.4). Increasing the relative amount of CA 

in the synthesis (run M6) was shown to have little effect on the magnetisation of the 

material yielding a saturation magnetisation of 63.1 emu g
-1

. The addition of H2O2 was also 

shown to have little effect on the saturation magnetisation until the concentration 

approached ca. 0.044 M, whereafter a large reduction in the saturation magnetisation was 

observed ca. 31.8 emu g
-1

 (samples M11 and 12). 

 

 

Figure 5.4: a) MH curves of citric acid coated magnetite produced using the pilot scale 

CHFS process b) expanded plot showing the near 0 Oe   
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The observed reduction in the value of saturation magnetisation in nanosized iron oxides 

can be attributed to may physiochemical and structural characteristics. In small 

nanoparticles ca. 10-15 nm reductions in saturation magnetisation are usually attributed to 

the surface contribution of unpaired 3d electrons of near surface atoms, although it can also 

be attributed to reduction in local symmetry surrounding Fe ions in the inverse spinel 

structure through the presence of both oxygen and Fe ion vacancies within the lattice. 

(Chatterjee, Haik, & Chen 2003; Sugiyama et al., 1997) Equally the contributions of spin 

canting, surface disorder, and adsorbed species would lead to a similar measured effect on 

saturation magnetisation through aberration of surface spins which is particularly evident 

in nanomaterials which are < 15 nm in diameter. (Leslie-Pelecky and Rieke 1996) In this 

cases definitive phase identification from the x-ray diffraction data was complicated by the 

similarity in structure of both magnetite and maghemite. As, Magnetite (Fe3O4) and 

maghemite (γ-Fe2O3) can both crystallise in the spinel structure with ferrous and ferric ions 

in the octahedral sites of the spinel lattice, adopting the space group Fd3m. (Sugiyama et 

al., 1997) Maghemite (γ-Fe2O3) in this context is defined as a defect spinel represented by 

the formula Fe
2+

1/3Fe 
3+

5/3O4, and cation vacancies within this structure may be randomly 

distributed under conservation of the spinel structure. (Zboril et al., 2003) The 

measurements suggest loss of symmetry around Fe due to low crystalinity in the structure 

coupled to the presence of atom vacancies are responsible for the reduced saturation 

magnetisation. This is unsurprising in light of the phase behaviour observed in the 

reactions presented in this chapter. 

 

Calculation of the effective ferromagnetic diameters (σfm) of the samples by fitting the 

magnetisation data with a Langenvin function (detailed in chapter 2) are summarised in 

table 5.2. In the case of sample M8-10, μfm as a percentage of the crystal volume 

determined by TEM was shown to increase as a function of reaction point temperature 

(from ca. 5 - 18%). This observation can be attributed to the presence of a magnetically 

frustrated phase within each sample and accounting for a large proportion of the 

nanoparticle volume as the contribution of paramagnetic-like susceptibility (χ) [accounting 

for the non-saturating behaviour] increased with decreasing saturation magnetisation, 

suggesting the discussion of a non-ferromagnetic phase (linked to loss of symmetry around 

Fe due to low crystalinity) as the most valid interpretation of the data. (Levy et al., 2011) 

Sample M12 showed the largest contribution of paramagnetic like susceptibility and is 
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consistent with the discussion presented for the formation of a defective spinel structure 

produced under these synthesis conditions (as the next sample in the series M13 produced 

hematite). The nature of the synthesis method suggests that this observation would stem 

primarily from the presence of partially coordinated iron atoms within the sample 

consistent with the discussion presented earlier within this chapter. For comparison, the 

ferromagnetic diameter of sample M15 was similar to that calculated for sample M10, 

which also showed a similar paramagnetic susceptibility on the approach to saturation 

suggesting that the contribution of near surface atoms in these samples is quite large and 

attributable to their small size. (Chen et al., 2009) 

 

Table 5.2: Summary of the magnetic properties of magnetic iron oxides produced using 

CHFS. Where, Hc is the coercivity of the sample at H = 0, µ is the mean ferromagnetic 

diameter (nm), σ is the ferromagnetic diameter polydispersity (nm) and χ is a 

dimensionless value representing the paramagnetic like region on approach to saturation as 

observed in figure 5.4. These values were derived from fitting performed by an algorithm 

written by Dr Paul Southern. (Chen et al. 2009) 

Sample 
TEM 

(nm) 
Ms (emu g

-1
 ) Hc (Oe) µ (nm) 

σ 

(nm) 

χ 

x10
-5

 

M8 12.5 48.6 1.05 7.53 0.31 3.45 

M9 16.7 56.5 0.90 7.70 0.26 3.26 

M10 11.1 60.1 2.23 6.03 0.34 2.09 

M15 13.5 63.1 1.89 7.03 0.35 2.37 

M11 13.5 60.0 2.31 7.23 0.28 2.46 

M12 15.9 31.8 1.89 3.94 0.29 3.67 

Key: Ms = saturation magnetisation , Hc = sample coercivity at 0 Oe, μ = ferromagnetic 

diameter, σ = ferromagnetic diameter polydispersity and χ = paramagnetic contribution to 

saturation magnetisation. 

 

The temperature dependence of Ms was measured at 5 and 300 K for sample M10 as 

shown in Figure 5.5a and FC/ZFC measurements are presented in figure 5.5b to further 

assess the magnetic properties of the material. The increase in Ms below 5 k can be at-

tributed to the presence of magnetic phases which undergo a magnetic transition to a fro-

zen state below Tb (blocking temperature). The fact that we still observe a nonsaturated 
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magnetization (paramagnetic like region on approach to saturation) at 5 K indicates that a 

component of  this sample  is intrinsically non-ferromagnetic. Similarly the increase in co-

ercive field at 5 K measured as 62 Oe whereas at 300 K a value of 2.23 Oe  reported  is 

consistent with the sample behaving as a ferromagnet below Tb. ZFC/FC measurements 

performed on the sample are shown in figure 5.5.b. The  positive magnetisation values ob-

served in the  ZFC and FC is the fingerprint of exchange bias, a phenomenon that takes 

place at interfaces between different magnetic phases. (Iglesias et al., 2008; Levy et al., 

2011; Nogues et al., 2005; Nogues and Schuller 1999)  It is important to note that ex-

change bias requires the presence of magnetic interfaces with intimate contact (i.e. within a 

single lattice) and typically does not occur through dipolar interactions between particles 

typically observed as broadening in the cusp of the ferromagnetic to superparamagnetic 

transition. (Iglesias, Labarta, & Batlle 2008) The presented measurements suggest that the 

crystallites produced in reaction M10 are magnetically complex structures consisting of a 

ferromagnetic phase with a portion of the sample behaving non-ferromagnetically the latter 

not saturating at even low temperature. These results suggest the paramagnetic component 

noted in the magnetic fitting procedure arises through the distribution of magnetic behav-

iour throughout the particle (e.g ferromagnetic-antiferromagnetic but also ferromagnetic- 

ferrimagnetic, ferrimagnetic-antiferromagnetic, etc.). Similarly, the absence of a distinct 

transition (diffuse) associated with Tv  (Verway transition temperature typically observed at 

120-150 K) and Tb is consistent to  a wide distribution of energy barriers from different 

magnetic structure within the sample transitioning to a blocked state at different tempera-

tures. (Nogues et al., 2005) The likely explanation of which is that the co-ordination of sur-

face atoms plays a large role in the magnetic behaviour of this material. Where, there are 

numerous reports of disorder not necessarily related to structural differences  but to fine 

magnetic structure within a material, such as spin disorder, anti-phase boundaries, spin 

canting or spin glass transitions. (Koksharov et al., 2000) 
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Figure 5.5: Comparison of magnetisation magnetization curves measured at 5 K and 300 

K, inset shows a the near 0 Oe region  magnified  to show the difference in coercivity b) 

FC (red) and ZFC (black) curves under an applied field of 100 Oe. 

 

To explain further some of the observations made using magnetic property measurements 

and to confirm the discussion presented for magnetite formation in CHFS, the surface 

oxidation state of Fe in selected samples was evaluated using XPS. Measurements were 

performed at a take-off angle of 45° which typically generates photoelectrons from the 

sample to a depth of ca. 3.5 nm. In light of the comparatively small particle size ca. 12 nm 

under this assumption, these measurements would represent a substantial portion of the 

particle volume (ca. 80 %). Figure 5.6 shows the Fe2p and Fe3p regions of the XPS 

spectra.  A summary of the composition (Fe : O) stoichiometry and relative Fe
2+

: Fe
3+

 

ratios measured are presented in table 5.3. It should be noted that the Fe:O stoichiometry 

within the sample is likely to be influence by the presence of residual organic species (e.g. 

citrates) from synthesis and is likely not a true reflection of the materials stoichiometry. 

Deconvolution of the Fe3p peak with the binding energies of Fe
2+

  (53.7 eV) and Fe
3+ 

(54.6 

eV) reported by Grosvenor et al. suggested that in all cases a component of the samples 

surface was in a Fe
2+

 oxidation state with the bulk being Fe
3+

. (Fujii et al., 1999; 

Grosvenor et al., 2004; McCafferty and Wightman 1998; Yamashita and Hayes 2008) The 

ratio of Fe
2+ 

/ Fe
3+

 was shown to vary with synthesis conditions in a manner consistent with 

the discussion presented earlier within the text. The XPS spectra of samples M8 - 10 gave 

Fe
2+

: Fe
3+

 ratio slightly lower than expected for stoichiometric magnetite the ratio of Fe
2+

 

was shown to increase with reaction temperature, as the thermal decomposition of citrate 
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was likely to increase with temperature (yielding a greater proportion of Fe
2+

).  Evaluation 

of the Fe2p photoelectron region showed  the satellite peak often observed as a broad 

feature in the Fe2p3/2 photoelectron region was absent, this is indicative of a non-

stoichiometric spinel phase again consistent with the discussion presented earlier. 

(Kuznetsov et al., 2012) Deconvolution of the O1s peak into three principle components 

was achieved with peaks centered at 532.2, 531.2 and 531.6 eV which could be attributed 

to the presence of free water, lattice oxygen and the presence of surface OH groups 

respectively (data not shown).(Yamashita & Hayes 2008) A contribution of the peak shape 

is expected to have originated from surface C-O, C-OH, etc. which are difficult to evaluate 

as moderate shifts in the binding energy are to be expected complicating the fitting 

procedure. Broadly, the XPS results served to confirm that a nonstoichiometric spinel 

phase was produced in all reactions which formed this phase. The data also supports that 

based on averages (table 5.3), the discussion of magnetically complexity and thus the 

observed magnetic behavior stems from both fine magnetic structure distributions within 

the sample as the bulk stoichiometry was approximately correct for each sample.  

 

Table 5.3: XPS peak positions of magnetic iron oxides produced using CHFS. The table 

also shows the ratios of Fe
2+

and Fe
3+

 for the samples de-convoluted GL ratio = 30 

(Gaussian : Lorentzian = 70:30) from the Fe3p peak using the peak positions determined 

by Yamashita et al. for Fe
2+

 and Fe
3+

  of 54.6 eV and 53.7 eV respectively. (Yamashita & 

Hayes 2008) 

 

Sample 

identifier 

Peak position (eV) Fe:O Fe (at%) 

(Fe3p) Fe 3p Fe 2p 

Fe 2p3/2 Satellite Fe 2p1/2  Fe
2+ Fe

3+ 

M8 53.21 708.2 716.2 721.6 0.60 20 80 

M9 53.30 708.5 716.2 721.5 0.72 21 79 

M10 53.23 708.3 716.3 721.6 0.71 29 71 

M15 53.29 708.4 716.2 721.5 0.73 22 78 

M11 53.18 708.3 715.9 721.6 0.70 24 76 

M12 53.22 708.3 - 721.6 0.65 8 92 
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Figure 5.6:  XPS spectra of magnetic iron oxides produced using CHFS showing high resolution data of the Fe2p (left) and  Fe3P (right) regions
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5.4 Conclusions: 

 

CHFS was shown to be a rapid method for the synthesis of a variety of iron oxides as 

crystalline nanomaterials from aqueous iron precursors in a single step. The precursor 

choice was found to control the phase of iron obtained from the process. Iron sources 

which were in a Fe
3+ 

oxidation state led to the formation of hematite exclusively as the 

reaction product (in the absence of any organic species). Fe
3+

 precursors in the presence of 

organic species resulted in the synthesis of a magnetic spinel phases. Phase mixtures were 

not observed in any of the reactions suggesting in-situ reactions governed the formation of 

different iron oxide phases at the point of particle nucleation.  The yield of iron oxide (ca. 

80%) was largely independent of temperature with similarly sized particles produced as a 

function of reaction point temperature if the reaction temperature was sufficient to 

hydrolyse the precursor. The particle size obtained from the CHFS process used herein was 

shown to produce significantly smaller particles than those obtained previously using 

CHFS which was attributed to the rapid mixing between the component streams in the 

confined jet mixer reactor leading to rapid precipitation of the iron ions through various 

hydrolysis and dehydration reactions. The magnetic phases produced using CHFS showed 

superparamagnetic behavior at 300 K with moderately high saturation magnetization when 

compared to many syntheses reported in the literature. The magnetic properties of the 

materials synthesised in this chapter were attributed to complexity in the fine magnetic 

structure of the product which was further corroborated by XPS. This observation may 

form an intrinsic limit to the seminal application of these materials (discussed further in 

chapter 6). The addition of oxidizing (H2O2) and reducing (citric acid) agents were used to 

confirm the mechanism of magnetite formation and showed an effect on the magnetic 

properties of the materials produced that was consistent with the phase behavior of iron 

oxide.  Thus, demonstrating that sufficient control over the hydrothermal reaction is 

practicable through a judicious choice of counter-ion and chemical conditions within the 

reactor.  

5.5 Further Work 

Further investigations are needed into the effect of processing condition on the bulk 

stoichiometry of the reaction products through techniques more sensitive to local structure 

(i.e. XANES or Mossbauer spectroscopy). Similarly, further investigations into the control 

of particle size are required as the apparent low solubility of Fe results in nanoparticles of 
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similar crystallite sizes for all the phases of iron oxides produced within this chapter could 

limit the application materials produced using this methodology. Further investigation is 

also required to assess if the unique phase behavior of the spinel oxides produced in this 

chapter could be reproduced on other spinel oxides (which could be of interest in self-

limiting magnetic hyperthermia, discussed in greater detail within chapter 6). In addition to 

the iron sources reported in this chapter, other water soluble sources of Fe (or sources that 

can be made water soluble) would be interesting to investigate to gain a deeper 

understanding of iron oxide formation in CHFS. The use of other organic additives could 

be beneficial as the decomposition products of organic species are shown to vary in both 

near and supercritical water. Investigations of this type could lead to greater control of 

material phase and possible nanoparticle size. Similarly, it would also be beneficial to 

evaluate dispersion strategies for the nanoparticles produced using CHFS and possibly 

construct a system to produce higher order phases of iron such as FeO (at 500 - 700 °C ) 

and ε-Fe2O3 (ca. 400 – 800 °C)  which are gaining further commercial interest as 

components of magnetic data storage and in some biomedical applications.  
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Chapter 6 

 

Investigations into the Direct Synthesis of Surface Functionalised Nanoparticles using 

CHFS 

 

 

6.0 Aim: 

 

The aim of this chapter is to describe how the versatility of a flow process can be exploited 

for production of target materials. This chapter describes the modification of a 

conventional CHFS reactor to allow for the direct synthesis of surface functionalised 

nanoparticles of magnetite. An operational envelope for the synthesis of stable aqueous 

dispersions of magnetite nanoparticles is defined using carboxylic acids as capping agents 

and is combined with an investigation into the effect of different processing conditions on 

the efficacy of the synthesised nanoparticles for application in magnetic hyperthermia (an 

emerging application of these materials).  

 

 

6.1 Introduction: 

 

Magnetic nanoparticles of many compositions have the capability to release heat under the 

stimulation of an alternating magnetic field. Such heat generation is attracting interest in 

fields such as thermobalation of cancerous cells, localised heat generation to set polymer 

composites and a variety of other applications in which controlled and localised heat 

generation is required. (Ito et al., 2005) Unlike the wide spread application and evaluation 

of surface functionalised magnetic nanoparticles in, biological separation, diagnostics [as 

contrast agents for magnetic resonance imaging (MRI)], the use of magnetic nanoparticles 

for thermal applications is just in its infancy. (Gupta and Gupta 2005; Mornet et al., 2004; 

Neuberger et al., 2005; Pankhurst et al., 2003) Many different materials have been 

evaluated for application in magnetic hyperthermia including Magnetite, Maghemite, 

ferrite nanoparticles (MFe2O4, where M = Mn, Fe, Co), perovskite type magnetic phases 

(principally for self-limiting magnetic hyperthermia), and metal nanoparticles (Fe, Co, etc). 

(Jordan et al.,1999) Moreover, there is a strong dependence of magnetic particle properties 

on structural characteristics such as mean size, polydispersity, particle shape, crystalinity, 

the presence of defects and cation vacancies. (Hergt et al., 1998; Rosensweig 2002) 

Which, can be influenced by the synthetic protocol used to produce the materials, the 

choice of capping agent and the dispersion protocol used to formulate many of the 

materials into stable particle dispersions. (Gazeau et al., 2008; Levy et al.,2008; Levy et 
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al., 2011) Much academic effort has been directed towards understanding the effects of 

various structural and magnetic features for hyperthermia applications. Among these, the 

size of the particles and their size distribution, (Fortin et al., 2007; Gonzales-Weimuller et 

al., 2009; Ma et al.,2004; Rovers et al.,2009) crystallinity, (Gloeckl et al., 2006; Rovers et 

al., 2010; Shubayev et al., 2009) chemical composition, (Dennis et al., 2008; Jordan et 

al.,1999) and inter-particle interactions (Gloeckl et al., 2006) are  intrinsically associated to 

the magnetic material chosen as the hyperthermia mediator. Alongside intrinsic structural 

effects, other aspects such as the physiological conditions or the magnetic field amplitude 

and frequency used, interparticle interaction in dispersion and the agglomeration of 

nanoparticles in dispersion also appear to also be influential  factors affecting hyperthermia 

performance. (Chen et al., 2010; Zhang et al., 2010)  Hence, the understanding of the ideal 

characteristics of magnetic nanoparticles for enhanced heat generation is still a subject of 

great interest and intensive research. Magnetite nanoparticles are of acute interest in 

hyperthermia applications as theory predicts heat generation of upto 1 kW g
-1

 for iron 

oxide could be obtained. (Rosensweig 2002)  However, values approaching this are rarely 

measured experimentally. (Hergt et al., 1998) As such there is significant ambiguity in the 

dominant physical characteristics and the properties of nanoparticle mediators influence 

hyperthermia performance due to the sheer number of experimental conditions which need 

to be considered. In Chapter 5 it was shown that CHFS can be used to produce magnetic 

nanoparticles showing reasonable magnetic properties although some structural magnetic 

features were observed which could be classed as detrimental to hyperthermia 

performance, many of the measurements taken correlate well with those reported for 

materials showing good performance in hyperthermia applications. This chapter builds 

upon the work presented in Chapter 5 by modifying the CHFS process to allow for the 

direct synthesis of surface functionalised magnetite nanoparticles and couples this process 

development to the application of these materials as mediators for magnetic hyperthermia. 

 

 

Surface functionalised nanomaterials can be produced using a number of synthesis 

procedures including; co-precipitation reactions, (Jiang et al., 2004) microemulsion routes, 

(Bagwe et al., 2006) polyol processes,(Hyeon 2003; Park et al., 2004) thermal 

decomposition reactions, (Hyeon 2003) and hydrothermal reaction (Arita et al., 2010; 

Taguchi et al., 2011) as reviewed in greater detail within Chapter 1. Many of the 

aforementioned processes allow for the addition of capping agents either during particle 
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formation reactions or allow the addition of a capping agent shortly after the formation of 

nanoparticles and correspondingly many materials obtained from these reactions have been 

studied as mediators for magnetic hyperthermia. (Jordan et al., 1999) Of the many 

processing methods used for the synthesis of surface functionalised nanoparticle, the single 

step processing methods are favoured as they allow for the direct synthesis of high quality 

dispersions as the particles are either grown in the presence of the capping agent or the 

capping agent is added shortly after particle formation limiting agglomeration of the 

particles prior to functionalisation and is desired for the application of such materials as 

hyperthermia mediators. (Levy et al., 2011) However, many of the single step process 

suffer experimental limitations such as long reaction times, high production cost 

(associated with reagents), low production rate and are almost exclusively batch type 

processes, which in some cases yields a bulk product requiring heavy refinement before 

application. (Taguchi et al., 2011) Although well reported, two-step synthesis 

methodologies are not favoured as the state of particle agglomeration prior to surface 

functionalisation is difficult to control. (Majewski and Thierry 2007) The two step 

reactions often use nanoparticles produced using conventional techniques and a subsequent 

dispersion and formulation protocol is used to functionalise the surface of the particles. A 

major drawback of the two-step method is that particle agglomeration is difficult to control 

and often yields poor dispersion reproducibility. Various efforts including ultrasonication, 

(Bruce and Sen 2005; Suslick and Price 1999), changing pH, (Racuciui et al., 2005; 

Racuciu et al., 2006) using dispersants/surfactants, (Racuciu, Creanga, & Calugaru 2005) 

and chemical surface modification (Mulvaney et al., 2000; Rajh et al., 2002) have been 

extensively investigated to improve the dispersion properties. However, in many 

embodiments the poor reproducibility of two step methods for the synthesis of 

nanoparticles are far superseded by the single step methods. 

 

The stability of a nanoparticle dispersion can be controlled by several mechanism and the 

particles may be either, charge stabilized (electrostatic), or sterically stabilised (physical 

separation) as reviewed in greater detail within Chapter 1 and materials showing both 

modalities have been assessed as mediators for magnetic hyperthermia. (Pankhurst et al., 

2003) Typically, the surface functionalisation and stabilisation strategy employed is 

application dependent and is entirely dependent upon the chemical moiety grafted to the 

particle surface. Many of the aforementioned methods have been adapted to allow the 

direct synthesis of nanoparticles stablilised by these mechanisms. (Gupta & Gupta 2005) 
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Furthermore, the surface layer of these nanoparticles can be modified for increased 

aqueous stability, biocompatibility, stability and bio-recognition and a number of chemical 

modifications are presented in the academic literature utilising many of the free reactive 

groups associated with common capping agents. (Gupta & Gupta 2005; Thanh and Green 

2010) Hence there is interest in processing methodologies which can either; directly 

produce functionalised materials, or produce materials which can be readily functionalised 

post synthesis (i.e. producing materials with a suitable anchoring molecule for further 

functionalisation). (Thanh & Green 2010) 

 

Compared to many of the aforementioned methods, hydrothermal routes for the synthesis 

of surface functionalised nanoparticles are comparatively poorly described. (Taguchi et al., 

2011) Principally, this stems from the oxidation of capping agents under hydrothermal 

conditions making effective surface functionalisation difficult due to decomposition of the 

organic compound, as near critical water is often used in biomass remediation due to is 

oxidative potential (Supercritical water oxidation [SWO]). (Taguchi et al., 2012b) 

However, several studies have detailed the synthesis of surface functionalised inorganic 

nanoparticles, such as TiO2, ZnO,CeO2 and CoAl2O4, where carboxylic acids (C4 - C14 

acids, oleyl amine and phosphonated acids) are used conferring stability in non-aqueous 

media. (Arita et al., 2010; Mousavand et al., 2010; Taguchi et al., 2012a; Taguchi et al., 

2012b) Adischiri et al. studied the synthesis of di-carboxylic acid (C4 - C8) modified CeO2 

nanocrystals and showed variation alkyl chain length altered the morphologies of the CeO2 

nanocrystals produced using a batch supercritical water process. (Taguchi et al., 2011) 

However, the comparatively short residence times in CHFS suggest that effective 

functionalisation of nanoparticles shortly after particle formation steps may be possible due 

to the comparatively simple modification of the process to allow for the introduction of 

supplementary reagents. 

 

In this chapter the development and optimisation of surface functionalised nanoparticle 

synthesis using a continuous hydrothermal methodology is presented. The optimisation of 

the process is presented through complete characterisation of nanoparticles produced under 

different processing conditions.  The structure and morphology of the products of 

Continuous hydrothermal synthesis were investigated using XRD, TEM, HRTEM, DLS, 

electrophoretic mobility measurements, TGA and magnetometry. These investigations are 
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coupled to an evaluation of citric acid coated magnetite produced using this method as 

mediators for magnetic hyperthermia. 

 

6.2 General synthesis procedures: 

 

6.2.1 Materials: 

 

Iron (III) citrate ([Fe (C6H5O7] technical grade, >98%), Citric acid ([C6H8O7] 99%) and 

(NH4)OH solution (28 vol %) were supplied by Sigma–Aldrich Chemical Company 

(Dorset, UK). Iron (III) citrate powder was dissolved in water by adding a stoichiomentric 

amount of NH4OH solution forming a soluble iron (III) citrate complex (Ammonium ferric 

citrate [NH3 Fe(C6H5O7). All experiments were conducted using deionized water (>10 

Mega Ohms).  

 

6.2.2 Synthesis: 

 

The system used for this work is defined as CHFS system 2 and is described in greater 

detail within Chapter 2. The reaction point geometry used in this work is presented 

schematically in figure 6.1, where key dimensions and definition of the variables used 

within the text are highlighted. Where, the particle formation residence time (RT1) is 

defined as L1 in figure 6.1 (at temperature Tmix1, 24.1 MPa), and the post citric acid 

residence time (RT2) is defined from the volume of the reaction point from the terminus of 

the citric acid solution inlet to the cooler (at temperature Tmix2, 24.1MPa) and is sometimes 

expressed as a the nominal volume of the system between these points. This reaction point 

geometry (constructed as described in Section 2.2.1) was preliminarily optimised before 

the completion of this work. Reactions were carried out using variable system 

configuration as summarised in table 6.1. As detailed in Chapter 2 the flow of P1 was used 

exclusively to provide a feed of supercritical water to the reactor (Qsw), the combined 

output of P2 + 3 (Qp) was used to supply metal salt supply precursors and the output of P4 

+ P5 (Qq) was used to supply a quenching flow (containing citric acid) shortly after the 

formation of nanoparticles. For information the structure and molecular geometry of citric 

acid (CA) is presented in figure 6.2.  All reactions were carried out using a heater set 

temperature of 450 °C and a system pressure of 24.1 MPa. Similarly, all reactions used 

NH3 Fe(C6H5O7) at a concentration of 0.066 M as the sole metal precursor.  In a typical 

synthesis ca. 800 mL of nanoparticle laden slurry was collected from the process and 

recovered using NaCl flocculation and centrifugation followed by dialysis as per the 
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method stated in Chapter 2. Samples were retained as both freeze dried powders and 

cleaned dispersions for further analysis. Samples produced in this section are identified by 

a unique sample number and typically successive samples or sample series are referred to 

throughout the text. The details of several control reactions are presented in Appendix 1 all 

samples reported in this section were produced using the synthesis methodology presented 

here. Data presented in this appendix is referred to throughout the body of the text to 

support various discussions. 

 

Figure 6.1: A schematic of the reaction point used for the synthesis of citric acid coated 

magnetite nanoparticles indicating key variables. 
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Figure 6.2: The structure and dimensions of citric acid as a molecule. (Mudunkotuwa & 

Grassian 2010) 
 

In-situ temperature measurements were also performed to provide an indication of the 

quality of mixing between the nascent stream of particles, the output of Qsw and Qp 

combined at a temperature of (ca. 380 °C) and the flow of capping agent solution (Qq). 

These measurements were performed using an analogous methodology to that presented in 

Chapter 3. The relative placement of thermocouples used in this analysis is defined later 

within the text.  All reaction temperatures quoted in this work were determined by overall 

heat balance. Consistent with Chapter 3 the physical properties of water at 24.1 MPa were 

determined from the IAPWS Formulation 1995 for the Thermodynamic Properties of 

Ordinary Water Substance for General and Scientific Use and the associated FLUIDCAL 

software.(Wagner and Pruss 2002) This software was also used to calculate the density and 

viscosity of water for any given temperature and these values were used in the calculation 

of residence time. 

 

6.2.3: Evaluation of Materials for Magnetic Hyperthermia: 

 

This section is composed of data relating to the evaluation of citric acid coated magnetite 

nanoparticles produced using the two step reaction point geometry presented in Section 

6.2.2. This section details the effect of processing conditions on the relative efficacy of 

magnetite nanoparticles as mediators in magnetic hyperthermia. The synthesis and 

characterisation details of materials evaluated for magnetic hyperthermia are presented in 

Appendix 1.  Samples were prepared for calorimetric measurement using the following 

procedure; a batch of each sample ca. 800 mL of nanoparticle laden slurry (ca. 1g of 

powder) was consolidated by NaCl flocculation as described in Chapter 2.  Following 

flocculation the sample was centrifuged to minimise the volume of the sample for dialysis 

the sample was re-suspended to a fixed volume of 5 mL and placed in dialysis tubing 
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(SLS) with a molecular weight cut-off of 12 kDa forming a magnetically actuable fluid. 

Dialysis was performed against DI water for between 24 - 36 hours and included two 

complete buffer exchanges to remove excess reagents and free citric acid. Following 

dialysis the samples were freeze dried for 24 h prior to being redispersed to a concentration 

of 50 mg mL
-1 

(Fe3 O4, basis) and the efficacy of the materials for magnetic hyperthermia 

was measured using calorimetric measurements as stated in Chapter 2 (Section 2.14). 

 

6.3 Results and Discussion: 

 

6.3.1 Effect of Capping Agent Addition: 

 

The samples produced in this section are summarised in Table 6.1. Initially combinations 

of flow rates (Qsw + Qp), quench rates (Qq), relative iron to citric acid ratios (Fe : CA) and 

post capping agent addition residence times were evaluated to assess the effect of each var-

iable on the product obtained from the reaction. The addition of the capping agent (citric 

acid) after the formation of nanoparticles was used to ensure survival of the capping agent 

and to segregate the particle growth steps (occurring at ca. 380 °C) from the functionalisa-

tion steps (occurring at a lower temperature). Dissolution of the reaction product was con-

sistently observed when CA : Fe ratios > 10, either within the CHFS system or shortly after 

product collection, and was attributed to the acidity of the particle slurry.   Under these 

conditions the slurry exiting the process was at ca. pH 1 - 2, upon product dissolution the 

likely soluble complex formed was Fe2 C6H3O7 (a bright yellow solution). In reactions 

where products were recovered all samples formed stable dispersions after consolidation as 

exemplified by sample CAO7 (Table 6.1), shown in figure 6.3.  

 

 

Figure 6.3: Photograph of the ferrofluid formed after recovery of sample CAO7 dispersed 

in DI water to a concentration of 50 mg mL 
-1 

(Fe3O4 basis).
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Table 6.1: Summary of the reaction condition and characterisation data for citric acid coated magnetite produced using CHFS system 2. The 

Iron citrate concentration was fixed at 0.066 M, the heater temperature was set to 450 °C resulting in a reaction point temperature of ca. 380 °C 

(Tmix1) at the flow rates used Qsw =10 and Qp=5. Residence times were calculated from the reaction zone length and the velocity of the fluid at 

it’s theoretical mixture temperature (i.e. Tmix1 or Tmix2). 

ID 
Reactor 

length (mm) 

Qq 
 

Tmix 2 (°C) CA 

(wt %) 
CA:Fe 

RT2 
 

Cs (nm) 
TGA data Hydrodynamic diameter (nm) TEM data CA/nm2 £ 

Weight loss (%) (CA/nm2 )* Dh PDI Dh(number) Mean (SD) 

CAO1 21 10 281 1.0 1.5 2.56 12.8 4.42 1.17 79 0.132 43.2 - - - 

CAO2 21 20 210 1.0 3.1 2.06 11.8 4.22 1.03 78 0.19 46.4 - - - 

CAO3 21 30 168 1.0 4.7 1.68 11.3 2.79 0.65 80 0.155 54.3 - - - 

CAO4 120 10 281 0.5 0.7 5.21 13.4 7.1 1.96 100 0.215 23.5 - - - 

CAO5 120 20 210 0.5 1.5 4.18 12.8 7.37 1.95 106 0.178 22.1 13.7 3.3 2.08 

CAO6 120 30 168 0.5 2.3 3.42 13.5 7.72 2.15 72 0.149 17.6 16.6 3.3 2.64 

CAO7 120 10 281 1 1.5 5.21 11.8 10.35 3.31 74 0.152 17.9 11.7 3.1 2.50 

CAO8 120 20 210 1 3.1 4.18 12.9 8.64 1.71 72 0.193 20.6 11.0 2.6 1.96 

CAO9 120 30 168 1 4.7 3.42 11.7 8.11 2.32 74 0.163 25.3 13.4 4.1 2.24 

CAO10 120 10 281 2 3.1 5.21 12.4 8.98 1.57 73 0.165 13.9 13.5 3.5 2.50 

CAO11 120 20 210 2 6.3 4.18 10.9 5.05 1.14 75 0.21 18.5 15.8 4.2 1.64 

CAO12 120 30 168 2 9.4 3.42 11.6 5.95 1.42 77 0.169 22.3 11.2 2.6 1.37 

CAO13 220 10 281 2 3.1 7.88 11.7 9.87 2.38 76 0.154 29.8 - - - 

CAO14 220 20 210 2 6.3 6.33 11.8 9.0 2.19 73 0.185 34.5 - - - 

CAO15 220 10 281 1 1.5 7.88 12.8 7.2 1.90 77 0.17 26.7 11.1 2.6 1.64 

CAO16 220 20 210 1 3.1 6.33 11.5 8.23 1.94 86 0.189 25.0 14.4 3.7 2.44 

CAO17 220 30 168 1 4.7 5.17 11.0 7.91 1.79 80 0.133 45.6 - - - 

CAO18 320 10 281 3 4.7 10.6 12.3 2.09 0.53 170 0.241 67.8 - - - 

CAO19 320 10 281 2 3.1 10.6 12.4 2.00 0.51 187 0.281 54.3 - - - 

CAO20 320 15 241 2 4.7 9.46 9.6 1.82 0.36 192 0.332 56.9 - - - 

CAO21 320 10 281 1 1.5 10.6 9.9 2.82 0.57 218 0.328 43.2 11.4 2.6 0.66 

CAO22 320 15 241 1 2.3 9.46 9.6 2.19 0.43 200 0.28 89.3 11.7 3.0 0.53 

CAO23 320 20 210 1 3.1 8.47 11.6 1.92 0.46 290 0.468 76.4 - - - 

CAO24 320 25 187 1 3.9 7.63 11.3 - - 273 0.402 103.4 - - - 

*grafting density of CA determined using equation 6.1 and the crystallite size determined from the Scherrer equation (Cs), 
$
 denotes the same 

calculation using the TEM based particle size, Qq is the flowrate of citric acid solution (mL min
-1

), Tmix2 is the theoretical mixture temperature 

post citric acid addition, Dh = hydrodynamic diameter (nm) measured using DLS and Dh(number) is the number weighted distribution (explained in 

Chapter 2), TGA = weight loss in the 200 - 500 °C region (attributed to the thermal decomposition of citric acid).The reactor length is defined as 

the length of the reactor post addition of citric acid.
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XRD patterns of the products of the reactions presented in table 6.1 are shown in figure 

6.4. All diffraction patterns were in good agreement with those of both magnetite (ICDS 

082234) and Maghemite (ICDS 79196), respectively (figure 6.4 a). As discussed in greater 

detail within Chapter 5, magnetite is the only mixed-valence iron oxide and it has an 

inverse spinel structure which is often difficult to differentiate from other magnetic spinel 

iron oxide phases (figure 6.4 b), hence the phase of these materials will be referred to as 

magnetite. The addition of the capping agent through Qq was shown to have no effect on 

the absolute phase determined by XRD consistent with the discussion presented in Chapter 

5. Application of the Scherrer equation to the (311) reflection gave estimates of crystallite 

size between 10 and 13 nm and the data for each sample is summarised in table 6.1, with 

the crystallite size being largely invariant of synthesis condition (figure 6.4 b). The 

similarity between crystallite sizes determined from application of the Scherer equation to 

the diffraction data is consistent with the data obtained in an evaluation of partial reaction 

quenching presented in Appendix 1. Where, the effect of partial reaction quenching was 

shown to have little effect on particle size or particle morphology or magnetic properties 

even when RT1 = 0.21 s, suggesting that the particle formation steps were independent of 

both Qp and CA:Fe ratio (until the onset of dissolution CA:Fe >10) and that particle 

formation occurs on vanishingly small timescales.  

 

Figure 6.5 shows TEM images of the products of each of the reactions summarised in table 

6.1. The average particle sizes and size distribution were found from the measurement of 

ca. 300 particles and are detailed in table 6.1. From TEM the primary crystallite size 

ranged from ca.11-15 nm, with particle size being largely invariant of Qq or CA:Fe 

consistent with the observations made using XRD. Direct observation using TEM 

confirmed the independence of crystallite size on both Qq and CA:Fe ratio.  The TEM data 

is also consistent with the observations noted in Chapter 5 and the experiments presented 

in Appendix 1 where partial quenching of the reaction was shown to have little influence 

on the crystallite size produced in the reaction, suggesting the particle formation and 

surface functionalisation steps are effectively segregated in this system and that particle 

formation is complete on vanishingly small timescales. It is also evident from figure 6.5 

that the state of agglomeration in the sample varied with both Qq and CA:Fe suggesting 

optimal dispersion in a narrow operational space which is discussed further in the text 

below. HRTEM confirmed that a highly crystalline single phase material was produced in 

the median synthesis condition (Sample CAO7) as shown in figure 6.6a and the phase of 
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the material under observation was confirmed using SAED and the indexed diffraction 

pattern is shown in figure 6.6b. In figure 6.6a  lattice fringes corresponding to the (311) 

plane with a measured d-spacing of 2.54 Å are visualised extending towards the edge of 

each crystallite confirming that a highly crystalline and single phase product was obtained 

in the reaction. The results obtained from the HRTEM and SAED data are in good 

agreement with the lattice parameters reported for the inverse cubic spinel structure of 

Fe3O4 and consistent with the diffraction data obtained for the sample.  

 

 
Figure 6.4: XRD patterns obtained for magnetite nanoparticles synthesised in a) 

experimental runs CAO1-24 b) shows an expanded view of the 33 - 40 ° 2θ region from 

which the crystallite size was determined by application of the Scherer equation. 
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Figure 6.5: TEM images of the products of reactions; a) CAO5, b) CAO6, c) CAO7, d) 

CAO8, e) CAO9, f) CAO10, g) CAO11, h) CAO12, i) CAO15, j) CAO16, k) CAO21 and  

l) CAO22. 
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Figure 6.6: a) HRTEM image of sample CAO7 showing visualisation of lattice fringes 

corresponding to 311 plane with a measured spacing of 2.54 Å  (magnetite = 2.53 Å), b) 

indexed SEAD pattern obtained for the sample. 

 

ATR-FTIR was used to confirm the presence of citric acid on the surface of the 

nanoparticles produced in runs CAO1-24 (figure 6.7). The spectra obtained from bulk 

citric acid showed modes originating from  (ν) C=O present at 1735 cm
-1

,  (νs) COO
-
 (~ 

1390 cm
-1

) and (ν) OC-OH  (~1200 cm
-1

) and (νs) OC-OH  (~1429 cm
-1

).   The (νas) COO
- 

(~1569 cm
-1

) mode was absent in the spectrum of bulk citric acid (data not shown). 

Spectra obtained for the coated magnetite particles showed modes origination from  (ν) 

C=O present at 1735 cm
-1

,  (νs) COO
-
 (~1390 cm

-1
), (ν) OC-OH  (~1204 cm

-1
), (νs) OC-

OH  (~1429 cm
-1

) and (νas) COO
- 
(~1569 cm

-1
) confirming the presence of citric acid on 

the surface of the products. The observation of the (νas) COO
- 
 stretching mode centred at 

1569 cm
-1

 suggests a proportion of the acid groups present in the sample are coordinated to 

the particle surface. (Goodarzi et al., 2004)  In previous studies of carboxylic acid coated 

nanoparticles the wavenumber separation between the (νs) COO
-
 (ca. 1390 cm

-1
)
 
and the

 

(νas) COO
- 

(ca. 1569 cm
-1

)
 
modes have been used to determine the binding state of the 

carboxylate group and the metal oxide surface using the wavenumber separation (Δ) 

between the asymmetric (υas) and symmetric (υs) IR modes. (Kirwan et al., 2003; Taguchi 

et al., 2011; Zhang et al., 2006) Unidentate complexes exhibit Δ values (ranging from 200 

to 320 cm
-1

) that are much greater than those of bidentate complexes (ranging from 140 to 

190 cm
-1

) as depicted in figure 6.8. (Zhang, He, & Gu 2006) The values of Δ determined 

for the citric acid coated magnetite samples varied between 190 and 220 cm
-1 

as clearly 
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shown in figure 6.7 through variation in the Vas COO
-
 mode position suggesting mixtures 

of monodentate and bridging coordination with the particle surface consistent with the 

coordination typically reported for many citric acid coated nanomaterials. (Illes and 

Tombacz 2006) A shift in the value of Δ was observed with increasing grafting density 

from bridging coordination to monodentate binding which could be attributed to a greater 

number of CA molecules co-ordinated to the particle surface (quantified later). From the 

data presented no realistic information could be derived to assess if significant 

decomposition of citrate species occurred under the processing conditions used, hereafter 

the species present at the surface of the nanoparticles will be referred to as citric acid. 

 

 

Figure 6.7: Stacked FTIR spectra of the products from each reaction CAO1-24 showing 

an expanded region of the complete spectra (range 1000 - 2000 cm
-1

) identifying the IR 

active mode positions. 
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Figure 6.8: Schematic representation of possible coordination geometries of carboxylate 

groups coordinating surface metal ions. Where, M is the metal ion. Δ (cm
-1

): is the wave 

number separation  between the νas and νs   stretching vibration of COO
-  

indicative of the 

coordination environment of the carboxyl group.
 
 (Zhang, He, & Gu 2006) 

 

Thermogravimetric analysis was used to quantify the proportion of the sample mass 

attributable to organic species. Figure 6.9a shows the TGA data obtained for samples 

CaO4-11 showing variation in the regions of weight loss. The TG curve can be divided 

into two dominant stages of weight loss, the region below 90 °C, over which the mass loss 

ranged from ca.5 - 10 % (expressed as a percentage of sample mass) can be attributed to 

the removal of weakly associated water and physisorbed water. The second region of 

weight loss in the 180 - 400 °C region can be attributed to the decomposition of organic 

species. The decomposition temperature observed is consistent with the decomposition 

temperature of bulk citric acid (ca. 220°C) and has been confirmed using TGA-MS (data 

not shown). (Carlsson et al., 1994) DSC data obtained for each of the samples is presented 

in figure 6.9b and shows two characteristic endotherms, the first was attributed to the 

evaporation of physisorbed water consistent with the first weight loss observed in TGA, 

and the second endotherm observed can be attributed to the decomposition of organic 

species (principally citrates) consistent with the second region of weightloss observed in 

figure 6.9a. A third small endotherm was also observed at ca. 600 °C which corresponds 

well with the phase transition temperature of Fe3O4 / γFe2O3 → α-Fe2O3. (Carlsson et al., 

1994) The measured weighloss for each sample is summarised in table 6.1, it is evident 

from the data that processing condition influenced the density of citric acid on the surface 

of the nanoparticles.
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Figure 6.9: a) TGA data obtained for sample CAO4-11 and b) DSC traces of samples CAO4-11
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The grafting densities of CA on the surface of magnetite nanoparticles was calculated from 

the composition and surface area data derived from either the equivalent surface area 

calculated from the crystallite size determined by XRD and in selected samples the mean 

crystallite size determined from TEM using equation 6.1. Under this evaluation it is 

assumed that CA co-ordination to the particle surface is irreversible as widely reported for 

citric acid coordination to nanoparticle surfaces at 300 K and any binding events occur 

within the reaction point. (Mudunkotuwa and Grassian 2010; Pettibone et al., 2008) 

 

  (
   

      
)

  

     
   (Equation 6.1) 

 

In Equation 6.1, σ is the grafting density expressed as the number of molecules per square 

nm (CA / nm
2
), mca/mFe3O4 is the mass ratio of capping agent to magnetite (determined by 

TGA), and NA is Avogadro’s number, Mn is the density of magnetite (assumed to be 5.15 g 

cm
-3

) and Asp is the particles equivalent sphere surface area calculated from either the 

average diameter determined by TEM or the crystallite size determined by XRD (as stated 

in table 6.1). The number of carboxylate groups available for adsorption per square 

nanometer (binding area ca. 21 Å
2
) of the nanoparticle surfaces was not used in the 

calculation of the grafting density due to the number of possible binding configurations 

citric acid could adopt at the surface of the nanoparticles (monodentate or bidentate 

binding configurations). (Pettibone et al., 2008) As an example the grafting density 

calculated using the monodentate carboxylic acid binding area resulted in theoretical 

surface coverage values of ca. 40 - 60 % although from  calculation derived from equation 

6.1 an apparent surface saturation of ca. 2.6 CA/nm
2
 was determined (sample CAO7). The 

observed surface saturation of ca. 2 - 2.6 CA/nm
2
 is consistent with the typical saturation 

density reported in the literature for both inorganic metal oxides and calcium phosphates. 

(Fauconnier et al., 1996; Jiang et al., 2008) Figure 6.10a shows the variation in CA 

grafting density as a function of both CA:Fe ratio used in synthesis plotted against the 

reactor volume post CA addition. Where, it can been seen that the reactor volume post 

addition of the CA feed was the most influential factor in determining the CA grafting 

density and was largely invariant of all other processing conditions. To confirm the 

accuracy of the grafting densities shown in figure 6.10 a the same calculation was made 

using the crystallite size directly observed using TEM was used to accurately quantify the 

grafting density for selected samples and yielded almost identical values of CA grafting 

density (figure 6.10b).   
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Figure 6.10: a) Citric acid grafting density derived from the crystallite size estimated from 

the diffraction data as a function of synthesis condition plotted as a function of reaction 

point volume post addition of Qq, b) variation in grafting density calculated from equation 

6.1 using TEM based crystallite size plotted against relative CA:Fe ratio used in the 

synthesis of each product as a function of reaction point volume post addition of Qq. 

 

Estimation of the residence time (RT2) for each synthesis condition is presented in table 

6.1 assuming the feeds are completely mixed at the terminus of the Qq inlet and the 

mixture (Qsw + Qp + Qq) is at the temperature defined by enthalpy balance (Tmix2). 

Residence times of ca. 1.68 - 2.56 s resulted in a calculated citric acid grafting density of 

ca. 50% of that calculated as the saturation density (runs CAO1 - 3). Suggesting a 

limitation of citric acid binding likely related to the diffusion of citric acid to the nascent 
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particle surface (an artefact of mixing the two feeds). Increase of RT2 to ca. 4.42 - 5.21 s 

resulted in increased grafting density with an apparent surface saturation of 2 - 2.6 

CA/nm
2
. Further suggesting the lower grafting density calculated in runs (CAO1-3) is 

linked to diffusion of citric acid to the particle surface. Increasing the residence time post 

citric acid addition to ca. 6.33 -7.8 s (runs CAO12 - 17) resulted in a lower citric acid 

grafting density than those presented for residence times of ca. 4.42 - 5.21 s which is likely 

to result from the decomposition of citric acid to lower molecular weight acids through 

decarboxylation reactions forming itaconic acid (130.1 g mol
-1

) and citraconic and (130.1 

g mol
-1

) known hydrothermal decarboxylation products of CA. (Carlsson et al., 1994) 

Similarly, when residence times of ca. 7.63-10.6 s yield similarly low grafting densities. 

Substitution of the mass of itaconic and citraconic acid into equation 6.1 yields grafting 

densities similar to those obtained for citric acid in runs CAO4-11 of ca. 1.8 - 2.4 CA/nm
2 

(runs CAO12 - 24). Suggesting decarboxylation of citrate is responsible for the reduced 

grafting density determined from equation 6.1. FTIR specta obtained for each sample 

series confirmed the presence of COO- groups however, no definitive identification of the 

species present at the surface of the nanoparticles could  realistically obtained due to the 

similarity in IR spectra between the decarboxylation products (figure 6.5). 

 

Figure 6.11 shows the variation in hydrodynamic diameter (z-average) as a function of 

both CA:Fe ratio and the reactor volume post citric acid addition. As shown in figure 6.11 

the most significant contribution to the reduction in hydrodynamic diameter was the 

volume of the reactor post addition of citric acid. Typically, the measured hydrodynamic 

diameter and relative polydispersity was reflected by the samples grafting density as 

compared in table 6.1. For samples CAO1-17  hydrodynamic diameters in the region of 

60-100 nm were measured suggesting similarity in the dispersions of nanoparticles. 

Samples CAO4-11 showed the narrowest hydrodynamic diameter distributions consistent 

with the high grafting density determined for each of the samples (table 6.1). However, it 

is interesting to note that the hydrodynamic diameter of the samples produced with the 

longest residence time were the least disperse suggesting agglomeration of the samples has 

occurred which could be linked to the lower grafting density discussed earlier or an 

alteration in the mechanism of particle stabilisation due to longer hydrothermal treatment 

(discussed further later). It is worthwhile to note that the intensity of the distribution in this 

measurement is biased towards larger particles in the sample as scattering by particles is 

proportional to r
6 

(r = particle radius) i.e. particles of ca. 10 nm scatter 10
5
 fewer photons 



Chapter 6 

 

244 
 

than particles of ca. 100 nm typically leading to under-representation of small particles in 

the calculated distribution which has been explained further in Chapter 2. Quoting the 

hydrodynamic diameter corrected to particle number yielded average sizes in each 

dispersion slightly larger than those obtained from diffraction and TEM as summarised in 

table 6.1. Nonetheless it is reasoned that the smaller nanoparticles represented the majority 

of the sample by mass on the basis of the high citric acid grafting densities calculated for 

each of the samples and direct observation of particles using TEM (Figure 6.5).  

 

Figure 6.11: Grouped DLS data showing the difference in hydrodynamic diameter of 

samples CAO1-24, the z-average hydrodynamic diameter is plotted as a function of the 

relative CA:Fe ratio used in synthesis and the reaction point volume post citric acid 

addition (error bars represent the sample polydispersity in nm). 

 

The electrophoretic properties of iron oxide nanoparticles produced using CHFS in 

reactions CAO1-24 were investigated by zeta-potential measurements as a function of pH 

(figure 6.12). From the measurements presented in figure 6.12 a reduction in the 

magnitude of the surface charge is observed at pH 6 suggesting suppression of the 

dissociation of the weakest acid group of citric acid and suspension stability is conferred 
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through an electrostatic mechanism. The reported pKa values of CA as a tricarboxylic acid 

are pKa1 = 3.13, pKa2 = 4.76 and pKa3 = 6.40. The zeta-potential of samples which 

showed CA grafting densities of >1 CA / nm
2
 showed titrations characteristic of the 

protonation and deprotonation of free acid groups on the surfaces of the particles (samples 

CAO1 - 3 and CAO12 - 24). The magnitude of the Zeta-potential followed the trend of 

grafting density, as samples CAO4-11 showed the largest negative surface charge. These 

results suggest the weakest acid remains free and binding to the surface of the particle 

occurs through the strongest acid groups consistent with many other reports in the 

literature. (Mudunkotuwa & Grassian 2010) The liability of the different acid groups of 

citric acid to decarboxylation as reported by Shock et al. suggest that the acid group with a 

pKa of 4.76 is the most labile and de-carboxylates preferentially, possibly providing an 

explanation for the similarity in surface charge even in samples which showed a reduction 

in grafting density attributed to thermal decomposition. (Shock 1993; Shock and Helgeson 

1988) The similarity in the magnitude of the zeta-potential measured for samples CAO 15, 

16, 21 and 22 is consistent with the decarboxylation proposed by Carlsson et al. where the 

free carboxlic acid group present in the sample is the same as that observed for samples 

showing a high-citric acid grafting density with an apparent pKa of ca. 6.40. (Carlsson et 

al., 1994) The surface charge observed for samples showing low CA grafting densities 

(Samples CAO2-5) can be attributed to the amphoteric behaviour of magnetite, which can 

develop surface charge in the protonation (Fe-OH + H
+
 → Fe-OH2

+
) and deprotonation 

(Fe-OH → Fe-O
-
 + H

+
) reactions of Fe-OH sites. The IEP (iso-electric point) of magnetite 

is often quoted at pH 7-8 for both bulk and nanosized variants as evaluated by others. (Illes 

& Tombacz 2006)  In this work, only slight amphoteric behaviour (observed as a smooth 

transition in the zeta-potential) was observed principally due to the presence of citrates in 

all samples (table 6.1). With all samples showing CA grafting densities >1 CA / nm
2
 

yielding dispersions which are electrostatically stabilised and characterised as stable as 

values of > 30 mV are indicative of stable dispersions. (Illes & Tombacz 2006) 
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Figure 6.12: Zeta-potential titrations of CAO samples (measurement standard deviations 

were typically ca. ±3 mV and have been omitted for clarity). 

 

6.3.2 The Effect of High Flow Regimes on Surface Functionalisation: 

 

To further assess the effects of processing condition on surface functionalisation in the 

modified CHFS process materials produced under a high flow regime (Qsw + Qp = 35 mL 

min
-1

)  similar to that used initially for the synthesis of magnetite nanoparticles in Chapter 

5 were compared to those obtained in samples CAO1 - 22 (Qsw + Qp = 15). Under a higher 

flow regime a different optimisation condition was observed. Detailed characterisation 

data for the samples described in this section is presented in Appendix 1 and tabulated in 

table A1.2. Samples presented in this section are identified by the series HCAO1-12.  
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Figure 6.13: Variation in the calculated citric acid grafting density obtained for samples 

HCAO1-12 plotted as a function of CA:Fe ratio used in synthesis. 

 

XRD patterns of the materials produced in runs HCAO1-10 suggest that all products are 

well crystallised and have a cubic inverse spinel structure (space group Fd3m) known for 

bulk magnetite and maghemite (ICDS 082234 and ICDS 79196), respectively (Appendix 

1). TEM images of selected samples produced in the series HCAO1-12 are shown in 

Appendix 1 figure A1.2 showing similar degrees of dispersion as shown in figure 6.5. The 

crystallite size measured for samples HCAO1-12 (ca. 5.6 - 10.4 nm) was smaller than 

those observed for materials produced in runs CAO1-24 (ca. 11 - 15 nm). The reduced 

crystallite size produced in these reactions is tentatively attributed to latent process 

variation. However, correspondingly greater weight loss attributed to the thermal 

decomposition of organic species was measured in TGA, which ultimately yielded 

saturation grafting densities of ca. 2.6 - 2.9 CA / nm
2
 consistent with the saturation 

grafting density calculated for samples CAO4 - 12. Figure 6.13 shows the variation in 

citric acid grafting density calculated using equation 6.1 plotted as a function of CA:Fe 

ratio used in each synthesis. It can be seen from Figure 6.13 that saturation of the particle 

surface occurred at a CA:Fe ratio of ca. 1.8 and the grafting density appeared proportional 

to CA:Fe ratio below this value indicative of a diffusion limit to functionalisation in this 
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process. The calculated residence time post synthesis addition was lower (ca. 1.87 - 2.20 s) 

than the optimum residence time observed in the low flow regime (ca. 4.42 - 5.21 s).  

Achieving similar CA grafting densities at shorter residence times, suggests differences in 

the degree of mixing between Qsw + Qp (containing the nascent nanoparticles) and Qq 

(citric acid feed) which in a lower flow rate limited the rate of citrate diffusion to the 

nascent particle surface. FTIR confirmed the presence of citric acid in this sample series 

and yielded wavenumber separation between the (νs) COO
-
 (ca. 1390)

  
and the

 
(νas) COO

- 

(ca. 1569)
 
values of  190 and 220 cm

-1
 suggesting a mixture of both mono-dentate and 

bridging coordination with the particle surface as inferred for samples CAO1 - 24. 

Hydrodynamic diameters measured using DLS are presented in Appendix 1, and showed 

similar dispersion properties to those presented in figure 6.11 and were shown to be 

consistent with the grafting density determined for each of the samples. Zeta-potential 

measurements characterised the samples showing CA grafting densities > 1 CA / nm
2
 as 

stable dispersions with magnitudes > - 30 mV similar to those presented for samples 

CAO4-12. Titration of this sample series confirmed an electrostatic mechanism of particle 

stabilisation, a reduction in the magnitude of the samples zeta-potential around pH 6 

further suggests a similar co-ordination of citric acid to the particle surface. 

 

6.3.3 Proposed Mechanism of Surface Functionalisation: 

 

As the density of citric acid was shown to vary with flow regime chosen for synthesis. In 

samples CAO1-24 (Qsw + Qp =15)  estimated residence times post CA addition of ca. 5 s 

were required to achieve saturation of the particle surface. However, at a higher flow 

regime (Qsw + Qp =35) residence times of ca. 2 s were shown to give products with 

equivalent CA grafting densities when the CA:Fe ratio used in synthesis > 4 suggesting the 

degree of functionalisation was governed by diffusion of CA to the nascent particle surface 

and was likely linked to mixing between the component streams.  In the stated flow regime 

the mixture issuing from the reaction point (defined by Tmix1) is a highly turbulent flow 

with a Reynolds number between 6.12 x 10
4 

(Qsw + Qp = 15) and 11.23 x 10
4 

(Qsw + Qp = 

35) with corresponding Fr
2
 of 100 and 160 being a momentum driven flow.  Mixing of the 

feed containing nascent nanoparticles and the feed containing citric acid is likely to be 

complex due to; 1) the density difference between the feeds (ca. 280 kg m
-3

 (Tmix 1) and 

1002 kg m
-3 

(Qq)
 
 2) the differences in flow velocity  attributed to the difference in density 

and the mass flow rate. However, an estimation of the flow type occurring in the system 
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under the different flow conditions suggested the mixture after the addition of citric acid 

(Qq) was a turbulent flow in the high flow regime (Re = 3.4 - 4.5 x 10
4
 (Qq = 10 - 40 mL 

min
-1

)   if the mixture is assumed to be at Tmix2, whereas in the low flow regime Re = 1.9 - 

2.6 x 10
4
 (Qq= 10 - 40 mL min

-1
) suggesting a transient flow. This analysis would offer a 

straight forward interpretation if surface functionalisation was linked to mixing at high 

temperature and thus diffusion of CA to the particle surface as in a turbulent flow diffusion 

of CA to the particle surface would be enhanced yielding more rapid saturation of the 

particle surface.  

 

To confirm if differences in flow regimes were responsible for the  variation in grafting 

density in-situ temperature measurements were used to establish the extent of mixing 

between the component streams  as a function of Qsw + Qp and Qq. The relative placement 

of thermocouples is represented graphically in Figure 5.14. The temperature profiles 

measured are presented in figures 5.14b and 5.14c for flow regimes of Qsw+Qp = 35 and 

Qsw + Qp = 15   with a variable Qq as 30 s time averaged temperature measurements. It 

should be noted that significant noise was recorded in the measurements suggesting the 

mixing process is not in a steady state.  Figure 5.16 clearly shows that the introduction of a 

feed post nanoparticle formation results in complex mixing of the two feeds as the 

theoretical mixture temperature as an average was not met in any flow condition. 

However, one interesting feature of the data is the degree to which the cold water feed 

penetrates into the stream of nascent particles and appears related to Qq leading to a 

reduction in Tmix1. These results suggest a significant density difference between the 

incoming stream and the nascent stream provides an explanation as the significantly denser 

Qq falls through the less dense stream of nanoparticles. To confirm that the discrepancy in 

temperature did not arise as the result of heat loss a slow response thermocouple (of 

greater thermal mass) just before the cooling apparatus gave measurements of temperature 

within 5  -10 °C of those expected from enthalpy balance further suggesting the system is 

not steady state and that some phase separation in the mixture is possible and averages 

over a longer time period (data not shown). These measurements suggest the analysis of 

different flow types based on Tmix2 determined from enthalpy balance may not be locally 

correct throughout the geometry. Although, characterisation data supports a diffusion limit 

to grafting density further process evaluation using this methodology was inconclusive.  
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Figure 6.14: In-situ temperature measurement representing the mixing of Qsw + Qp and Qq 

a) Schematic showing the relative placement of thermocouples, b) Temperature 

measurements for the reaction point operated at Qsw+Qp = 35 and c) Temperature 

measurements for the reaction point operated at Qsw+Qp = 15 . Dashed lines represent the 

temperature determined by overall enthalpy balance. 

 

A number of authors have investigated the adsorption of carboxylic acids to the surface of 

metal oxide nanoparticles in ambient aqueous dispersion, including Hematite (α-Fe2O3), 

(Hwang and Lenhart 2008; Kirwan, Fawell, & van Bronswijk 2003) magnetite (Fe3O4),  

(Kundu et al., 2006) titania (TiO2).(Mudunkotuwa & Grassian 2010) Typically, citric acid 

coating protocols presented in the literature suggest adsorption of the citrate tri-ion occurs 

when the surface of the substrate is positively charged (i.e. at low pH for an amphoteric 

metal oxide). (Illes & Tombacz 2006; Mudunkotuwa & Grassian 2010)  It should be noted 

that Mudunkotuwa and  Grassian and Pettibone et al. found differences in the affinity 

constants of citric acid to the surface of TiO2 nanoparticles which were heavily dependent 



Chapter 6 

 

251 
 

upon the pH of the suspension and in the case of the CHFS process presented here it is not 

beyond reasonable doubt that differences in citric acid affinity to the particle surface varied 

across the reaction conditions presented and observation of this was beyond the resolution 

of sample characterisation. (Mudunkotuwa & Grassian 2010; Pettibone et al., 2008) It is 

assumed that under the hydrothermal conditions used for the production of carboxylic acid 

functionalised magnetite, speciation of citrate would lead to the formation of the Citrate ( 
3-

) ion as indicated by the work of Shock et.al.  and coordination occurs through the 

strongest acid groups as inferred from the pH dependent charge state of the samples 

surface. (Shock et al., 1989) Although the results presented here suggest a diffusion 

limitation to the efficacy of capping, the pH of the dispersion could play a significant role 

although from experimental limitation, this could not be assessed further. 

 

6.3.4 Magnetic Properties of Citric acid Coated Nanomaterials: 

As the co-ordination of functional groups to the surface of magnetic nanomaterials is well 

known to alter the magnetic fine structure of a material it is important to characterise the 

effects of capping agent grafting. (Itoh and Sugimoto 2003; Sahoo et al., 2005) Materials 

which showed slight variance in citric acid grafting density were evaluated to identify the 

effects of citric acid grafting on the magnetic properties of the material. As presented in 

Appendix 1 the magnetic and physiochemical properties of magnetite were shown to be 

largely invariant of Qq and residence time at Tmix1. MH measurements performed on sam-

ples CAO4 – 11 (showing citric acid grafting densities ranging from 1.37 - 2.50) are pre-

sented in figure 6.15a. All samples showed superparamagnetic behaviour at 300 K and low  

coercivity values of between 0.5 - 1.6 Oe (figure 6.15a inset) consistent with what would 

be expected in light of the structural characterisation of these materials (table 6.1). The 

MH data showed a slight reduction in the saturation magnetisation as a function of increas-

ing CA grafting density. Correspondingly, calculation of the effective ferromagnetic diam-

eter (as detailed in Chapter 2) also showed a slight trend of decreasing ferromagnetic di-

ameter on increasing CA grafting density (figure 6.15b). Similarly, the paramagnetic con-

tribution in the calculation of ferromagnetic diameter was shown to increase (in all cases) 

from 1.05 - 1.97 x10
-5

 (a.u) when the grafting density increased from 1.37 - 2.50 CA/ nm
2
 

suggesting a proportional increase in a non-ferromagnetic phase. Carboxylic acids bound 

to the surface of magnetic nanoparticles are known to induce spin canting inducing disor-

der in Fe 3d spins due to chelation type bonding and this often results in a reduction in the 

net magnetic moment of the particle. (Daou et al., 2008) The observed reduction presented 
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here ca. 5 - 10 emu g
-1

 when compared to the highest saturation magnetisation produced 

for magnetite under partial reaction quenching (Appendix 1) are similar to the reduction 

published previously ca. 5 - 7 emu g
-1

. (Itoh & Sugimoto 2003) However, this observed 

trend was well within the bounds of magnetic polydispersity observed in samples produced 

using CHFS (discussed later). 

  

 

Figure 6.15: a) MH curves of citric acid coated magnetite produced using CHFS showing 

different citric acid grafting densities; inset shows an expanded plot of the near 0 Oe 

region. b) Variation in saturation magnetisation (squares) and ferromagnetic diameter 

(circles) as a function of calculated citric acid grafting density. 

 

To further assess the contribution of citric acid on the magnetic properties of the material. 

The temperature dependence of Ms was measured at 5 and 300 K for sample CAO7 as 

shown in Figure 6.16. The increase in Ms below 5 k can be attributed to the presence of 

abhorrent spins which undergo a magnetic transition to a frozen state  increasing the meas-

ured value of Ms. (Koksharov et al., 2000) Similarly, the increase in coercive field at 5 K 

measured as 25 Oe whereas at 300 K a value of 0.4 Oe reported is consistent with the sam-

ple behaving as a ferromagnetic at lower temperatures. (Nogues et al., 2005)  ZFC / FC 

measurements performed on the sample are shown in figure 6.16.b and show an increase in 

sample magnetisation in the FC condition with decreasing temperature indicative of mag-

netic moments transitioning to a frozen state over a distribution of temperatures, which is 

consistent with the observations noted in chapter 5 on the low temperature magnetic be-

haviour of magnetite produced using CHFS. In the ZFC condition the lack of distinct 

magnetic transitions is consistent with a wide distribution of energy barriers within the 

sample and is typically referred to as a distribution of magnetic frustration which can orig-
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inate from many sources (spin disorder, anti-phase boundaries, spin canting or spin glass 

transitions) which is further emphasised by the single crystal structure of the particles iden-

tified using HRTEM and shown in figure 6.6. (Nogues et al., 2005) As initially highlighted 

in Chapter 5, the  positive magnetisation values observed in the  ZFC and FC is the finger-

print of exchange bias, a phenomenon that takes place at interfaces between different mag-

netic phases and again suggests a distribution of magnetic phases (in intimate contact) 

within the particles (e.g. ferromagnetic-antiferromagnetic but also ferromagnetic- ferri-

magnetic, ferri-magnetic-antiferromagnetic, etc). (Iglesias et al., 2008; Levy et al., 2011) 

The presented measurements suggest that the crystallites in this sample (CAO7) are mag-

netically complex structures and show magnetic properties very similar to those initially 

discussed in Chapter 5. As carboxylic acids bound to the surface of magnetic nanoparticles 

are known to induce spin disorder on association with  Fe 3d electrons of the surface iron 

atoms. (Leslie-Pelecky and Rieke 1996) This surface disorder would be observed as a 

slight broadening of the blocking temperature or transition from superparamagnetic to fer-

romagnetic state (normally observed at ca. 10 - 40 K in magnetite) and a slight increase in 

Ms below this temperature.  The magnetic complexity of the sample effectively masks the 

observation of these effects making any inference about the finite effects of grafting tenu-

ous. (Koksharov et al., 2000)  

 

Further analysis of the magnetic properties of samples produced at higher flow rates,  

which showed slightly smaller crystallite sizes as determined by TEM (samples HCAO5, 6 

and 7)  are presented in Appendix 1. As anticipated these samples showed coercivity val-

ues of between 0.1 - 1.2 Oe showing superparamagnetic behaviour at 300 K. However, in 

this sample series lower values of Ms were measured than those observed for samples 

CAO4 - 11 with values of 45.3, 53.1 and 47.6 emu g
-1

, respectively. The measured values 

correlated well with the CA grafting density determined for each of the samples 1.0, 2.93 

and 2.57 CA / nm
2
 consistent with the observation made in samples CAO4-11. The re-

duced saturation magnetisation of this sample series can be attributed principally to the 

reduction in crystallite size as determined by TEM and XRD (Appendix 1).  Several stud-

ies suggest that the lower magnetic saturation values for smaller Fe3O4 nanoparticles are 

caused either by increasing  spin-disorder effects at the particle surface or by the existence 

of canted spins if the particle is sufficiently small (ca. > 10 nm). In either case this would 

yield a lower magnetisation. (Chatterjee et al., 2003; Sugiyama et al., 1997) ZFC - FC 

measurements performed on sample HCAO6 showed coercive field at 5 K of 35 Oe 
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whereas at 300 K, a value of 0.8 Oe was recorded yielding similar observations to those 

discussed for sample CAO7 and discussed further in Chapter 5.  

 

Figure 6.16: a) Comparison of magnetisation magnetization curves measured at 10 K and 

300 K, b) FC and ZFC curves under an applied field of 100 Oe. 

 

 

6.3.5 Evaluation of Materials for Magnetic Hyperthermia: 

 

As stated earlier within this chapter, localised heat generation under the stimulation of an 

alternating magnetic field using nanoparticles as mediators is of interest in a variety of 

biomedical and other applications. (Gupta and Gupta 2005) To evaluate the efficiency of 

the citrate coated  iron oxide nanoparticles produced using CHFS as mediators for 

therapeutic hyperthermia, their SLP (specific loss power) was measured. This was 

expressed in Watts per iron oxide unit mass (g), in a magnetic field of 6.664 kA m
-1

  

oscillating at a frequency of 1.05 MHz. As only a single magnetic field strength and 

frequency were investigated the SLP was converted to ILP (intrinsic loss power) expressed 

in nH kg m
-2

 as detailed within Chapter 2 to allow a broader comparison to published 

materials. (Kallumadil et al., 2009)  The evolution of heat from a magnetic particle under 

the influence of an AC magnetic is heavily dependent upon the size and magnetic 

characteristics of the materials under actuation by the AC field (crystallite polydispersity, 

particle shape, crystalinity, the presence of defects and cation vacancies) as detailed 

earlier. (Gazeau et al., 2008; Gonzales-Weimuller et al., 2009)  Where, the evolution of 

heat from ferro or ferrimagnetic (multi domain) particles arises through hysteretic loss. 

However, in superparamagnetic nanoparticles loss occurs through either Brownian 



Chapter 6 

 

255 
 

(physical rotation of the particle and heat is generated through friction) or Neel relaxation 

(where heat loss occurs through the re-orientation of magnetic moments to their 

equilibrium state). (Zhang et al., 2010) In the case of the nanoparticles presented in this 

section heat loss is likely to be almost exclusively generated by the latter mechanism. In 

this section the synthesis and evaluation of 100 samples produced at varying processes 

conditions as mediators for magnetic hyperthermia is presented.  The synthesis details and 

characterisation data of which are presented in Appendix 1. All samples assessed in this 

section formed stable magnetically actuable fluids at particle concentration of 50 mg mL
-1

. 

All samples were prepared for measurement using the procedure highlighted in section 

6.2.4, the reproducibility of the calorimetric measurements used for the calculation of ILP 

showed high internal reliability (data not shown). 

 

Despite our best attempts, large variations in the performance of magnetic iron oxides 

produced using CHFS were observed. However, a preliminary characterisation of the 

materials from XRD yielded a slight correlation with crystallite size determined from the 

application of the Scherer equation to the diffraction data (figure 6.17a). Similarly, figure 

6.17b shows a moderate correlation with increasing residence time (RT1) which 

superficially would indicate that sample crystalinity yields an increase in energy yield. 

Although as shown in figures 6.17a and b, there appeared to be significant variance in both 

trends.  To clarify the correlations simple regression analysis was used to assess if any one 

synthesis variable could be used as a predictor for the performance of the material. The 

products of Pearson correlation coefficients between ILP, crystallite size (volume weighted 

mean) and residence time (RT1) [inferring an increase in material crystalinity] are 

summarised in table 6.2 as these are likely the most influential characteristics of 

hyperthermia performance (regressions were performed using SPSS). From this analysis, 

moderate and positive correlations between crystallite size, residence time and ILP were 

recorded with all factors showing statistical significance. It is well known in the academic 

literature that there is an optimal size for maximum heat generation in magnetite 

nanoparticles which is centred at ca. 12 nm for a perfect dispersion of nanoparticles. 

(Hergt et al., 1998; Rosensweig 2002a) Similarly, it is well know that even moderate 

crystallite polydispersity can significantly reduce the efficacy of the material for magnetic 

hyperthermia alongside a plethora of other factors as indicated in the introduction.(Hergt et 

al., 1998) Although variance was observed in ILP, it is interesting to consider the 

difference in magnitude of the value of ILP when compared to that of materials (of similar 
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size ca. 12 nm) reported in the literature. (Kallumadil et al., 2009) The highest reported 

SAR values have been reported by Fortin et al. and Hergt et al. as 1650 W/g ( H = 24.8 kA 

m
-1

, f = 700 kHz) and 600 W/g (H = 11.2 kA m
-1

 , f = 410 kHz) respectively. Calculation 

of the ILP from the reported data resulted in ILP values of 3.8 and 11.7 nHm
2
 kg

-1
, 

respectively which are significantly greater than the values of any sample prepared using 

CHFS. The reports by Herght et al. and Fortin et al. described mediators which 

characteristics very similar to those reported for the samples produced by CHFS with an 

average crystallite size of 15.3 nm (σfm =15 nm). (Fortin et al., 2007; Hergt et al., 2004) 

 

Table 6.2: Products of Pearson’s correlation between ILP, crystallite size and residence 

time (RT1). 

 ILP Cs RT 

ILP 1.000 .646** 

.000 

.511** 

.000 

Cs  1.000 0.519** 

.000 

RT1    1.000 

** Correlation is significant at the p < 0.01 level (2-tailed). Cs is the volume weighted 

mean crystallite size determined from XRD and RT1 is the residence time (s) prior to the 

addition of citric acid. 

 

To further investigate which material properties showed the largest influence on 

hyperthermia performance, a selection of materials was taken from the data shown in 

figure 6.17a. The samples chosen for further analysis are detailed in table 6.3 alongside 

relevant materials characterisation data. These samples were identified for comparison due 

to their similarity in dispersion (as assessed by DLS) and initially by the similarity in 

crystallite size as estimated  by XRD data, and a near uniform spread of ILP values 

between 0.12 and 1.02 nH kg m
-2

. To highlight the difference in heat generation figure 

6.18 shows the raw calorimetric data recorded for the sample series presented in table 6.3. 
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Figure 6.17: a) Correlations between the ILP of different ferrofluid samples and the 

volume weighted mean crystallite size determined from XRD, b) Correlations between 

ILP and residence time (RT1) used in the synthesis of all materials. n.b. the ILP values 

quoted for these samples have been calculated assuming no contribution to the sample 

mass from the capping agent, in all cases this would yield an underestimate of ILP of upto 

15 %. Tablulated synthesis and characterisation data can be found in Appendix 1. 

 

 

As summarised in table 6.3, the structural characterisation of the materials yielded results 

very similar to those initially reported for citric acid coated magnetite produced using 

CHFS. Consistent with the results of Section 6.3.2 and Chapter 5 there was no evidence of 

contaminating phases observed in any of the samples as inferred from the XRD data. The 

synthesis of highly crystalline materials was also inferred by the similarity in crystallite 

size determined from both application of the Scherrer equation (311 reflection) and the 

direct measurement of ca. 300 crystallites per sample by TEM, as summarised in table 6.3. 

Further characterisation of this sample series using DLS and TGA showed that materials 

with similar dispersion properties and citric acid grafting densities (determined using 

Equation 6.1) approaching the saturation value determined earlier within this Chapter. The 

polydispersity indices (PDI) for the hydrodynamic diameters of the samples chosen for 

further evaluation ranged from 0.12–0.25,which indicate low to moderate polydispersity 

within the samples which are also not significantly greater than the hydrodynamic 

polydispersity reported for commercially available ferrofluids measured using the same 

technique. (Kallumadil et al., 2009) 
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Table 6.3: Synthesis and characterisation details of samples chosen to assess the effect of 

material characteristics on hyperthermia performance. 

Sample Qsw:Qp Qq 
RT1 

(S) 

ILP     

(nH 

kg 

m-2) 

XR

D 

(nm) 

TEM data 

(nm) 
Magnetic properties 

Dh nm (PDI) 
TGA 

(%) 

CA/n

m2 Mea

n 
SD 

Ms 
 

μ σ 

χ 

(x 10-

5) 
MHO1 15:8 15 1.94 0.51 13.0 12.0 2.4 40.9 5.8 0.40 1.09 80.6 (0.138) 7.32 1.94 

MHO2 15:8 20 1.94 0.90 12.2 12.7 2.7 42.0 5.9 0.38 1.13 79.27(0.179) 8.24 2.15 

MHO3 10:5 15 2.78 0.36 11.3 11.4 2.8 43.3 4.8 0.44 1.24 77.9 (0.155) 6.58 2.55 

MHO4 10:5 25 2.78 0.51 10.4 10.5 2.2 42.9 5.4 0.41 1.22 77.0 (0.169) 7.89 2.70 

MHO5 15:8 15 3.41 0.12 11.7 13.6 3.4 51.5 4.6 0.47 1.63 75.99(0.210) 7.81 2.19 

MHO6 15:8 20 3.41 0.54 10.3 13.7 3.2 50.7 5.9 0.38 1.48 76.56(0.193) 5.98 2.59 

MHO7 10:5 15 4.89 0.50 11.4 15.6 4.6 46.6 6.1 0.33 1.65 75.8 (0.165) 8.32 2.04 

MHO8 10:5 20 4.89 0.41 11.4 11.4 2.8 57.0 6.7 0.34 1.12 76.1 (0.154) 7.13 2.44 

MHO9 10:5 15 6.15 0.66 10.3 10.8 2.5 43.6 5.7 0.41 1.14 74.46(0.162) 5.67 2.10 

MHO10 10:5 20 6.15 1.02 11.5 12.8 3.3 40.4 6.0 0.38 1.05 73.4 (0.182) 4.59 2.14 

MHO11 10:5 15 7.96 0.63 10.5 14.7 3.2 52.6 6.9 0.31 1.64 74.5 (0.194) 5.67 2.56 

MHO12 10:5 20 7.96 0.29 10.6 16.1 3.8 58.9 6.4 0.30 1.43 74.5 (0.164) 5.9 2.43 

Key: Ms = saturation magnetisation (emu g
-1

), μ = effective ferromagnetic diameter (nm), 

σ = ferromagnetic diameter polydispersity (nm), χ = paramagnetic contribution on 

approach to magnetic saturation, Dh = hydrodynamic diameter (nm) measured using DLS, 

TGA = weight loss in the 200-500 °C region (attributed to the thermal decomposition of 

citric acid) and CA/nm
2 

is the citric acid grafting density determined using Equation 6.1. 

 

To further assess the variance within this sample series on both the low hyperthermia 

performance (when compared to materials showing similar structural characteristics) and 

the variance in heat generation the magnetic properties of the samples presented in table 

6.3  were measured at 300 K (figure 6.19 a). Consistent with the structural charcterisation 

of these materials presented in table 6.3, all samples showed superparamagnetic behaviour 

at 300 K. All data from the magnetic measurements is summarised in table 6.3.  From the 

characterisation of magnetic properties a slight trend emerged between the ferromagnetic 

diameter, Ms,  μ  and χ as a function of ILP (using the magnetic fitting procedure detailed 

in Chapter 2). This variation is presented graphically in figure 6.19 a.  Where, a slight 

increase in ILP was observed with increasing ferromagnetic diameter and decreasing 

paramagnetic contribution (figure 6.19b). As the heating power of these nanoparticles was 

far below the expected value  due to a clear discrepancy between the physical crystal size 

(table 6.3) and the effective magnetic volume it can be interpreted that these particles 

behave in a manner indicative of smaller particles (i.e. particles of a much smaller physical 

size displaying ideal magnetic properties). (Levy et al., 2011) As initially identified in 

Chapter 5 and observed again in this Chapter, magnetic disorder was particularly evident 

for magnetic nanoparticles produced using CHFS, and has been attributed to magnetic 

complexity in the sample (Section 6.3.3).  As a consequence, the effective magnetic 
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volumes of the particles were significantly reduced as well as their magnetic polydispersity 

dispersions enlarged (represented by σ in table 6.3) forming a likely explanation for the 

lower than expected hyperthermia performance. (Levy et al., 2008; Levy et al., 2011) 

 

 

 

Figure 6.18: A sample of the calorimentric data recorded for ferrofluid samples presented 

in table 6.3 using a magnetic field strength of 6.664 kA m
-1

 and a frequency of 1.05 MHz. 

From which the SAR and corresponding ILP values were calculated using a corrected Mfe 

value. (samples are identified in table 6.3). 
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Figure 6.19: a) correlations between Ms and effective ferromagnetic diameter plotted 

against measured ILP and b) Correlations between effective ferromagnetic diameter and 

the contribution of paramagnetic like susceptibility in the samples plotted against ILP. 

 

From figures 6.19a and b it is still implied that other factors relating to the sample may 

also contribute to the variation in hyperthermia performance as the slight trend in 

increasing hyperthermia performance with crystallite size is still rather ambiguous.  As 

summarised in table 6.3 the variation in the effective magnetic particle size is 

comparatively small ca. 1.5 nm between the best mediator and the poorest. The theoretical 

work of Rosenweig and the experimental evaluation of Herght, suggest nanoparticles 

displaying magnetic polydispersity in the region of as little as 10 % could reduce the 

expected hyperthermia performance by upto 50 % and this has recently been shown 

experimentally, which could be a valid interpretation of this variance. (Levy et al., 2011; 

Muller et al., 2006; Rosensweig 2002) As such a much smaller investigation was 

performed to test the reproducibility of three discrete syntheses in CHFS.    Figures 6.20 
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shows the variation of ILP from repeat syntheses conducted at various residence times 

RT1 = 1.94, 4.89 and 6.15 s. From these samples a selection of three samples produced at 

each residence time was further evaluated and a similar set of data generated to that 

presented for the broader study presented in Table 6.3. Run numbers 3, 6 and 9 (of figure 

6.20) were evaluated for each residence time.  As shown previously, these materials 

showed significant similarity in crystallite morphology and particle size as determined by 

TEM (ca. 300 particles measured). Interpretation of the MH curves of these samples by the 

magnetic fitting procedure detailed in Chapter 2 assuming ca. 7 % of the particle mass 

could be attributed to capping agent as shown in figure 6.21 b. This analysis suggested that 

although reasonable crystallite size reproducibility was obtained in each synthesis the 

magnetic frustration in the samples differed, plotted as a function of ILP (figure 6.21 b). In 

many regards the observations made for this sample series mirrored those described in 

table 6.3. This observation formed the basis of the brief discussion of capping agents and 

their effects on magnetite produced using CHFS (Section 6.3.4). For comparison, the 

crystallite size including the standard deviation determined for each of the samples (ca. 

200 particles measured) is presented alongside the ferromagnetic diameter calculated from 

the MH data, suggesting further that polydispersity in the samples could be attributed to 

magnetic frustration rather than large differences in crystallite size figure 6.21 a. 

 

 

This analysis showed that fine variation in the magnetic structure of the materials was the 

likely cases for the variation in hyperthermia performance, and this variation is likely to be 

intrinsic to CHFS due to the comparatively harsh and rapid reactions occurring at the point 

of particle nucleation. The variation in magnetic structure (i.e. magnetic disorder) inferred 

from this analysis could arise from many sources; spinel ferrite iron oxide nanoparticles 

can be found in the form of stoichiometric magnetite, cation deficient magnetite, 

maghnemite or a mixture with significant dependency on the size and synthesis protocol 

chosen. (Gonzales-Weimuller, Zeisberger, & Krishnan 2009) In the case of CHFS, rapid 

particle nucleation and growth suggest that the cation deficiency is the major cause of 

reduced ferromagnetic diameter and magnetic frustration. (Levy et al., 2011) The presence 

of highly strained regions within the lattice of each crystallite as it accommodates defects 

could account for the discrepancies, in light of knowledge of the processing conditions 

used for synthesis. However, if it is assumed that crystallinity rather than structural 

disorder influenced the magnetic properties to a greater extent, one would assume a 
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measurable increase proportional to residence time, as this was not observed even when 

RT1 was varied between 0.21 and 9.67 seconds, suggesting atomic vacancies reside within 

the lattice (and the variation in concentration of these vacancies) results in the moderated 

difference in magnetic frustration observed.   

 

 

 
Figure 6.20: a) Plot of ILP variation from three discrete reaction conditions repeated 9 

times at 3 different residence times.  1.94 s (triangles), 4.89s (circles) and 6.15 s (squares). 

The iron salt concentration was fixed at 0.066 M and a 1 wt% CA concentration under the 

following flow condition Qsw = 10, Qp = 5 and Qq = 20 (n.b. these ILP values were 

corrected assuming a contribution of 7 wt % capping agent).  
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Figure 6.21: a) Plot showing the variation of Ms of the samples chosen from figure 6.20 

and their crystallite size determined from TEM plotted against ILP, b) Results from 

magnetic fitting plotted against ILP for the same sample series.  
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6.4 Conclusions: 

 

For the first time the successful modification of a CHFS flow reactor has been 

demonstrated, and allows for the introduction of a capping agent shortly after the 

formation of nanoparticles. The process was shown to be capable of producing 

nanomaterials which had a high grafting density of citric acid on the surface to confer a 

stabilising effect to the particles. Grafting citric acid to the surface of the nanoparticles 

yielded reasonable particle dispersions in light of the limitations of DLS. Zeta-potential 

measurements confirmed that the particles were stabilised by an electrostatic mechanism 

consistent with the deprotonation of the weakest reported acid group of citric acid and that 

consolidated nanoparticles formed stable ferrofluids. From FTIR, it was found that 

coordination of the acid to the particle surface occurred through a mixture of unidentate 

and bridging coordination with the particle surface. A complete process envelope was 

established by operating the reaction point at a variety of temperature and flow rate 

regimes, allowing the identification of regions where the process could be operated to 

allow for the direct synthesis of surface functionalised magnetite nanoparticles. A series of 

samples suggested that the mixing between the feed containing citric acid and the feed 

containing nascent nanoparticles was influential in determining the amount of capping 

agent adsorbed onto the particle surface. It was observed that in a low flow regime a much 

longer residence time post citric acid addition was required to achieve saturation of the 

particle surface. However, in a higher (“more turbulent”) flow regime grafting of citric 

acid occurred with higher efficiency. Characterisation of the products showed that the 

crystallite size of the nanomaterials was largely invariant of the processing conditions used 

and this observation suggested complete segregation of the particle formation and capping 

steps. 

 

It was demonstrated that the crystallite size and the magnetic properties of the 

nanomaterials produced using partial reaction quenching to residence times of ca. 0.21 s 

were shown to have little effect on the size or magnetic properties of magnetite produced 

using CHFS (data shown in Appendix 1). These reactions showed the particle nucleation 

and growth phase in CHFS is rapid and that particle formation occurring where the 

precursors and preheated water meet can effectively be segregated from reactions 

occurring downstream of particle formation. As initially discussed in Chapter 5 the 
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magnetic properties of the material were again shown to be affected by intrinsic process 

limitations and the magnetic frustration within the samples was attributed to lattice defects.   

 

The investigation of magnetic nanoparticles produced using this methodology was 

disappointing because the process superficially yielded materials which satisfied many of 

the requirements for high energy conversion hyperthermia mediators. However, the large 

number of samples evaluated, allowed some discrimination  amongst several structural and 

magnetic features and served to highlight the sensitivity of hyperthermia mediators to 

magnetic frustration. It is suggested that the rapid nature of the synthesis yields the 

magnetic frustration in these materials through the incorporation of atomic defects in the 

materials structure and may be inherent to the process.  

 

6.5 Future work: 

 

Principally, it would be of interest to assess the cytotoxicity of citric acid coated 

nanoparticles produced using the methodology presented herein. Similarly, it would be of 

interest to apply the processing methodology to materials of different compositions. The 

presence of a free acid group anchored to the nanoparticle surface could also be exploited 

for further surface functionalisation of the nanomaterials produced using this methodology 

which could broaden the application of these materials in the future. The use of simple 

post processing to further engineer the particle surface would be of interest as the 

methodology presented could find application as a method for the synthesis of a precursor 

nanomaterial which could be functionalised for application in many fields. It would be of 

interest to further assess and evaluate the reproducibility of magnetite synthesis 

specifically for application in magnetic hyperthermia. As shown in Appendix 1 and 

Section 6.3.4, comparatively small variation in the physiochemical characteristics of 

magnetite had a very large effect on the efficacy of the materials for hyperthermia (i.e. 

crystallite size and magnetic volume). It would  be of interest to investigate the CHFS 

processing methodology presented herein as a solvothermal system in which an organic 

solvent is substituted for water, this would possible allow greater control over; 1) the 

particle nucleation and growth steps,  2) the choice of capping agent, and 3) possibly the 

synthesis of quantum dot type materials in a flow process. 
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Chapter 7 

 

The Continuous Hydrothermal Synthesis and Characterisation of  (Y0.96Eu0.04) OOH 

Phosphor Nanoparticles for Cell Imaging Applications 

 
 

7.0 Aim: 

 

The aim of this chapter is to develop new routes for the production of visibly bright phosphor 

nanoparticles which can be formulated in aqueous dispersions. Phosphor nanoparticles may 

be produced with varying compositions, and are typically based on a host lattice doped with 

an activator atom (i.e. a lanthanide). Many efficient phosphor material compositions are 

obtained through high temperature processing, leading to significant increases in particle size 

through sintering of the precursor material. This chapter initially describes the use of CHFS to 

produce visibly bright (Y1-xEux) OOH nanoparticles directly. These materials are then 

evaluated as nanosized precursors for the synthesis of higher temperature phases through a 

flash heat treatment protocol to further dehydrate the product to form the corresponding metal 

oxide, whilst minimizing the effects of sintering.  As the properties of phosphor nanoparticles 

are heavily influenced by surface effects, materials produced using a similar processing 

methodology to that presented in chapter 6 were used to assess the effects of surface 

functionlisation on this system. Similarly, further formulation of these nanoparticles for use in 

biological imaging was also evaluated.   

 

7.1 Introduction: 
 

Nanosized phosphor materials have a number of advantages over their bulk material 

counterparts, such as, ease of formulation into stable dispersions and higher packing densities 

for application as security inks. (Ronda et al., 1998) Nanosized phosphor materials often 

show reduced quantum efficiency when compared to their bulk material counterparts due to 

structural defects and apparent lower crystalinity limiting their application in many fields. 

(Tissue 1998) However, the luminescent characteristics and chemical stability of rare-earth-

activated  phosphors have attracted significant research interest as both a bulk and nanosized 

materials for emerging applications (i.e. as non-cadmium based biological imaging probes and 

security taggants). (Bruchez et al., 1998) 

 

A common dopant for the synthesis of nanoparticle phosphors is trivalent europium (Eu
3+

) 

due to its broad UV excitation and strong red emission spectrum originating from 
5
DJ (J = 
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0,1,2) → 
7
FJ (J = 0,1,2,3) transitions. (Holsa et al.,1985a) Europium (Eu

3+
) doped rare-earth 

oxides, oxysulfides, hydroxides, phosphates and fluorides have been investigated as possible 

alternatives to conventional fluorescent probes and many have been produced and evaluated 

as nanomaterials. (Bruchez et al., 1998) The literature highlights lanthanide doped phosphor 

materials as having several advantages over both conventional organic molecular probes and 

functionalised quantum dots; including, high photochemical stability (non-blinking), narrow 

emission, low cytotoxicity and tunable emission. Therefore, significant research effort has 

been directed toward producing these materials as nanoparticles in a crystalline form. 

(Huignard et al., 2000) 

 

Phosphor nanoparticles have been synthesised by a number of both bottom up and top down 

strategies; solid state, sol-gel, gas phase/deposition methods, co-precipitation, alkali reduction 

and combustion/flame syntheses are all well represented in the literature. (Bruchez et al., 

1998; Buissette et al., 2006; Hebbink et al., 2002; Tissue 1998)  Despite the promising 

prospect of lanthanide-doped nanoparticles in labelling and other applications, their 

widespread use is often limited by the lack of nanosized materials. (Tissue 1998) As many 

processing methods require high temperature and lengthy annealing to increase PL yield and 

quantum efficiency, many of the materials require significant post processing to formulate a 

nanosized material. (Buissette et al., 2006) Similarly, particles from many synthetic processes 

are formed without any ligands on the surface and thus they have no dispersibility in solvents, 

which is a basic requirement for terminal application/evaluation of many phosphors as 

nanomaterials. (Bruchez et al., 1998)  Therefore, further refinement in the synthetic process is 

required to eliminate the need for high temperature annealing of as-prepared materials. 

However, some phosphor systems have been prepared as colloidal dispersions (without the 

requirement for high temperature annealing), several research groups have reported the 

synthesis of colloids based upon  yttrium vanadate, lanthanum fluoride, and lanthanum 

phosphate nanoparticles doped with a variety of lanthanide (III) ions (e.g. Ce
3+

, Tb
3+

, Yt
3+

, 

Eu
3+

 Er
3+

, Nd
3+

). (Haase et al., 2000; Huignard, Gacoin, & Boilot 2000; Meyssamy et al., 

1999; Riwotzki and Haase 2001; Stouwdam et al., 2005) However, many know phosphor 

compositions are not accessible using these synthesis methodologies as the reaction 

temperatures involved are not always  sufficiently high to crystallise the desired product. 

(Tissue 1998)  
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Hydrothermal methods often require relatively lower synthesis temperatures to access 

complex oxides when compared to conventional methods (as reviewed in greater detail within 

Chapter 1). (Darr and Poliakoff 1999) As highlighted in Chapter 3 the short timescales and 

relatively high temperatures used in CHFS result in the rapid nucleation and growth of 

nanoparticles and the homogenous precipitation of component metal ions (desirable in the 

synthesis of phosphor materials). As such, a number of phosphor compositions have been 

produced as nanomaterials in batch hydrothermal reactors.(Choi et al. 2010;Hakuta et al. 

2003;Li et al. 2009) More recently, Lin et. al.  published work describing the automation of 

CHFS allowing the rapid synthesis and evaluation of Y1-x Eu x(OH)3 [where, x =  0.05-0.30] 

nanoparticles as precursor solids for the production of  (Y1-x Eu x)2O3  after heat treatment 

(200-1200°C, 6 hours). The work allowed the rapid optimisation of luminescence efficiency 

for the preparation method chosen. (Lin et al., 2010) Other CHFS type methods have 

produced phosphor materials based on a YAG (Yttriun Aluminium Garnet), Europium doped 

YAG (YAG:Eu
3+

) and Terbium doped YAG (YAG:Tb
3+

). (Hakuta et al., 1999; Hakuta et al., 

2003) In these reports, continuous tubular reactors (comprising of a pipe running through a 

heated zone) were used, which have been shown to produce nanomaterials with a much larger 

crystallite sizes than the embodiment of CHFS evaluated within this thesis.  

 

This chapter describes the direct synthesis and characterisation of (Y1-xEux) OOH phosphor 

nanoparticles using a continuous hydrothermal process. The materials have been characterised 

by XRD, TGA, TEM, BET, HREM, photoluminescence measurements and time resolved 

photoluminescence. An investigation into the moderate calcinations of (Y1-x Eux) OOH is also 

presented. Moreover, the method can be adapted as described in Chapter 6 to provide 

precursor materials which can be potentially be formulated into stable colloids for 

luminescent security inks and probes for biological imaging.  

 

7.2 Materials and Methods: 

7.2.1: Materials: 

Y(NO3)3·6H2O, (99.99 %), Citric acid [C6H8O7] (99 %), HCl (99 %), NaCl (99 %), NaOH 

(99 %) and H2O2 (30 % v/v)  were supplied by Sigma-Aldrich Chemical Co. (Dorset, U.K.). 

Eu(NO3)3·6H2O (99.99 %) was supplied by AMR Europe (Abingdon, U.K.). KOH (96 %) 

was supplied by VWR International (Leicestershire, U.K.).  All experiments were conducted 

using deionized water (> 10 Mega Ohms). 
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7.2.2: Synthesis of Y1-xEuxOOH Nanoparticles 

Table 6.1 summaries the reaction conditions used for the synthesis of phosphor samples. 

CHFS reactor 1, the same as that shown in Chapter 5 was used for the synthesis of all samples 

within this section. The three pump configuration was used for all reactions with the precursor 

solution being pumped equally by P2 and P3 (i.e. Qp) to a desired flow rate meeting a feed of 

supercritical water (i.e. Qsw) being supplied by P1. The metal salt solution containing 

Eu(NO3)3·6H2O and Y(NO3)3·6H2O were fed by pump 2 and all auxillary precursors were 

pumped by pump 3. The products of the presented experiments were recovered using the 

same method as that used for the consolidation of magnetite presented in Chapter 5. 

 

Table 7.1: Details of Experimental Conditions and Products of Hydrothermal Flow Reactions 

Run  [Y] (M) 
 [Eu] 

(M) 

H2O2 

added 

(M) 
 Qsw:Qp 

Product 

[XRD] 

XRD 

(nm) 

BET (m2/g) TEM 

(m2/g) 
ED 

(nm) 

Avg 

(nm) 
SD 

1 0.048 0.002 01 25:10 
Y(OH)3 / 

YOOH 
- - - - - 

2 0.048 0.002 02 25:10 YOOH 35.7 - - - - 

3 0.048 0.002 03 25:10 YOOH 41.1 - - - - 

4 0.048 0.002 04 25:10 YOOH 31.5 - - - - 

5 0.048 0.002 0.22 25:10 YOOH 43.8 - - - - 

6 0.048 0.002 0.42 25:10 YOOH 46.5 - - - - 

7 0.048 0.002 0.62 25:10 YOOH 
34.3 

 
- - - - 

8 0.048 0.002 0.82 25:10 YOOH 33.0 - - - - 

9 0.049 0.001 0.82 20:20 
Y(OH)3 / 

YOOH 
- - - - - 

10 0.048 0.002 0.82 20:20 
Y(OH)3 / 

YOOH 
- - - - - 

11 0.047 0.003 0.82 20:20 
Y(OH)3 / 

YOOH 
- - - - - 

12 0.050 0.000 0.82 25:10 YOOH 
37.6 

 
33.0 38.6 35.6 7.8 

13 0.049 0.001 0.82 25:10 YOOH 40.8 34.3 37.1 37.4 6.7 

14 0.046 0.002 0.82 25:10 YOOH 40.8 31.2 40.9 35.8 9.4 

15 0.044 0.003 0.82 25:10 YOOH 45.4 31.9 39.9 40.1 10.3 

16 0.042 0.004 0.82 25:10 YOOH 37.4 34.8 36.6 39.6 6.9 

17 0.040 0.005 0.82 25:10 
Y(OH)3 / 

YOOH 
- 27.8 45.8 56.7 7.4 

18 0.038 0.006 0.82 25:10 
Y(OH)3 / 

YOOH 
- 29.3 43.5 54.7 15.6 

19 0.036 0.007 0.82 25:10 
Y(OH)3 / 

YOOH 
- 22.7 56.2 67.9 17.2 

Key: Flow rates used in all syntheses were fixed at 25 mL min
-1

 (P1), 5 mL min
-1

(P2) and 5 mL min
-

1
(P3) generating a reaction point temperature of (382° C mixing point and residence time 1.69 s). N.b. 

in the case of runs 9-11, the flow rates were increased to Qp = 20 and Qsw = 20 generating a reaction 

point temperature of (335° C mixing point and residence time 3.16 s). Reaction yield is quoted as the 

dry mass of product obtained from a fixed volume of process slurry.  Parenthesis denote concentration 

of KOH added to H2O2 feed, 
1
= 0.5 M, 

2
 = 1.0 M, 

3
 = 2.0 M and 

4
 = 3.0 M 
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7.2.3 Heat Treatment of Y1-xEuxOOH Nanoparticles 

 

A mild heat treatment method was used for the conversion of as obtained (Y1-x Eux)OOH 

nanoparticles to the corresponding oxide (Y1-xEux)2O3. A ceramic tube furnace was used to 

allow easy access to any heat-treated materials for relatively short times. Samples were fed 

into the middle of a preheated tube furnace set to 550 °C and held at the centre for the desired 

time. In a typical experiment ca. 0.5 g of freeze dried powder ((Y1-x Eux) OOH) was placed 

into a platinum crucible and fed into the tube furnace. All materials characterisation was 

undertaken on materials obtained directly from the furnace without further processing. 

 

7.2.4 Direct Synthesis of Surface Functionalised Y1-xEuxOOH Nanoparticles 

 

Yttrium oxyhydroxide nanoparticles doped with europium ((Y1-x Eux) OOH, where x = 0.04) 

were synthesised using CHFS system 2 and were produced directly as citric acid coated 

materials. In this section an operational envelope for the synthesis of surface functionalised 

phosphors was established using the previously optimised reaction point geometry presented 

in figure 6.3 and described in Chapter 6. The optimised reaction point geometry yielding post 

citric acid addition residence times of between 3.4 - 5.2 s after citric acid addition was used.  

In a typical reaction a 0.05 M metal ion solution (Yttrium nitrate hexahydrate (0.048 M) 

europium nitrate hexahydrate 0.002 M) was fed into the system using pump 2 and pump 3 

was used to supply a 0.1M KOH solution  (combined output of pump 2 and 3 is referred to as 

Qp) and pump 1 was used to supply supercritical water at 450 °C (Qsw), and the combined 

output of pumps 4 and 5 were used to feed a 0.05-0.15 M citric acid solution into the system 

at a combined flow rate of  between 10 and 30 mL min
-1

 (Qq). All reactions presented are 

defined in table 7.2. The reaction products (nominal 1L nanoparticle laden slurry) were 

concentrated by NaCl flocculation as described in Chapter 2, the concentrated sol was 

dialysed against > 10 Mega Ohm DI water for 72 h. The cleaned particle sol was either freeze 

dried for analysis or retained as an aqueous sol for further evaluation or post-synthesis 

modification. 
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Table 7.2: Summary of the reaction condition and characterization data for samples produced 

with the addition of citric acid (CA). The metal ion concentration was fixed at 0.05M, the 

heater temperature was set to 450 °C.  Qsw = 25 mL min
-1

 and Qp = 10 mL min
-1

. 

ID 

Qp 
( mL 

min-1) 

Tmix2 

(°C) 
CA 

(Wt%) 

CA:M 

ion 

ratio 

XRD 

(nm) 

TEM (nm) TGA  

(CA/n

m2) 

Dynamic Light 

scattering 

AVG SD 

200-

400 

(%) 

425-

700 

(%) 

HD(n

m) 
PDI 

Hd 

number 

(nm) 

3:10 10 358 3 4.1 29.2 25.2 5.6 2.67 5.86 1.38 173.9 0.214 43.6 

3:20 20 312 3 8.3 - - - - - - - -  

3:30 30 273 3 12.4 - - - - - - - -  

2:10 10 358 2 2.7 28.3 24.4 6.3 2.73 6.59 1.37 152.2 0.184 32.6 

2:20 20 312 2 5.5 28.2 27.8 7.7 3.2 6.20 1.42 133.2 0.21 33.8 

2:30 30 273 2 8.3 - - - - - - - -  

1:10 10 358 1 1.3 28.5 25.5 7.08 2.10 6.41 0.92 136.7 0.148 56.7 

1:20 20 312 1 2.7 27.2 24.0 6.29 1.50 6.59 0.81 260.8 0.562 52.5 

1:30 30 273 1 4.1 26.0 24.8 7.31 
2.7 

 
5.28 1.36 168.5 0.33 

35.6 

1.5:10 10 358 1.5 2.0 31.1 24.7 8.9 1.75 6.47 1.06 136.8 0.211 48.9 

1.5:20 20 312 1.5 4.1 29.2 26.2 6.4 2.57 6.38 1.39 128.2 0.149 38.6 

1.5:30 30 273 1.5 6.2 30.5 28.2 6.3 2.01 6.13 1.16 126.7 0.189 63.2 

 

Key: Flow rates used in all syntheses were fixed at 25 mL min
-1

 (P1), 5 mL min
-1 

(P2) and 5 mL min
-

1
(P3) generating a reaction point temperature of 382° C mixing point and residence time 1.69 seconds 

equal to that quoted in Table 7.1) [Qsw = 25 and Qp= 10]. N.b. samples are identified by the 

concentration of CA used in each synthesis (expressed as wt  %) and the citric acid introduction flow 

rate Qq . CA : M = the ratio of citric acid to metal ions, Dh = intensity weighted hydrodynamic 

diameter, HD number = the number weighted hydrodynamic diameter, PDI = the hydrodynamic 

diameter polysidpersity, CA/nm
2
 = Citric acid grafting density calculated using equation 6.1, and 

Tmix2 =  the theoretical temperature of the mixture Qsw + Qp + Qq determined by enthalpy 

balance (°C). 

 

7.2.5 Post Synthesis CA Coating of Phosphor Nanoparticles 

For comparison to (Y1-xEux)OOH nanoparticles produced as surface functionalised 

nanomaterials (table 7.2) nanoparticles of (Y1-x Eux)2O3 and (Y1-x Eux)OOH were 

functionalised with citric acid post synthesis. Nanoparticles of both (Y1-x Eux) OOH or (Y1-x 

Eux)2O3 were accurately weighed and dispersed  ultrasonically using a  tip sonicator (Branson 

USP 4000 ) at 80 W for 5 minutes in DI water. In a typical preparation 0.5 g of nanoparticles 

were dispersed in DI water and the pH of the solution was adjusted to pH 4 using HCl after 

the addition of ca. 2.0 g of citric acid. The solution was stirred using a magnetic stirrer and 

heated to a temperature at 60 °C, the reaction was allowed to proceed overnight. After 

completion the solution was dialysed against DI water to remove unbound citric acid and 
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neutralise the solution. After dialysis the samples were retained as both dispersions and as 

freeze dried powders for further characterisation. 

 

7.2.6 Pegylation of CA-coated (Y1-x Eux) OOH Nanoparticles 

CA-coated nanoparticles (50 mg) of sample 1.5:20 prepared as described in table 7.2 were 

ultrasonically dispersed (Branson USP ultrasonic probe, UK)  from a 50 mg mL
-1

 

(concentrate)
 
in 10 mL of  DI water (> 10 MΏ) and filtered through a 220 nm syringe filter 

(Millipore, UK). The ratio of particles (dry mass) to NH2-PEG was used in excess for all 

NH2-PEG variants (2 kDa and 5 kDa, respectively) used to ensure complete reaction of all 

free carboxylic acid groups on the particle surface. In a typical material preparation; 0.1 g of 

NH2-PEG (2 or 5 kDa) was added to solution 1, followed by 0.05 g of EDC ((1-Ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride) and 0.08 g of NHS (N-

Hydroxysuccinimide).  The pH of the solution was adjusted to pH 9 with the addition of 

NaOH and HCl, respectively. The mixture was stirred vigorously for 24 h at ambient 

temperature and subsequently dialyzed against an aqueous solution for 2 days. Excess NH2-

PEG was removed after the reaction was complete by dialysis against DI water using a 

cellulose membrane (dialysis tubing) with pores having a cutoff size of 100 kDa for > 100 

hours. The material was either retained as a cleaned variant of solution or freeze dried for 

further analysis. 

 

7.2.7 Preparation of Sample for Cell Imaging Experiments 

Stable colloidal dispersions of nanoparticles in DI water at known particle concentrations 

were made up in a 2 x PBS solution to the desired particle concentration (166 μg mL
-1

) and 

passed through a 0.22 μm syringe (Millipore, UK). Phosphor nanoparticles (filtered) were in-

cubated with mounted COS7 cells for 4 hours (we predicted that constitutive uptake of the 

particles would occur). Visualisation of the cells was undertaken using fluorescence micros-

copy using 470 nm excitation and emission was captured at 620 nm as described in Chapter 2.  

COS-7 cells characteristically display adherent growth to glass and plastic surfaces and are 

typically use as a model system to study changes alongside viral transfection.(Alarid 2006) 

Preparation and mounting of cells was conducted by Dr J Muir. 
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7.3 Results and Discussion 

 

7.3.1 Direct Synthesis of Y1-xEuxOOH Nanoparticles 

 

This section describes the continuous hydrothermal synthesis of phosphor nanoparticles using 

CHFS. The effects of different processing variables and reactor conditions are evaluated. 

Phosphor materials were synthesised using CHFS system 1 operated under the reaction 

conditions summarised in Table 7.1. Initially, the effect of reaction point temperatures 

(mixture of precursors and pre-heated water feeds) above and below the critical point of pure 

water (Tc = 372 °C, 24.1 MPa) was investigated on a single material composition (4 mol % 

europium) and the effects of auxiliary reagents such as KOH and H2O2 were assessed.  

 

A reaction point temperature of ca. 383 °C (with 0.5 M KOH added to the auxiliary feed (run 

1) produced a mixed phase product of Y(OH)3 / YOOH as determined by XRD  when 

compared to ICDS card numbers 20098 and 28442, respectively (Figure 7.1a). Whereas, the 

addition of KOH at concentrations >1.0 M was sufficient to produce a material in good 

agreement with ICDS pattern 28442 for monoclinic YOOH (run 2 and 3) as shown in figure 

7.1a. This suggests that a stronger oxidizing environment is present in these experiments 

conducted with high KOH concentrations further facilitating the partial dehydration of 

Y(OH)3 →YOOH and the overall reaction is summarised by equations 7.1 and 7.2 for the 

formation of the hydroxide and oxyhydroxide phases, respectively. The decomposition of 

nitrate species in supercritical water is known form various oxidizing species including 

hydroxyl radicals, O2 and NO2, although alone these appeared to be insufficient to produce the 

YOOH phase. (Boldrin et al., 2007) Similarly, the addition of H2O2 (previously used as an 

oxidant aiding dehydration) to the metal salt feed did not alter the structure of the reaction 

product (runs 5-8) data not shown. Materials synthesised at a reaction point temperature of ca. 

338 °C using the same solution compositions used in experimental run 8 produced a mixed 

phase product of Y(OH)3 / YOOH as determined by XRD (figure 7.1 b). The products of runs 

9 - 11 were similar crystallographically to the material produce in run 1 at europium 

concentrations of 2 - 6 mol% as presented in figure 7.1a. Supercritical water is known to be 

more oxidizing than sub-critical water and the higher hydrothermal reaction temperatures 

used in this work provide a simple explanation for the formation of YOOH instead of the 

hydroxide produced using other hydrothermal methods. (Li, Yanagisawa, & Kumada 2009) 
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The results presented suggest a thermodynamic limitation to the direct synthesis of Y2O3 

directly under the processing conditions presented.  

 

1-x Y(NO3)3 (aq) + x Eu(NO3)3(aq) + 6 KOH → Y1-x Eux(OH)3 (s) +  K(NO3) + 5H2O (Equation 7.1) 

 

1-x Y(NO3)3 + x Eu(NO3)3 + KOH → Y1-x Eux(OH)3  → (Y1-x Eu x)OOH + H2O (Equation 7.2) 

 

 

Figure 7.1:  a) XRD patterns of the products from experimental runs 1-3 synthesised with 

different concentrations of KOH in the auxiliary feed i) ICDS 28442, ii) 0.5M, iii) 1.0 M and 

iv) 2.0M. b) XRD patterns obtained for the reaction products obtained from reactions 

conducted at a reaction point temperature of ca. 335 °C, i) ICDS 20098, ii) 2 mol% Eu, iii) 4 

mol% Eu,  and iv) 6 mol% Eu. 

 

To investigate the effect of increasing dopant concentration on the phase behavior of (Y1-x 

Eux) OOH a series of compositions were produced in the range x = 0.00 - 0.14 (runs 12-19). 

All materials in this composition series showed visibly bright red emission under UV 

irradiation (λ = 254 nm) as both particle slurries and freeze dried powders (figure 7.2). A 

comparison of the nominal and measured Eu content of the samples produced in the series x = 

0.00 - 0.14 (runs 12-19) is presented in figure 7.3b, measured using a calibrated EDX. The 

measured composition values were in good agreement with nominal values in the sample 

series for values of x = 0.02 - 0.08 (figure 7.3a). The largest divergence between nominal and 

measured composition was found in the 14 mol% Eu sample (run 19) with a measured 11.6 

mol% Eu content. This discrepancy has been attributed to the incomplete precipitation of the 

Eu ion during the reaction.  
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Figure 7.2: A photograph of (Y1-xEux) OOH phosphor particle slurries as obtained from the 

CHFS process under UV irradiation (λ = 254 nm).  

 

 Materials produced in the series x = 0.00 - 0.08 were identified as (Y1-x Eu x)OOH using 

XRD when compared to ICDS pattern 28442 (figure 7.3a). Whereas, Eu doping > x = 0.10 

produced a mixed phase product composed of Y(OH)3 / YOOH when compared to  (ICDS 

20098 and 28442, respectively). It is postulated that higher Eu substitution favours the 

nucleation of Y(OH)3 from the hydrothermal solution and the reaction point temperatures are 

insufficient to dehydrate Eu, which is known to have higher phase transition temperatures 

than Y(OH)3. (Brittain and Posluszny 1987) A slight shift in the diffraction peak positions (to 

lower 2θ) was observed for the samples produced in the series x = 0.00 - 0.08 consistent with 

the incorporation of a larger guest ion into the YOOH host lattice.  The results from Le-bail 

fitting of this sample series are presented in table 7.3 and showing the observed increase in 

unit cell volume as a function of increasing dopant concentration. Lattice parameters 

calculated for the undoped sample (run 12) were in good agreement with those previously 

reported in the literature. (Holsa et al., 1985a) 



Chapter 7 

 

276 

 

 

Figure 7.3: a) Stacked powder diffraction patterns obtained for (Y1-x Eux)OOH (where, x = 

0.00 - 0.14) phosphor materials synthesised using CHFS compared to ICDD pattern 28442, b) 

Comparison of the nominal and measured Eu concentration of (Y1-x Eux)OOH nanoparticles 

[error bars indicate the standard deviation of the measurement]. 

 

Table 7.3:  Summary of Lattice parameters determined by le-bail fitting for (Y1-x Eux) OOH 

(where, x = <0.10) 

Sample Phase Lattice parameter (Å) Rp Rwp 

a b c 

Y1.00 Eu0.00 P121/M1 4.282 3.660 6.071 0.073 0.060 

Y0.98 Eu0.02 P121/M1 4.285 3.670 6.079 0.0802 0.084 

Y0.96 Eu0.04 P121/M1 4.289 3.671 6.101 0.038 0.028 

Y0.94 Eu0.06 P121/M1 4.299 3.678 6.109 0.031 0.034 

Y0.92 Eu0.08 P121/M1 4.294 3.683 6.112 0.026 0.022 

Key: Rp = Quality of fit overall (without background subtraction)  and Rwp = Quality of fit 

overall (with background subtraction). 

 

Transmission electron microscopy (Figure 7.4) was used to assess the crystallite morphology 

and particle size distribution of composition range (Y1-xEux)OOH (x = 0.00 - 0.14).  The 

morphology of (Y1-xEux) OOH was shown to transition from spherical crystallites at low Eu 

dopant concentrations (x = 0.02 - 0.10) to particles with a rod like morphology at higher 

dopant substitutions (x = 0.12 - 0.14) and particle size data obtained for each composition are 

presented in table 7.1. The morphology of samples produced with Eu concentrations of 10 - 

14 mol% europium were identified as Y(OH)3 and the rodlike products are consistent with 
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Y(OH)3 nanoparticles synthesised using other hydrothermal methods suggesting differences 

in crystal growth at the point of particle nucleation as suggested above. (Li, Yanagisawa, & 

Kumada 2009)  Comparison of the crystallite sizes obtained for the diffraction data by 

application of the Scheerer equation, the equivalent sphere diameter (calculated from surface 

area measurements and the crystallite size determined from TEM are all consistent and are 

summarised in table 7.1  suggesting the synthesis of highly crystalline materials. Similarly, 

BET surface areas of the sample showed crystallite size estimates equivalent to those 

determined from other methods, a slight reduction in surface area was also measured which is 

also consistent with the evolution of a rod-like particle morphology in this sample series 

(table 7.1). 

 

 
 

Figure 7.4: TEM images of the nanoparticles produced in the composition series (Y1-x 

Eux)OOH:  a) x = 0.02 b) x = 0.04 c) x = 0.06 d) x = 0.08 e) x = 0.10 f) x = 0.12 g) x = 0.14.       
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HREM confirmed that highly crystalline nanomaterial were obtained in each synthesis.  

Figure 7.5 summarises HREM data obtained for the samples identified as Y0.90Eu0.14(OH)3 

and (Y0.96Eu0.04)OOH, respectively. SEAD diffraction (Figure 7.5 insets) confirmed the phase 

of the material under observation. Figure 7.5 a shows lattice fringes extending towards the 

surface of the crystallite and visualisation of the (210) and (201) lattice planes with measured 

d-spacings of 3.12 and 2.13 Å,  in good agreement with the theoretical values of  3.13 and 

2.14 Å of Y(OH)3 [ICDD 23811]. Figure 7.5b shows visualisation of the (101) plane of 

YOOH with a measured d-spacing of 4.01 Å (theoretical, 4.03 Å) which again was shown the 

constitute the bulk of each crystallite confirming the synthesis of highly crystalline 

nanoparticles through the sample series.  

 
Figure 7.5: a) HREM images of Y0.90Eu0.14(OH)3 (run 19)  produced using CHFS (inset; 

indexed SAED pattern of confirming the phase of the material) b) HREM image of 

(Y0.96Eu0.04)OOH  (run 13) showing visualisation of the [101] lattice fringe with a measured 

d-spacing of 4.01 Å  (inset; indexed SAED pattern of confirming the phase of the material). 

 

The optimal doping level for high photoemission in phosphors is dependent on many factors 

including synthesis method, size of the particles, post treatment temperature, and the existence 

of segregated phases. (Meltzer et al., 1999; Tissue 1998) Hence, both the excitation and 

emission photoluminescence of the materials produced in the series x = 0.00 - 0.14 were 

measured as shown in figure 7.6 a and b, respectively. The excitation spectra (λem = 617 nm) 

of (Y1-x Eux)OOH [where x = 0.02 - 0.14] showed regions of strong absorbance in the 200-

500 nm range, absorbance in the 200-300 nm range originates from transitions to charge 

transfer states from europium-oxygen bonds and absorbance in the region 350-500 can be 

attributed to transitions from 
7
F0 to excited states as indicated in figure 7.6 b. (Holsa et al., 
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1985a; Holsa et al., 1985b) All excitation spectra showed significant similarity which could 

be expected as absorption in both the charge transfer region and transitions between ground 

state 
7
F0  to excited states occur in both defined material phases. (Holsa et al., 1985a) The 

emission spectra measured for samples x = 0.02 - 0.14 showed strong emission in the range 

600-630 nm, corresponding to transitions of 
5
D0→

7
F2(1-4). (Holsa et al., 1985b) A weak 

emission region (580-600 nm) was observed which can be assigned to the transitions of 

5
D0→

7
F1(1-2). The intensity of the emission spectra was similar for materials synthesised in 

runs x = 0.02 - 0.08, however in runs x = 0.10 - 0.14 the intensity was lower which is not 

surprising in light of the mixed phase product identified using XRD (Figure 7.6b). Where, in 

the presented data concentration quenching (i.e. quenching due to energy transfer between 

acceptor ions and traps [non-radiative emission centres]) appears to occur at > 4 mol% 

europium for the phase pure material synthesised in the series (Y1-x Eux)OOH [where, x = 

0.00 - 0.08]. The onset of concentration quenching in this system occurs at a similar level of 

dopant substation to that reported for many Eu doped phosphor materials. (Meltzer et al., 

1999) 

 

Figure 7.6: a) Excitation spectra (λemission = 617 nm) of (Y1-x Eux)OOH nanoparticles (where 

x = 0.00 - 0.14), b) Photoluminescence spectra (λexcitation =  254 nm) of (Y1-x Eux)OOH (where 

x = 0.00 - 0.14) nanoparticles. 
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In addition to the excitation and emission spectral characteristics shown in figure 7.6, time-

resolved emission has been analysed to investigate the dynamics of luminescence for each of 

the samples produced in the series Y1-x EuxOOH (x = 0.02 - 0.08) [experimental runs 13-17]. 

This technique is sensitive to local variations in electron density (caused by differences in the 

site of europium within a host lattice) and can therefore detect defect structures and be used to 

infer the mechanisms responsible for the emission lifetimes of phosphor materials if the 

analysis is performed on electric dipole transitions. To identify both the electronic and 

magnetic-dipole transitions in this phosphor system lifetime measurements were taken at  

594, 617 and 624 nm (corresponding to the transitions 
5
D0 → 

7
F1, 

5
D0 → 

7
F2 and  

5
D0 → 

7
F4, 

respectively) of the sample with a nominal composition (Y0.96 Eu0.04) OOH which yielded 

lifetimes (equation 7.1) of 3.04, 0.50 and 0.42 ms, respectively. Where, the longer lifetime 

observed for the 
5
D0→

7
F1 transition (3.04 ms) and those observed for 

5
D0 → 

7
F2 and  

5
D0 → 

7
F4 transitions are consistent with lifetime values indicative of electronic dipole transitions 

and magnetic dipole transitions. (Holsa et al., 1985a) This analysis is consistent with the 

theoretical work of Holsa et al. which identified the 
5
D0→

7
F1 as the magnetic dipole transition 

in this phosphor system. (Holsa, Leskela, & Leskela 1985b) Figure 7.7 shows the time-

resolved luminescence data obtained from Y1-x Eux OOH (x=0.02 - 0.08) measured at 617nm. 

The emission lifetimes of each sample were obtained from a single-exponential fit to the 

decay curves using the following equation; 

 

      
  

        (Equation 7.1) 

 

Where, I is the signal intensity, I0 is the maximum intensity, t is the time and τ is the decay 

constant.  Where, in this system on the 
5
D0 → 

7
F2 and  

5
D0 → 

7
F4 transitions would be 

sensitive to local and electron structural variation. The lifetime of the 
5
D0  → 

7
F2 transition of 

the sample series x = 0.02 - 0.08 showed an increase in nominal dopant concentration resulted 

in a corresponding decrease in the radiative lifetime (Figure 7.7 inset). The observed decrease 

in photoluminescence lifetime as a function of Eu
3+

 substitution is consistent with the increase 

of non radiative transition rate observed in other phosphor systems in this electronic dipole 

transition. (Meltzer et al., 1999) Typically, the non-radiative transition rate increases with 

dopant substitution leading to either a reduction in local symmetry surrounding the activator 

ion or activator segregation with more atoms located at or near the particle surface. As a 

consequence, the radiative transition rate of 
5
D1 → 

7
F2 decreases as a greater proportion of 
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excited states de-excite through non-radiative pathways. These observations are consistent 

with the concentration based fluorescence quenching observed within this phosphor system, 

suggesting the concentration quenching occurs through the activation of non-radiative 

pathways for de-excitation attributed to slight electronic structure variation through increasing 

dopant substitution in the host lattice   (figure 7.6b).  (Stouwdam, Raudsepp, & van Veggel 

2005)  

 

 

Figure 7.7: Photoluminecence lifetime measurements recorded for the 
5
D0 →

7
F2 transition in 

(Y1-x Eux)OOH [where x = 0.00 - 0.08] nanoparticles. Inset shows the variation in the lifetime 

determined by single exponential fitting as a function of nominal Eu concentration. 

 

7.3.2 Calcination of Y1-xEuxOOH Nanoparticles 

 

In addition to size related variables, the influence of post-synthetic processes that are often 

necessary to produce phosphor materials must be investigated as many of the properties 

depend upon synthesis method, size of the particles, post treatment temperature, and the 

existence of segregated phases. (Tissue 1998) Nanoparticle annealing is a common necessity 

to optimise optical properties of many phosphor systems to either increase crystallite size or 

reduce the contribution of  non-radiative de-excitation process from adsorbed surface species. 

(Tissue 1998) This section describes the effect of moderate annealing on the physical 
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characteristics and PL properties of (Y0.96Eu0.04)OOH. as, annealing will induce a degree of 

grain growth, annealing durations need to be minimized for some applications that require 

disperse, small particles. (Tanner and Fu 2009) 

 

(Y0.96Eu0.04)OOH nanoparticle produced as described in table 7.1 were annealed for durations 

of 20, 30, 60, 120, 180, 300, 600, 1200 and 1800 s at 550°C. Where, the phase transition from 

(Y0.96Eu0.04)OOH to (Y0.96Eu0.04)2O3 is shown in figure 7.8. Phase identifications made 

through XRD showed that annealing times < 300 seconds are not suitable to completely 

dehydrate the material. All XRD data obtained for samples annealed for < 60 seconds showed 

the dominant material phase was monoclinic (Y0.96 Eu0.04)OOH (ICDD 28442),  after ca. 180 

s  a mixed phase product was obtained showing characteristic diffraction peaks of a cubic 

phase in good agreement with ICDS pattern 23811. The Scherer equation has been used to 

assess if any significant particle growth or coarsening of the material occurs as a function of 

annealing time and the data is summarised in figure 7.9. An increase in volume weighted 

mean crystallite size was observed which suggests slight crystallite growth as a function of 

annealing duration after phase change to the oxide. To confirm the complete dehydration of 

the material produced after annealing for 300 seconds TGA/DSC of the sample gave no 

distinct region of weight-loss or any conclusive endotherm attributed to phase transitions 

suggesting the complete dehydration of the precursor material has been achieved (data not 

shown). 

 
Figure 7.8: XRD patterns of (Y0.96: Eu0.04) OOH annealed at 550 °C for the indicated time 

(Miller indices for the cubic oxide system are indicated on the figure). 
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To assess the degree of sintering transmission electron micrographs taken for the annealed 

materials identified as (Y0.96Eu0.04)2O3 (annealed for > 300 s) showed that the annealing 

procedure induced a moderate degree of grain growth (Figure A2.2 shown in Appendix 2). 

The particle size distributions measured for the samples are compared to the as synthesised 

material are presented in figure 7.9, where the crystallite size and standard deviation are 

presented (ca. 300 particle measured). A comparison of the crystallite sizes obtained from 

XRD and TEM show a discrepancy between the crystallite size from the diffraction data and 

the crystallite size obtained from TEM, this suggests that coarsening occurs through a necking 

mechanism rather than bulk crystal growth. (Arcidiacono et al., 2004; Zhu and Averback 

1996) To further assess grain growth, surface areas of the samples were measured using the 

BET method and showed a consistent reduction in surface area as a function of annealing 

time. Calculation of the equivalent sphere diameter (Cs = 6000/(ρ x S.A) where; Cs is the 

equivalent sphere diameter, ρ is the material density (ca. 4.170 g cm
-3

) and S.A. is the 

measured surface area) gave size estimates consistent with those obtained from TEM, 

suggesting a necking mechanism of particle coarsening rather than complete densification of 

the nanomaterial through plastic flow. (Arcidiacono et al., 2004) The minimal degree of 

growth observed can be attributed to  misaligned particles also creating an energetic boundary 

to conventional coarsening at the relatively short annealing durations used. (Zhu & Averback 

1996) Pore size calculation using the BJH adsorption/desorption method yielded a near 

consistent pore size equivalent to the diameter of the initial nanoparticles and has been 

excluded from this discussion.  

 

HREM was used to further asses the phase transformation the structure of the material 

produced after annealing at 550 °C for 300s  (figure 7.10) and the phase of the material under 

observation was confirmed using SAED (figure 7.10 inset). In this sample clear visualisation 

of the (211) and (222) planes with measured d-spacings of 4.33 and 3.08 Å were observed 

throughout the body of each crystallite which were in good agreement with the theoretical; 

4.36 and 3.10 Å (ICDD 23811) allowing for imperfect alignment of the crystal. Direct 

observation confirmed that both complete phase transformation of (Y0.96Eu0.04)OOH to the 

corresponding cubic oxide (Y0.96Eu0.04)2O3 and the formation of a fully crystalline 

nanomaterial.  
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Figure 7.9:  ■ Measured emission lifetime □ Crystallite size by TEM (error bars = SD) ♦ 

BET equivalent sphere diameter ● Crystallite size from diffraction  [n.b Lifetime quoted for < 

180 s measured at 617 nm (
5
D0→

7
F2) in (Y0.96Eu0.04)OOH and > 300s at 612 nm (

5
D0→

7
F2) in 

(Y0.96Eu0.04)2O3]. 

 

 
Figure 7.10: HREM images of (Y0.96Eu0.04)2O3 produced by annealing (Y0.96Eu0.04)OOH at 

550 °C for 300 (indexed lattice fringes are indicated within the image). Figure inset; indexed 

SAED pattern of confirming the phase of the material. 
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The dynamics of luminescence in the annealed samples were measured using 

photoluminescence emission spectra (λex = 473 nm) as shown in figure 7.11. The spectra 

clearly show a reduction in luminescence intensity from the 
5
D0→

7
F2 transitions in 

(Y0.96Eu0.04) OOH until a partial phase transition to the cubic oxide at ca. 180 s. In general, 

the emission spectra of  (Y0.96Eu0.04)2O3 (formed at 550 °C for times > 300 s) gave rather 

broad peaks under 473 nm excitation consisting of red emission peaks centred at 581 

(corresponding to 
5
D0 → 

7
F0), 587, 593, 600 (corresponding to 

5
D0 → 

7
F1(1-3)), 612 (highest 

intensity and asymmetric peak corresponding to 
5
D0→

7
F2 transitions of Eu

3+
 ions) and 630 

nm (corresponding to 
5
D0 → 

7
F3 transition). (Holsa et al., 1985b) The luminescence intensity 

of the 
5
D0 → 

7
F2 transitions in (Y0.96Eu0.04)2 O3 was show to increase gradually with annealing 

time suggests a decrease in non-radiative (de-excitation) processes occurring within the 

sample. This observation is commonly indicative of a decrease in the surface-to-volume ratio 

consequent to the growth of the small crystals yielding a reduction in non-radiative de-

excitation associated with near surface Eu
3+

 ions, consistent with much of the available 

literature. (Tanner & Fu 2009) Offering a straightforward explanation for the increased 

radiative intensity we see for nanocrystalline (Y0.96Eu0.04)2 O3 in light of the characterisation 

data summarised in Figure 7.9.   

 
Figure 7.11: Photoluminescence spectra excited at 473 nm of (Y0.96Eu0.04)OOH or 

(Y0.96Eu0.04)2O3 annealed at 550 °C for the indicated time. 

 

The emission lifetime is a dependent parameter with can be influenced by many intrinsic 

structural properties of the material, and has been used to further qualitatively assess the effect 
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of annealing time on the dynamics of luminescence in this phosphor series. The measured 

emission lifetime (λ em = 617 nm [
5
D0 → 

7
F2]) was show to gradually decrease with 

calcinations time for materials identified as Y0.96 Eu0.04 OOH until ca.180 second where a 

phase change occurred (figure 7.9). The reduction in emission lifetime (determined from 

equation 7.1) for annealing durations of < 180 s suggests a distortion of the crystal field 

associated with Eu
3+

 within the lattice until the phase change occurred, allowing non-radiative 

pathways for de-excitation processes, consistent with the sequential reduction of PL intensity 

observed in figure 7.11.(Brown et al. 1995;Schmechel et al. 2001a;Schmechel et al. 2001b) 

The lifetime measured (
5
D0→

7
F2 at 612 nm) for samples annealed for > 300 s was shown to 

increase gradually with increasing annealing time (data summarised in figure 7.9) alongside a 

corresponding increase in PL intensity. The observed lifetimes > 2.25 ms (calculated using 

equation 7.1) are considerably greater than values typically reported for reported for bulk     

(Y1-xEux)2O3 samples ca.1.7 ms. (Schmechel et al., 2001a) However, other investigators have 

found that the lifetime of the 
5
D0 → 

7
F2 transition is actually longer by a factor of 3 (ca. < 5.1 

ms) for nanocrystalline  Eu doped Y2O3, rather than shorter as one might expect if surface 

recombination is enhanced. (Tissue 1998) Schmechel and co-workers also suggested a 

possible explanation for the increased lifetimes in nanocrystalline (Y0.96Eu0.04)2  O3 is the 

effect of strain in the crystal  lattice and the reduction in local symmetry of Eu
3+

 at the surface 

of the nanoparticles leading to de-excitation processes occurring through step-wise processes, 

through energy transfer between the host and activator atoms and attributed their observations 

to crystal field complexity around Eu
3+

, a complex sum of structural and surface effects. 

(Schmechel et al., 2001a; Schmechel et al., 2001b) In this annealed series, a further increase 

in emission lifetime was observed with annealing duration which is indicative of a decrease in 

non-radiative (de-excitation) processes, and is probably mediated by inter-granular growth 

giving an explanation for the longer emission lifetimes through a reduction in the contribution 

of non-radiative surface recombination counterbalanced by slight structure differences 

associated with particle growth. (Brown, Mascher, & Kitai 1995) These results suggest only 

minimal “crystalisation” (i.e. onset of bulk like emission lifetime) of (Y0.96Eu0.04)2 O3 as a 

function of annealing time and suggesting that the increase in PL intensity arises as a result of 

increasing crystallite size and a reduction in local symmetry surrounding Eu
3+

 induced 

through crystallite coarsening leads to an increasing lifetime. (Schmechel et al., 2001a) 

 

Investigation into the moderate annealing of (Y0.96Eu0.04) OOH   identified a compromise for 

the annealing of phosphor nanoparticles. Moderate annealing identified that the increase in PL 
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emission intensity was counter balanced by crystallite growth showing a summarised in figure 

7.9 and complete dehydration of (Y0.96 Eu0.04) OOH to  (Y0.96Eu0.04)2 O3  only yielded 

fractional increases in PL intensity for quite large coarsening of the particles. Suggesting 

direct processing and the use of   (Y0.96Eu0.04) OOH   obtained by CHFS would yield the most 

useful phosphor material if the characteristic PL emission of (Y0.96Eu0.04)2 O3  was not 

required for a given application. This chapter now moves forward to assess the effect of 

surface functionalisation on   (Y0.96Eu0.04) OOH nanoparticles.    

 

7.3.3 Effects of Surface Functionalisation of Y1-xEuxOOH and Y2-yEuyO3 Nanoparticles 

 

The surface of small particles, where the coordination of atoms differs from the bulk and 

where different chemical species may be adsorbed, is suspected to be the most important 

source of alteration of the luminescence efficiency in nanosized phosphor materials. (Bruchez 

et al., 1998; Haase et al., 2000) In this section a description of the effects of citric acid 

functionalisation on the optical properties (Y0.96Eu0.04) OOH of  is presented. The materials 

were produced either directly from the CHFS using the processing methodology presented in 

Chapter 5 or through the post synthesis coating process described in Section 7.2.4. Samples 

are identified by the concentration of CA used in synthesis and the value of Qq used in the 

synthesis as detailed in table 7.2 or alternatively by the composition of the nanomaterial used 

followed by CA. 

 

The results of investigation into the direct synthesis of surface functionalised phosphors are 

summarised in table 7.2. Broadly, the ratio of citric acid to metal ions which resulted in the 

dissolution of the material (CA : M > 7) within the system was consistent with that observed 

for the synthesis of citric acid coated magnetite as shown in Chapter 6 (CA : Fe > 6). Figure 

7.13 shows TEM images of the citric acid coated phosphors summarised in table 7.2.  The 

morphology of the materials was similar to that obtained for (Y0.96 Eu0.04) OOH nanoparticles 

produced in Section 7.3.1. Consistent with the observations presented in Chapter 6, the 

crystallite size determined from TEM (ca. 300 particles measured) was largely invariant of 

processing condition (Qq, M / CA ratio, etc) suggesting that once again effective segregation 

of the particle-formation and functionalisation steps is observed (data summarised in table 

7.2). XRD patterns identified the products being as a phase pure material in good agreement 

with IDCS pattern 28442 (figure 7.12a). Consistent with the product produced in run 10 

(Table 7.1) Comparison of the crystallite size estimated from the diffraction data (011 
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reflection) and the crystallite size determined from TEM were consistent, suggesting the 

synthesis of a highly crystalline nanomaterials over the processing range.  

 

ATR-FTIR was used to confirm the presence of citric acid on the surface of (Y0.96Eu0.04) OOH 

nanoparticles (figure 7.13.b). Spectra obtained for the citric acid coated phosphor showed 

modes origination from (ν) C = O ( ~ 1730 cm
-1

),  (νs) COO
-
 ( ~ 1400 cm

-1
), (νas) COO

- 
( ~ 

1569 cm
-1

)  and (ν) OC - OH  ( ~ 1200 cm
-1

). Consistent with the discussion presented in 

Chapter 6. The wavenumber separation between the (νs) COO
- 
and the

 
(νas) COO

- 
modes has 

been used to determine the binding state of the carboxylate group at the nanoparticle surface.
 
 

Carboxylate binding showed wavenumber separation (Δ) values which varied between 190 

and 220 cm
-1

 suggesting a mixture of unidentate and bidentate coordination with the particle 

surface consistent with the data provided in Chapter 6 (figure 6.4). (Adschiri et al., 2007; 

Kaneko et al., 2007) Similarly, the (ν) C = O mode present as a broad split peak in the bulk 

citric acid sample had shifted to higher wavenumbers (ca. 1740 cm
-1

) suggesting that both 

free acid and coordinated acid groups are present in the sample (figure 7.13b). (Mudunkotuwa 

and Grassian 2010) 

 

TGA was used to quantify the grafting density of citric acid on the nanoparticle surface for 

the as-synthesised phosphor materials (data summarised in table 7.2).  The weight loss as a 

function of temperature in the 200 - 350 °C region (attributed to the thermal decomposition of 

citric acid) was measured and the results are summarized in table 7.2. The grafting density of 

citric acid was calculated using the theoretic density of the material determined from XRD 

(4.710 g/cm
3
) and the crystallite size determined by TEM using equation 6.1. Syntheses 

conducted with CA : M ratios > 2.8 consistently showed the highest grafting density ca. > 1.3 

CA/nm
2 

and an apparent surface saturation at this value, which is lower than that obtained for 

magnetite in Chapter 6  (figure 7.14). Hereafter, samples are identified by the grafting density 

calculated from TGA as many of the properties of the dispersions are intrinsically linked to 

this value. A possible explanation for the lower grafting density is that COOH groups 

preferentially coordinate metal ion terminated crystal facets, and has previously been 

observed in anatase nanoparticles where the carboxylic acid group binds preferentially to Ti 

terminated facets of the 100 family. (Mudunkotuwa & Grassian 2010) Although not  

independently confirmed, carboxylic acid groups binding preferentially to certain crystal 

facets is known  in  batch hydrothermal reactions allowing the synthesis of different 
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morphologies of nanoparticles by mediating particle growth to bare crystal facets. (Zhang et 

al., 2007) 

 

 

Figure 7.12: TEM images of phosphor nanoparticles produced in runs; a) 3:10, b) 2:10, c) 

2:20,  d) 1:10, e) 1:20,  f) 1:30,  g) 1.5:10, h) 1.5:20 and i) 1.5:30.  Samples are identified by 

the CA concentration used in synthesis and the Qq flow-rate. 
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Figure 7.13: a) XRD patterns of phosphor samples produced with the addition of citric acid 

(samples are identified by the CA concentration used in synthesis and the Qq flowrate), b) 

ATR-FTIR spectra of CA coated phosphor samples (showing the spectral range 1000 - 2000 

cm
-1

). 

 

 

Figure 7.14: Plot of grafting density against CA:M ratio used in synthesis. Inset, shows the 

variation of hydrodynamic diameter against CA grafting density. 
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Dynamic light scattering was used to measure the hydrodynamic diameter of the particles in 

aqueous solution. The materials all showed relatively broad size distributions described by 

their polydispersity indices (table 7.2) when compared to samples produced in chapter 6. 

Figure 7.14 (inset) shows the variation in hydrodynamic diameter as a function of CA grafting 

density and citric acid grafting densities >1 CA/nm
2
 gave similar hydrodynamic diameter 

distributions.  Particle number weighting the data presented in figure 7.14 yielded particle 

diameters similar to that expected from direct observation using TEM (table 7.2) again 

reasoning that a majority of the sample was well dispersed. Figure 7.15 shows the variation in 

the magnitude of zeta-potential (indicative of dispersion stability) as a function of pH, plotted 

against the calculated CA grafting density for each sample. The magnitude of the zeta-

potential was shown to correlate well with the CA grafting density. Particle dispersions 

showing CA grafting densities > 1 CA/nm
2
 were characterised as stable as the magnitude of 

the Zeta-potential > - 30 mV, consistent with the electrostatic mechanism of stabilisation 

conferred by  de-protonation of carboxylylic acids (discussed in greater detail within chapter 

6). The measurements presented in figure 7.15 show a reduction in the magnitude of the 

surface charge at pH 6 suggesting suppression of the dissociation of the weakest acid group of 

citric acid (pKa3 = 6.40). Where, the most acidic groups bind to the surface of the 

nanoparticle suggesting a similar coordination to that presented in chapter 6. Sample showing 

< 1 CA/nm
2
 showed amphoteric behavior with a PZC at pH 8.5 which is consistent with the 

protonation (M - OH + H
+
 → M - OH2

+
)  and deprotonation of (M - OH → M-O

-
 + H

+
) 

reactions of surface metal ions.  

 

The dynamics of luminescence in CA coated (Y0.96Eu0.04) OOH and the emission 

characteristics were assessed. Figure 7.16 shows the PL emission spectra of CA coated 

(Y0.96Eu0.04) OOH from excitation at 254 nm. Consistent with previously reported spectra 

strong red emission (600-630 nm) attributed to transitions of 
5
D0 → 

7
F2 dominated each 

spectra. Similarly, a weak emission range (580-600 nm) was observed and attributed to 
5
D0 → 

7
F1 with the emission characteristics being similar to those presented in section 7.3.1.   The PL 

intensity varied considerably between samples and showed no consistency with any one 

change in processing condition i.e. a decrease in the temperature at Tmix2 (increase in Qq ) or 

relative CA / M ratio. However, increasing grafting density showed a sequential reduction in 

PL intensity where similar reductions were observed for all emission wavelengths (as 

presented in figure 7.16 inset). Quenching of luminescence in red emitting phosphor systems 

has been described previously. (Huignard, Gacoin, & Boilot 2000; Ronda, Justel, & Nikol 
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1998) The mechanism of quenching in these samples may arise from two effects; 1) the 

partial OH quenching of the Eu red emission is significant since the energy of the 
5
D0 → 

7
F2 1-

4 transition corresponds well with the absorption energy of OH oscillation (3
rd

 harmonic) 

increasing the ratio of surface species adsorption in the sample.  (Ozawa 1979; Tissue 1998) 

2) increase in non-radiative de-excitation due to differences in Eu
3+

 ion coordination through 

surface complex formation with carboxylate groups. (Chen et al., 2008) The latter mechanism 

appears more prominent in these samples as the intensity ratios of all transitions are consistent 

with increasing CA grafting density. However, a very slight increase in the ratio of 
5
D0 → 

7
F2(1-2) : 

5
D0 → 

7
F2 (3-4) with increasing CA grafting density suggests slight adsorption through 

adsorbed surface species. Overall, the difference between low and high grafting densities ca. 

0.8 to 1.4 CA/nm
2
 showed a 40 % reduction in PL yield which would be significant for any 

imaging application.  

 

 
 

Figure 7.15: Zeta-potential titrations of citric acid coated (Y0.96Eu0.04)OOH nanoparticles 

plotted as a function of CA grafting density. (The standard deviation of the measurements has 

been omitted for clarity).  
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Figure 7.16: Pl emission spectra (λex = 254 nm) of CA coated phosphors plotted as a function 

of CA grafting density (figure key). Inset, shows the variation of PL intensity (
5
D0 → 

7
F2 [625 

nm]) against the CA grafting density. 

 

To ensure that the reduced PL yield (ca. 40 %) was not intrinsic to the system. Samples for 

comparison were synthesised by post synthesis functionalisation with citric acid of both 

(Y0.96Eu0.04)2 O3 and (Y0.96Eu0.04) OOH nanoparticles (section 7.2.4).  ATR-FTIR confirmed 

that similar citrate coordination to that produced directly was observed, the  wavenumber 

separation values (νs COO
- 
and the

 
(νas) COO

- 
modes) were 210 and 215 cm

-1
 suggesting a 

mixture of unidentate and bi-dentate co-ordination. (Mudunkotuwa & Grassian 2010) For 

comparison, the grafting density for the (Y0.96Eu0.04) OOH and (Y0.96Eu0.04)2 O3 samples was 

calculated as 1.46 and 2.4 CA/nm
2
 for (Y0.96Eu0.04)2 O3 and (Y0.96Eu0.04) OOH samples, 

respectively. Consistent with the results outlined earlier.  In both samples, a significant 

reduction in fluorescence intensity is observed (ca. 52 and 48 % for (Y0.96Eu0.04)2 O3 and 

(Y0.96Eu0.04) OOH samples, respectively) when the coated samples are compared to the 

precursor particles. Confirming, that the PL reduction was attributed principally to adsorption 
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of citrate occurring through a mechanism of increase in non-radiative de-exciation in the 

coated phosphor systems. 

 

7.3.4: Post synthesis Modification of Citric acid Coated Phosphors: 

 

As discussed in Chapter 6 electrostatically stabilised dispersions of nanoparticles are not often 

suitable for application in high electrolyte media such as in physiological buffers. The 

addition of electrostatically stabilised colloidal dispersions to electrolyte solutions leads to the 

collapse of the double layer preventing particle interaction. (Graf et al., 2003) This section 

details an investigation into the steric stabilization through EDC amidation of citric acid 

coated (Y0.96Eu0.04) OOH using two amine mono-end functionalised polyethylene glycol 

(NH2-PEG) derivatives with molecular weights of 2 and 5 kDa. The experimental details of 

the coupling reaction are presented in Section 7.2.4. (Lattuada and Hatton 2007) A schematic 

of the coupling mechanism is presented in Appendix 2. 

 

 

FTIR was used to confirm the presence of PEG variants coupled to citric acid coated 

(Y0.96Eu0.04) OOH nanoparticles. The spectra of both free NH2-PEG (2 kDa and 5 kDa) and 

coated particles are presented in figure 7.17. The spectra are dominated by the expected –

(C)O-C vibration at 1104 cm
-1

, characteristic of the PEG chains, this IR active mode is 

present in both bound and unbound NH2- PEG. The spectra obtained for both bulk PEG 

variants showed a very weak mode centred at 1584 cm
-1

, characteristic of –NH2. However, 

upon amidation the mode has shifted to 1540 cm
-1

, characteristic of formation of an amide 

bond. The low intensity of the mode centred at 1540 cm
-1

 is expected as ca. 200 amide bonds 

would be present per particle assuming a grafting density of 1.4 molecules (CA)/nm
2
 and a 

crystallite size of ca. 25 nm. Other characteristic modes observed for the PEG coated samples, 

such as the modes centred at 2943, 2880, 2821, 2804, 2704, 1466, 1359, 1342, 1279, 1241, 

1060, 961, 949, and 842 cm
-1

, indicate that the PEG grafted onto the particle surface is 

ordered (after drying), where the aforementioned modes are typically attributed to harmonics 

of -COC- stretches and suggestive of a dense coverage of PEG on the (Y0.96Eu0.04) OOH 

nanoparticle cores. (Zhang et al., 2006)  
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Figure 7.17: a) FTIR spectra of citric acid coated (Y0.96Eu0.04)OOH nanoparticles and NH2-

PEG variants produced through EDC coupling of the as synthesised citric acid coated 

particles; i) Bulk citric acid, ii) Citric acid coated (Y0.96Eu0.04) OOH nanoparticles, iii) Bulk 2 

kDa NH2-PEG, iv) 2 kDa NH2-PEG modified (Y0.96Eu0.04) OOH,  v) Bulk 5 kDa NH2-PEG 

and vi) 5 kDa NH2 - PEG modified (Y0.96Eu0.04) OOH. B) Comparison of Zeta-potential 

titrations performed on CA-coated (Y0.96Eu0.04)OOH (squares), 2 kDa PEG coated 

(Y0.96Eu0.04) OOH (circles) and 5 kDa PEG coated (Y0.96Eu0.04) OOH. Error bars represent the 

standard deviation of the measurements. 

 

Figure 7.17b, shows the zeta-potential titration of both PEG variants compared to the titration 

of citric acid coated (Y0.96Eu0.04) OOH. It is apparent from Figure 7.17.b that no significant 

surface charge is observed for PEG coated variants. This result is expected as PEG does not 
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have any readily ionisable groups under the presented measurement conditions. Hence, the 

moderate surface charge observed is attributed to amphoteric behaviour of OH groups within 

the PEG chains. (Yoncheva et al., 2007) To further confirm the colloidal stability of the 

samples functionalised with 2 and 5 kDa PEG a colloidal stability study was performed by 

measuring the evolution of hydrodynamic diameter as a function of increasing electrolyte 

concentration as shown in figure 7.18. Typically, if the thickness of the polymer is large 

enough, the Van der Waals attraction between the particles is negligible in comparison to the 

Brownian thermal energy leading to a sterically stabilised dispersion even when the double 

layer is entirely suppressed by the electrolyte concentration. (Napper 1977; Raghavan et al., 

2000) The slope of the R(H) versus time curve for t → 0 at each salt concentration (estimated 

with low-order polynomial fitting)  has been used to estimate the stability ratio for each 

electrolyte concentration. The stability ratio (W) is commonly used as a measure to infer the 

type of coagulation within the colloidal system. At a fixed particle concentration the colloidal 

stability, W is calculated from equation 7.2. 

  

  
((
  

  
)
   

( )
)

(
  

     
)

  (Equation 7.2) 

 

Where, r is the measured hydrodynamic diameter and t is the measurement interval, the term 

δr/δt (t→0) 
(f) 

is defined the fast coagulation state (the slope of the curve when it becomes inde-

pendent of electrolyte concentration) and δr/δt (t→0) is the slope of the measurement. (van der 

Zande et al., 2000) When W  > 1 only a fraction of the particle collisions leads to aggregates 

because of the presence of an energy barrier generated by the sum of the attractive and repul-

sive forces acting between the particles (principally electrostatic). When W = l every collision 

produces an aggregate (lack of the energy barrier) and the diffusion limited aggregation rate 

(fast) occurs. As shown in figure 7.18 the sample grafted with 5 kDa PEG was very stable (W 

≈ ∞) over the measured electrolyte range suggesting that a significant steric component was 

present.  Whereas, the electrostatically stabilised particles showed significant agglomeration 

and settling behaviour at even moderate electrolyte concentrations W = 1 occurring at ca. 100 

mM NaCl (figure 7.18 a). The sample grafted with 2 kDa PEG showed colloidal stability 

greater than that observed for citric acid coated particles alone with W = 1 occurring at ca. 

200 mM NaCl. These results suggest the thickness of the PEG layer is insufficient to confer a 

steric mechanism of particle stabilisation as the polymer layer is too thin to confer a sufficient 

energy barrier to particle agglomeration and Van der Waals interactions between particles are 
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of similar (if not greater in) magnitude to the Brownian thermal energy of the system. Show-

ing relatively thick polymer layers are required to stabilise a material in this size range. 

 

The effect of further functionalisation using PEG was investigated on the emission 

characteristics of the phosphor system. The emission spectra from excitation at 254 nm 

showed strong red emission in the 600 - 630 nm regions corresponding to transitions of 

5
D0→

7
F2 and a weaker emission region (580 - 600 nm) attributed to  

5
D0 → 

7
F1 transitions 

with the emission characteristics being similar to those presented in Section 6.3.1. The PL 

intensity of the 
5
D0 → 

7
F2 and 

5
D0 → 

7
F1 transitions was completely invariant of grafting with 

both PEG moiety as 2 kDa and 5 kDa variants. This result was expected as PEG shows little 

absorption in the visible region and similarly in the Hard UV region > 300 nm and 

correspondingly good light transmission was observed in the red region.  

 

7.3.5 Evaluation of Y1-xEuxOOH nanoparticles as probes in biological imaging 

 

In biological imaging applications where UV radiation can damage organic structures, blue 

excitation has been employed with Eu
3+

 complexes and other lanthanide doped 

nanophosphors as a suitable excitation wavelength to allow live cell imaging. (Sun et al., 

2011) To demonstrate the use of  both citric acid coated (Y1-xEux) OOH and (Y1-xEux)2 O3 

nanoparticles as potential probes for bioimaging, optical phantoms containing various 

concentrations of coated nanoparticles (0.01, 0.05, 0.1, 0.5, 1.0 mg mL
-1

) were analyzed in an 

photoluminescence spectrometer  using an excitation wavelength of λex = 473 nm and 

measuring emission at wavelengths summarised in figure 7.19. The results of optical phatoms 

containing (Y0.96Eu0.04)OOH - CA (Method 6.2.3),  (Y0.96Eu0.04)2 O3 - CA (Method 6.2.3) , CA -

(Y0.96Eu0.04)OOH,  2kDa NH2 - PEG (Y0.96Eu0.04)OOH  and 5kDa NH2 - PEG (Y0.96Eu0.04)OOH  

particles are shown comparatively in figure 7.19 as a function of particle concentration. 

Where, using 473 nm excitation (
7
F0 → 

5
D0) resulted in almost complete quenching in 

samples functionalised with PEG when compared to the materials which were coated with 

citric acid alone. The reduction in intensity of PEG coated samples was attributed to the 

adsorption of PEG in the 300 - 500 nm region, preventing down conversion by the phosphor 

core (data not shown). (Choi, Moon, & Jung 2010) Whereas, when hard UV excitation was 

used no apparent reduction in PL intensity was observed. Suggesting that samples showing 

only a minimal coating would be suitable for application in assays using blue excitation. 
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Figure 7.18: The effect of different electrolyte concentrations on the evolution of 

hydrodynamic diameter measured using DLS; A) Citric acid coated nanoparticles obtained 

directly from the CHFS process, B) NH2-PEG [2 kDa] (Y0.96Eu0.04)OOH and C) NH2-PEG [5 

kDa] (Y0.96Eu0.04)OOH. The relative sample polydispersity of the sample measured in nm is 

presented for each data-point. Lines are drawn in each of the data series to serve as a guide to 

the eye only. 
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Figure 7.19: Comparison of Optical phantoms of coated phosphor materials using 473 nm 

excitation; (Y0.96Eu0.04)OOH-CA (
5
D0 → 

7
F2) [squares],  (Y0.96Eu0.04)2O3-CA (

5
D0 → 

7
F2) [circles], 

CA-(Y0.96Eu0.04)OOH (
5
D0 → 

7
F2) [triangles],  2kDa NH2-PEG (Y0.96Eu0.04)OOH  [inverted triangles] 

and 2kDa NH2-PEG (Y0.96Eu0.04) OOH  [diamonds]. 

 

To demonstrate the potential application of citric acid coated (Y0.96Eu0.04) OOH and 

(Y0.96Eu0.04)2 O3  NPs as fluorescent probes they were visualised under conditions analogous 

to a typical in-vitro fluorescence imaging experiment. Particles were sparsely dispersed on 

coverglass and visualised using 470 nm excitation / 620 nm emission and resolvable 

fluorescence from both dispersions of particles was observed (Figure 7.20). The diameter of 

fluorescence signals was typically in the order of 1 - 2 pixels (ca. 1 pixel = 270 nm) suggest 

that most of the luminescence observed is from single citric acid coated NPs when the 

approximated wave spread function of the microscope is considered (λ / 2 = 320 nm). The 

data were analysed from fluorescence images over a 60 × 60 μm area, and high 

photochemical stability was observed with no blinking. (Sun et al., 2011) The size data 

determined from optical methods was consistent with the data presented from light scattering 

techniques (figure 7.19).  Fluorescence from particles was not visualised using 470 nm 

excitation / 540 nm emission consistent with the PL data recorded for the samples. Suggesting 

resolvable fluorescence from the particles could be visualised in a typical fluorescence cell 

imaging experiment. 
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Figure 7.20: The diameter of fluorescence signals from nanoparticles dispersed on cover-

glass visualised using 470 nm excitation / 620 nm emission a) citric acid coated 

(Y0.96Eu0.04)OOH nanoparticles, b) citric acid coated (Y0.96Eu0.04)2O3  nanoparticles and c) 

citric acid coated (Y0.96Eu0.04)OOH nanoparticles produced directly using CHFS. 

 

To further assess the visualisation of phosphors the dispersed phosphor systems an assay was 

designed to evaluate if fluorescence from phosphor nanoparticles could be resolved from 

cellular autofluorescence (Figure 7.21). In the assay phosphor NPs (filtered through a 0.22 μm 

syringe filter) were dispersed in PBS to a concentration of 166 μg mL
-1

 and COS7 cells were 

incubated in the solution for 4 hours. We predicted that constitutive uptake of the particles 

would occur consistent with previous publications. (Bruchez et al., 1998; Sun, Carpenter, 

Pratx, & Xing 2011)  Bright field image of a COS7 cell following incubation with 

nanoparticles of coated (Y0.96Eu0.04) OOH and (Y0.96Eu0.04)2 O3, are shown to identify the cell 

body visulaised in each of the fluorescence signal measurement conditions. In the bright field 

images (figure 7.21 a, d, g) evidence of particle agglomeration is observed through the 
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visualisation of sub-micron particle agglomerates surrounding the cell membrane. 

Agglomerate formation was expected as the electrostatically stabilised dispersion suffers 

compression of the double layer at physiological salt concentrations resulting in 

agglomeration (figure 7.19). A degree of cellular autofluorescence was observed using 470 

nm excitation/ 540 nm which is likely to arise from flavoproteins and serves to identify the 

cellular organelles likely to fluoresce as shown in  Figure 7.21 b, e, h. (Sun et al., 2011) 

However, no fluorescence from the phosphor nanoparticles was observed at this measurement 

wavelength, consistent with our fluorescence measurements. Figures 7.21 c, f, I show 

effective visualisation of the phosphor particles coating the cell membrane. As the phosphors 

were not targeted to cell membrane proteins, a near uniform coverage of the particles was 

observed. Experiments performed in the absence of the phosphor nanoparticles using 470 nm 

excitation / 620 nm emission showed some overlap between the fluorescence observed at 540 

nm emission and was attributed to the broad fluorescence profile of flavoproteins, explaining 

the overlap between fluorescence signals in images 7.21 c, f, I and 7.21 b, e, h. Where all 

particle types showed resolvable fluorescence and visualisation was consistent with that 

inferred from the optical phantom experiment. 

 

7.4 Conclusions 

The CHFS process was shown to be capable of directly producing a visibly bright phosphor 

nanoparticle without the requirement for post synthesis annealing when reaction point tem-

peratures above the critical point of pure water. Alongside temperature, base was shown to 

influence the phase behaviour of the phosphor host with efficient phosphor materials only be-

ing produced at high base concentrations (> 0.1 M KOH).  Similarly, the phase behaviour of 

the host system was shown to differ upon the level of Eu
3+

 substitution within the synthesis, 

suggesting the nucleation of different nanoparticles within the reaction point (which is cur-

rently not fully understood).  Phosphor nanoparticles produced directly from the process were 

shown to be highly crystalline single phase materials and as such show high PL intensity, a 

large benefit of many other bottom up processes used for their production in terms of retain-

ing a small particle size. 
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Figure 7.21: Visulalisation of COS7 cells using citric acid coated (Y0.96Eu0.04)OOH [a, b, c] 

(Y0.96Eu0.04)2O3 nanoparticles[d, e, f] and citric acid coated (Y0.96Eu0.04)OOH produced 

directly from CHFS [g, h, i]. Images [a, d and g] show bright-field image of incubated cells. 

Images [b, e and h] show the location of cellular auto-fluorescence measured at 470 nm 

excitation / 540 nm emission and Images [c, f, I]  show down converted luminescence 

following 470 nm excitation / 620 nm emission showing cellular uptake. 

 

 

 The rapid and efficient conversion of one of the (Y0.96Eu0.04)OOH nanoparticles to the corre-

sponding oxide phosphor (Y0.96Eu0.04)2O3 was conducted using a flash heat treatment strategy, 
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showing complete dehydration of the (Y0.96Eu0.04) OOH nano-precursor  can be achieved with 

limited agglomeration and particle growth on timescales significantly shorter than those typi-

cally reported in the literature. Showing that the use of nanoparticles as precursors is a suita-

ble strategy for the synthesis of higher order oxide structures as nanomaterials if a suitable 

annealing strategy is employed. Time resolved PL measurements of the annealed samples 

suggested the grain growth of the annealed materials was responsible for the altered PL char-

acteristics of the materials upon heat treatment. Analysis of the evolution of crystallite size 

showed that even moderate annealing durations (much shorter than those typically used for 

the production of Y2O3 nanoparticles) rapidly grew to sizes > 100nm. This work provided an 

indication of how quickly coarsening occurs in annealed nanomaterials.  

 

Modification of the CHFS process as initially presented in Chapter 6 allowed the systematic 

evaluation of producing surface functionalsed phosphor nanoparticles directly using CHFS. 

Where, the core particle formation steps were effectively segregated from the functionalisa-

tion steps allowing the influence of surface functionalisation to be accurately determined.  

Several observations were presented which differed from those initially presented in Chapter 

6. Where, a different saturation grafting density of citric acid was observed which could be 

tentatively attributed to the preferential coordination of CA to metal terminated crystal facets. 

Similarly a degree of fluorescence quenching was observed that was linked to the grafting 

density of citric acid on the phosphor nanoparticle suggesting that functionalisation for a near 

consistent particle size increases the proportion of non-radiative de-excitation processes in the 

phosphor system. Comparisons to materials produced using a more common surface function-

alisation method yielded a similar reduction in PL yield confirming the observation for mate-

rials produced directly using the modified CHFS process. 

 

The nanoparticles produced in this work which were either produced directly from the process 

or suitably formulated as  dispersions were found to suitable as probes in biological imaging 

and could be readily resolved from cellular autofluorescence . Limitations were identified in 

the choice of post synthesis functionalisation strategies due to the absorption characteristics of 

the coating materials which limit the detection of these materials in common fluorescence as-

says. Although disappointing these results showed that efficient post-synthesis functionalisa-

tion of nanoparticles was possible suggesting the use of nano-materials such as these could be 

diversified in more targeted applications.  
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 In closing, the results presented herein highlight a desirable methodology for the synthesis 

method of phosphors as this strategy eliminates the need for high-temperature and prolonged 

heat treatment of as-prepared materials. 

 

6.5 Future work 

 

Further optimisation of the process specifically for the production of citric acid coated 

(Y0.96Eu0.04)OOH nanoparticles would be beneficial as the quality of the dispersion (relative 

polydispersity) would hinder application of the material in many analytical fields (without 

refinement). Although, the apparent saturation grafting density could be a physical factor 

limiting the quality of the dispersion in this host system. Alternatively, the use of further 

material refinement steps to improve the dispersion of the particles would be useful, as this is 

a well know refinement step (Field-flow fractionation and the like) and is commonly used in 

the production of many nanomaterials. The effect of different processing conditions on the 

relative quantum efficiency of the material would be useful to investigate quantitively as it 

would allow further optimisation of the material allowing greater visualisation in any future 

cell work, although a qualitative analysis presented here was shown to be satisfactory to 

identify materials as probes in cellular imaging.  As stated in Chapter 6 it would be useful to 

assess the cytotoxicity of both coated and non-coated nanoparticles. Similarly, identification 

of this phosphor system as a promising biological imaging probe suggests that the further 

evaluation of an amidation or other coupling strategy to allow for the specific targeting of 

nanoparticles to certain cellular compartments/receptors would also be of interest. Terminally, 

one of the most interesting applications would include the use of antibody fragments or 

localising peptides, allowing the visualisation of receptors or cellular compartments 

respectively (analogous to the current application of quantum dots, without the detrimental 

effects of photobleaching) .  

 

 The development and evaluation of alternative rare-earth ion doped nanoparticles phosphors 

would also be an interesting avenue of investigation to assess if the CHFS process would 

allow for the synthesis of known higher efficiency phosphor materials. In fact several 

europium doped systems (EuxY1-xVO4 and EuxLn1-xPO4) have also been produced by the 

author and will be reported in due course. The literature highlights several examples of rare-

earth ion doped oxide phosphors which would be suitable for imaging applications especially 

those based on a LaPO4 host lattices. The bottom up CHFS process would convey certain 
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synthetic advantages over the methods commonly used to produce such materials as 

highlighted previously. Upconverting phosphor systems are becoming of acute interest in the 

biomedical application of phosphor nanoparticles, as IR transmission through tissue is high a 

substantial research effort is now focusing on the synthesis of upconverting phosphor 

compositions. It may be of interest to assess the application of CHFS to the synthesis of these 

materials. 
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Chapter 8 

Scale up of Nanoparticle Synthesis using CHFS 

8.0 Aim: 

The primary objective of this Chapter is to evaluate the  practical aspects of CHFS process 

scale up. This Chapter details investigations into the construction and operation of a pilot 

scale CHFS process with a nominal flow output of 800 mL min
-1

 of nanoparticle laden 

slurry. The overall objective of this Chapter can be summarised into the following areas;   

1) investigation into the volumetric scale up of the confined jet mixer as evaluated in 

Chapter 4, 2) the effects of volumetric scale up on nanoparticle characteristics and the 

effects of mass based scale up on particle properties, 3) Investigation into the scale up of 

surface functionalised nanoparticle synthesis at pilot scale, 4) Application of the pilot scale 

CHFS process to combinatorial materials synthesis. The presented work is intended to 

demonstrate that the CHFS process is readily scaled to a volumetric enlargement of 20X 

that of the laboratory scale process.  

8.1 Introduction: 

“Scale up” is generally defined as the process of increasing the batch size or the production 

rate of a process dependent upon its operation. Scale up of a process can also be viewed as 

a procedure for applying the same process to different output volumes through either larger 

reaction / reactor volumes or multiplicity in synthesis commonly referred to as “scale out”. 

(Roco 2001; Trambouze 1981) The latter suffers complications if the process is difficult to 

reproduce or suffers batch variation. (Jongen et al., 2003)  There is a subtle difference 

between these two definitions, as batch size enlargement does not always translate into a 

size increase of the processing volume i.e. increasing the yield of a product or by 

increasing the concentration of reagents to increase yield per unit process volume (mass 

based scale up). (Kreuter 1990; Pennemann et al., 2004)  

Inorganic nanoparticles have reached annual production volumes of several metric 

megatons. (Djerdj et al., 2008; Journet et al., 1997; Yoshimura 1998) Most of the 

worldwide production on an industrial scale can be assigned to carbon black, silica and 

titania. (Liu et al., 2009; Madler et al., 2002; Roco 2001; Stark and Pratsinis 2002) The 

large production volume of the highlighted nanomaterials is counterbalanced by the high 

production capacity of a very limited range of elemental compositions; the reasons for this 

are elaborated further in Chapter 1. There is significant interest in expanding the capacity 
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of nanomaterial synthesis methods to produce materials of more diverse composition, 

whilst retaining the physiochemical characteristics of nanomaterials often initially 

identified from synthesis on a smaller scale. (Tretyakov and Goodilin 2009) One of the 

major reasons for the lack of variety in material composition and a wider range of 

nanoparticles is often limited by a complication with the scale up of a previously identified 

process for their manufacture. (Kreuter 1990) Not all processes are amenable to scale up, 

for example the chemical synthesis of proteins, peptides and nucleic acids requires a 

reduction in batch size to increase product quality i.e. “scale-down”. (Sweere et al., 1987) 

The complexity in scaling a nanoparticle production process is often reduced to 

complications associated with ensuring a uniform particle nucleation environment, as a 

result control over particle size and polydispersity. (Marchisio et al., 2006) The difficulty 

in scaling up production lies in achieving  a stable and uniform reaction environment, 

whether this takes the form of nanoparticles synthesis in large chemical baths (liquid 

phase) or combustion of precursors in a flame (stability of flame front) most endeavours of 

scale up strive to ensure uniform quality of the resulting nanoparticles across production 

scales. (Dirksen and Ring 1991; Tsuzuki 2009) Although there are many general 

complications with increase in production rate; particle agglomeration during particle 

growth, elongated particle growth phases, loss of control over particle nucleation, 

compositional differences in materials (e.g. material phase and homogeneity). (Chen et al.,  

2000; Cushing et al., 2004; Dirksen & Ring 1991) Many of these complications arise from 

a reduction in the intimate control normally attainable over a small scale chemical reaction. 

(Dirksen & Ring 1991) This lack of reaction control is often attributed to, concentration 

gradients, thermal gradients and inhomogeneity in mixing reagents in large volumes (i.e. 

heat and mass transfer differences in the large scale analogue). (Tsuzuki 2009) Similarly, 

increasing the production rate yielding high particle concentration which can cause particle 

agglomeration, elongated particle growth phases and an increase in particle polydispersity. 

(Dirksen & Ring 1991) As a result, the production of nanoparticles on a commercial scale 

often produces materials which are different to those produced by analogous small scale 

processes, and in many cases require lengthy reoptimisation for each material composition 

to be produced. (Liu et al., 2009)   

As CHFS is a continuous flow process, in which reactants undergo a rapid change to a 

condition of high supersaturation which leads to the formation of nanoparticles. As 

highlighted in Chapter 1 and further discussion presented in this thesis, CHFS can be 
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adapted to many synthetic challenges often forming products which are not readily 

accessible through more conventional methodologies (e.g. kinetic or metastable products). 

(Boldrin et al., 2007; Chaudhry et al., 2006; Gruar et al.,2010; Parker et al., 2011; Weng et 

al., 2009; Zhang et al., 2009) The high supersaturation (i.e. dominance of particle 

nucleation) afforded by continuous hydrothermal methods generally leads to a large 

number of nucleation events and results in smaller particles than equivalent reactions 

performed on much longer time scales (i.e. batch reactions) with particles of similar 

physicochemical properties being obtained over broad ranges of synthesis variables 

(Chapters 3, 4 ,5 and 6). Reactions which produce nanoparticles in CHFS are rapid often 

with residence times in the order of a few seconds. (Adschiri et al., 2011; Marre et al., 

2012)  Many material phases and compositions are accessible directly, as highly crystalline 

and phase pure nanomaterials. (Chaudhry et al., 2006; Gruar et al., 2010; Zhang et al., 

2009) It has been demonstrated that hydrothermal flow reactions can be conducted using 

large scale reactors similar to those used by Sue et al., which are reviewed in greater detail 

within Chapter 1. (Adschiri et al., 2011) These reactors rely on a different engineering 

mechanism for achieving metal salt hydrolysis and dehydration, and are based upon 

feeding precursors through a heated pipe (analogus to the already commercially operated 

SCWO plants) resulting in nanoparticles which do not nucleate as uniformly resulting in 

broader size distributions. (Adschiri et al., 2011) 

In the embodiment of CHFS presented throughout this thesis it has been shown that the 

rapid rates of particle crystallisation lead to the formation of similarly sized nanomaterials 

if the mixing processes are sufficiently similar and appear to not be affected by small 

fluctuations in thermal gradients or mixing events occurring on (sic) small timescales. As 

the scale up of a chemical process is typically complex, and often suffers from unforeseen 

complications such as loss of size control or phase separation, etc. The purpose of this 

Chapter is to evaluate the potential of CHFS as a large scale nanoparticle manufacturing 

technique. In this chapter variants of the above scale up practices are evaluated with regard 

to the CHFS process as defined previously within this thesis. Within this work many 

materials have been evaluated on the basis of volumetic scale up, with distinct reaction 

types from Chapters 4 and 5 and 6 being evaluated. In selected cases, scale up strategies 

based on both a volumetic and mass basis have been used to further explore scale up 

methodologies using a pilot scale CHFS process.  

8.2 General Synthesis and Procedures: 
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All experiments presented in this Chapter were conducted using the pilot scale CHFS 

process as defined in Chapter 2. The process was designed and constructed in collaboration 

with Dr Christopher Tighe. The details of the process equipment are presented in Chapter 2 

alongside descriptions of major process modifications and the reactor configurations used 

for materials synthesis. Sections are presented to address the objectives of this chapter as 

highlighted in the aims. This chapter uses a variety of material compositions to highlight 

different aspects of scale up reactions.  

8.2.1 Materials: 

Iron (III) citrate ([Fe (C6H5O7] technical grade, > 98 %), Citric acid ([C6H8O7] 99 %) and 

(NH4)OH solution (28 vol %) were supplied by Sigma–Aldrich Chemical Company 

(Dorset, UK). Iron(III) citrate powder was dissolved in water by adding a stoichiomentric 

amount of NH4OH solution forming a soluble Iron citrate complex (Ammonium ferric 

citrate [NH3 Fe(C6H5O7) and was used exclusively as the metal precursor solution for iron 

based samples (Sections 8.3.4)). Zinc nitrate (Zn(NO3)2·6H2O, > 98 %), Cerium 

ammonium nitrate ((NH4)2Ce(NO3)6 ·6H2O  > 98.5 %) and potassium hydroxide (KOH, > 

85 %) were obtained from Sigma-Aldrich (Dorset, UK). These precursors were used for 

the synthesis of ZnO samples and Ce-Zn samples as presented in sections 8.3.2 and 8.3.3. 

All experiments were conducted using deionised water (>15 MΏ). 

8.2.2 In-situ Temperature Measurements: 

In-situ temperature measurements have been uses to assess the degree of mixing between 

the precursor (Qp) and supercritical water feed (Qsw) in the pilot scale CHFS process. The 

system configuration was analogous to the three pump system typically used for the 

synthesis of nanoparticles (described in Chapter 2 section 2.3). An analogous temperature 

measurement strategy to that presented in Chapter 3 was used to evaluate a suitably scaled 

mixer geometry (detailed in table 8.1, compared to the laboratory scale mixer chosen as the 

basis of scale up) and explained further in section 8.3.1. In the pilot scale process, eight 

simultaneous measurements of temperature were taken at different locations within the 

reaction point as a function of total system flow rate (Qp + Qsw) and at different heater set 

temperatures (350 – 450 °C). All measurement positions were normalised to z/di where di 

is the internal pipe diameter and z is the relative position of the thermocouple from the 

terminus of the preheated water inlet (shown pictorially in figure 8.1). The physical 

dimensions of reaction point (mixer) used in the pilot scale CHFS process are presented in 
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table 8.1. Measurement at reaction temperatures and pressures was allowed through the use 

of a spectate fitting which is detailed in Chapter 2. In the pilot scale process the length of 

the cooling apparatus meant that thermocouples were fed into the reactor upstream of the 

reactor and were insulated from the high temperatures at the reaction point by ca. 1 M of 

3/8” 316 SS tubing. Again, measurements of temperature could not be taken during 

materials synthesis due to fouling of the thermocouples. All calculations derived from 

temperature measurements were evaluated using the IAPWS formulations as detailed in 

Chapter 2. 

8.2.3  Investigation into the mass based scale up of CHFS: 

Table 8.3 provides a summary of the solution compositions and synthesis conditions  used 

for the production of  ZnO nanoparticles using the pilot scale CHFS process. Chapter 4 

section 4.3.2 provides a summary of the materials produced on the laboratory scale process 

chosen as the basis for scale up reactions and are identified here as they were in Chapter 4. 

ZnO nanoparticles were produced on the pilot scale CHFS process using a four pump 

configuration as shown in Chapter 2 (figure 2.7).  All ZnO samples reported in this 

Chapter are identified by the concentration of zinc nitrate and the total system flow rate 

(Qp + Qsw)  i.e. a sample produced using 0.1 M zinc nitrate (KOH was always used as a 

mineraliser in a 1:1 ratio with zinc nitrate) and a total system flow rate of 800 (Qsw = 400, 

Qpkoh = 200, Qpzn = 200) is identified as 0.1M800. In this section, two sets of reactions are 

presented, the first set assessed the effect of volumetric scale up (0.05M400 - 0.05M800 

and 0.1M400 - 0.1M800) as defined in table 8.3, the second set (0.1M700 - 0.9M700) 

assessed the effect of mass based scale up. Samples 0.05M400 - 0.05M800 and 0.1M400 -

0.1M800  were produced by using  Pump 1 (P-1) to supply supercritical water (scH2O) to 

the reaction point and pumps 2 and 3 were used to supply the reaction precursors (KOH 

and Zn(NO3)2·6H2O) always in a 1:1 ratio, Pump 4 was isolated. In the case of 

experimental runs 0.1M700-0.9M700, P4 was used to allow for inline dilution of the 

combined Zn(NO3)2·6H2O and KOH feed in a static mixer and a complete process 

description is provided in Chapter 2. Consistent with the materials recovery procedures 

used in Chapters 3, 4 and 5.  Samples of ca. 5L nanoparticle laden slurries were recovered 

and freeze dried for characterisation. 

8.2.4 Investigation into the Synthesis of Binary Oxide Systems Using the Pilot Scale 

CHFS Process: 
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A summary of the experimental conditions used for the synthesis of the Ce-Zn oxide 

binary system is provided in table 8.4. For the synthesis of these materials the pilot scale 

process was operated using a four pump configuration as described in Chapter 2. In this 

configuration, Pump 1 (P-1) supplied supercritical water (scH2O) to the reaction point 

whilst the rest of the pumps (P-2, P-3 and P-4) were dedicated to pumping precursors. The 

output of pumps P3 and P4 was used to control the ratio of Ce and Zn salts (completely 

dissolved in tanks) combining with the output of P2 (DI water) before entering the reaction 

point as shown in figure 2.6 (Chapter 2). A static mixer was used to ensure homogenisation 

of the precursor solution after they were mixed in a tee-piece (1/4” Swagelok) prior to 

entering the reaction point (CJM as described in table 8.1). In all experiments the heater 

was operating at an outlet water temperature of 450 °C at a pressure of 240 bar. The flow 

rates of both metal salt solutions (0.1 M) were controlled as indicated in Table 8.4. The 

temperature at the mixing point was estimated as 337 ºC, determined from overall enthalpy 

balance. (Wagner and Pruss 2002) Samples were assigned names on the basis of the 

nominal Zn contents used in each synthesis, e.g. sample 30 Zn – Ce was assumed to have 

30 : 70 ratio of Zn : Ce. In this section, ten samples were made using the pilot scale CHFS 

process. In a typical synthesis, a sample of two litres (nanoparticle-laden aqueous slurry) 

was repeatedly centrifuged and washed with deionised water until pH neutral using the 

method described in Chapter 2. All materials were freeze dried for characterization and 

were treated in an analogous manner to those produced in Chapter 4. The work of kellici et 

al. to which the materials produced on the pilot scale process are compared were 

synthesised using a laboratory scale CHFS process (identical to the system used in Chapter 

3).(Kellici et al., 2010) However, all other experimental variables were scaled and the 

reaction point temperature used in this work (337°C) was similar to that used by kellici et 

al. evaluated experimentally from the temperature measurement method presented in 

Chapter 3. (Kellici et al., 2010) 

8.2.5 Volumetric Scale up of Magnetite Nanoparticle Synthesis 

In this section a series of nine reactions were performed using the reaction point geometry 

described in table 8.1. Synthesis of magnetite nanoparticles on the pilot scale process used 

a three pump configuration (figure 2.5). Precursor concentration was controlled by inline 

dilution to the target concentration from a 0.2 M feed stock of ammonium ferric citrate and 

the output of Qsw and Qp were changed to assess volumetric scale up of magnetic 

nanoparticle synthesis. Pump 1 (P-1) was used to supply supercritical water (scH2O) to the 
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reactor whilst pump 2 (P-2) was dedicated to pumping the solubalised iron precursor and 

the feed issuing from P3 was used to dilute the feed issuing from P2, allowing inline 

control of precursor concentration. In these reactions the precursor concentration was 

varied (0.05, 0.1 and 0.2 M) to assess the concentration dependence of magnetite formation 

in the pilot scale process. A sample at each concentration was produced at Qsw =  400 / Qp= 

360, Qsw = 300 / Qp = 270 and Qsw = 200 / Qp = 180 mL min
-1

. Typically, sample volumes 

of 5 L (nanoparticle laden slurry) were collected and allowed to sediment under gravity. 

The concentrated slurry was further reduced through repeated centrifugation and 

decantation steps until the supernatant was neutral (pH 7 from the as obtained slurry 

pH10). All materials were freeze dried for characterisation and were treated in an 

analogous manner to those produced in Chapter 5. In all experiments the heater was 

operating at an outlet water temperature of 450 °C. The temperature at the mixing point 

was estimated to be in the range of 350 - 360 ºC as calculated from overall enthalpy 

balance. These reactions were performed to assess whether the slightly lower reaction 

point temperature significantly influenced the properties of the nanoparticles prior to the 

detailed investigation described in section 8.2.6. and only a summary of the results is 

presented for this purpose. 

8.2.6  Investigations into the Volumetric Scale up of Surface Functionalised 

Nanoparticle Synthesis using CHFS 

A summary of the experimental conditions used for the synthesis of the surface 

functionalised magnetite are provided in table 8.6. The Pilot scale CHFS process was 

operated using a three pump configuration. As shown in figure 2.6 (Chapter 2), Pump 1 (P-

1) was used to supply supercritical water (scH2O) to the reactor whilst pump 2 (P-2) was 

used to feed the solubalised iron precursor into the reaction point at a concentration of 

0.066 M. The feed issuing from P3 was rerouted through the system and fed into the 

reaction point after the formation of nanoparticles in a geometry analogous to that 

developed in Chapter 6 and described in greater detail within Chapter 2. In all experiments 

the heater (H-1) was operating at an outlet water temperature of 450 °C.  The temperature 

at the mixing point where the precursor and preheated water mix  was estimated at between 

350 - 360 ºC and the reaction temperature after the addition of the citric acid flow  (Tmix2) 

are summarised in table 8.6, determined by overall enthalpy balance. Materials were 

recovered from the process as dilute nanoparticle laden slurry, sedimentation was induced 

by adding an appropriate amount of NaCl to allow for a 1.0 M salt solution leading to 
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flocculation of the stable particle dispersions, ca. 10 L of nanoparticle laden slurry 

(autogenous), decantation of the slurry supernatant, centrifugation and cleaning were 

undertaken as described previously in Chapter 2 and in Chapter 6. All materials were 

freeze dried for characterization and were treated in an analogous manner to those 

produced in Chapter 6. 

8.3 Results and Discussion: 

8.3.1: Investigations into the Volumetric Scale up of the CJM reactor 

8.3.1.1 Scale up Methodology 

The purpose of this section is to describe the methodology used for the scale up of the 

confined jet mixer developed within this thesis, to process a 20x greater volumetric flow 

rate ca. 800 vs. 40 mL min
-1

. According to the theory of dimensionless models, two 

processes may be considered similar if they take place in similar geometric space and if all 

the dimensionless numbers necessary to describe the process have a similar numerical 

value, this has formed the basis of the scale up methodology employed here. (Lerou and 

Ng 1996) The dimensions of the mixer used on the pilot scale process were determined 

empirically by calculation and
 
a justification for the choice of these dimensions is provided 

later in the text. This section also describes the experimental evaluation of the scaled 

process for similarity to the laboratory scale process and serves to identify the limitations 

of the scale up.  

8.3.1.2 Scale up Methodology (Calculations): 

Figure 8.1 summarises the processes of heat and mass transfer expected within the 

confined jet reactor as discussed in greater detailed within Chapter 4.  Initially, the scale up 

methodology was simplified to an analysis of the Re (equation 8.1) and (Fr)
2
 (equation 8.2) 

of Qsw at the exit of the inlet (z = 0) assuming no contribution of  heat transfer (ΔQ in 

figure 8.1) i.e. the properties of Qsw were assumed to be those at Tsw (inlet water 

temperature). As shown in Chapter 4, the magnitude of ΔQ was extremely difficult to 

estimate experimentally due to large temperature changes occurring in a relatively small 

geometric space (although in Chapter 4 it was estimated to provide an indication to the 

reader of the mixing events occurring near the terminus of the supercritical water inlet).  

Data presented in Chapter 4, showed that rapid mixing between Qsw and Qp was observed 

in all flow regimes where both high Re and (Fr)
2
 were determined. This rapid mixing was 
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attributed to the behaviour of turbulent buoyant jets which are known to readily entrain co-

flow. As such, in the laboratory scale process rapid mixing was observed in all mixer sizes 

and was attributed to the similarity in the magnitude of the Re and (Fr)
2
 of the process in 

the temperature and flow regimes evaluated  (Chapter 4). (Pitts 1991a; Pitts 1991b) These 

observations initially suggested this mixer would scale well if the magnitude of forces 

represented by these numbers were similar and the mixing occurred rapidly. (Ricou and 

Spalding 1961)  

 

Figure 8.1: Representation of the processes of heat and mass transfer occurring within the 

confined jet reactor. 

As initially discussed in Chapter 4, the relative magnitude of the momentum of the flow of 

Qsw z=0 compared to the viscous drag force can be represented by the Reynolds number, 

Resw z=0, of the flow : 

o=z sw

o=z sw

o=z sw

o=z swo=z sw

o=z sw

4

Re




di

G
diu



 (Equation 8.1) 

Where, ρsw z=o, usw z=o and μsw z=o are the density, velocity and dynamic viscosity of Qsw, 

respectively, Gsw z=o is the mass flow rate of supercritical water and di is the internal 

diameter of the inlet.   Similarly, the relative magnitude of the momentum of the jet acting 

upwards compared to the buoyancy forces  can be represented  by the square of the Froude 

number, (Frsw z=0)
2
 (equal to the reciprocal of the Richardson number, Ri): 
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Where, m is the density of Qsw, z=0. As summarised in table 8.2 the laboratory scale 

reactions forming the basis of scale up the yielded  Resw, z=0 with a magnitude  ranging  

from 7.5 - 15.1 x 10
4  

increasing as expected for Gsw and Tsw, defining the flow in the mixer 

as  turbulent at the point of issue. Similarly, the magnitude of (Frsw z=0)
2
 for the laboratory 

scale mixer chosen as the basis of scale up reactions increased as expected with Thw,in and 

Qp : Qsw. Suggesting that over the range of Tsw and Qp : Qsw the  rapid movement  of flow  

towards the outlet of the mixer is driven by momentum (Frsw, z=0)
2
 >> 1 and thus the rapid 

entrainment of Qp into Qsw.  The work of Augustine et al.  accompanied by data presented 

in Chapter 4 showed that significant entrainment of the co-flowing fluid under conditions 

similar to those presented in this work was expected at < 2.4 inner pipe diameters when the 

(Fr) 
2
= 25 - 400, and appeared the most dominant characteristic for good mixing i.e. rapid 

entrainment of Qp into Qsw. (Augustine and Tester 2009; Zhdanov and Chorny 2011) It was 

chosen to scale the mixer on the basis of a similar (Frsw, z=0)
2
 to ensure the magnitude of 

momentum to buoyancy forces were similar to those used in the laboratory scale process. 

(Augustine & Tester 2009) Table 8.1, provides a summary of the dimensions, maximum 

flow rates and reactor sizes for the laboratory scale and the pilot scale which yielded the 

most “equivalent” magnitudes of Re and (Frsw, z=0)
2
 in the scaled reactor. As detailed in 

table 8.2 the magnitudes of both the Re and (Frsw, z=0)
2 

could not be matched exactly and 

this was limited by the availability of suitably sized high pressure components for the pilot 

scale mixer. 

Table 8.1: Comparison of maximum flowrates and optimum confined jet reactor size for 

laboratory and pilot scale processes. 

 Lab Scale Pilot Scale 

Qsw / mL min
-1

 20 400 

Qp / mL min
-1

 20 400 

di / mm 0.99 3.97 

do / mm 4.57 13.51 

(do - di) / do 0.78 0.71 

L / mm 20 40 
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Table 8.2: Summary of the laboratory scale mixer conditions chosen as the basis of scale 

up 

Qsw 

(mL min-1) 

Qp 

(mL min
-1

) 

Tsw 

(°C) 

Tmix 

(°C) 

Resw 

 10
4
 

(Fr)sw
2
 

Laboratory scale mixer (di = 0.99 and do = 4.67 mm) 

10 10 400 305 7.6 40 

15 15 400 305 11.4 89 

20 20 400 305 15.3 159 

10 10 450 335 7.5 55 

15 15 450 335 11.3 123 

20 20 450 335 15.6 219 

Pilot scale mixer (di = 3.97 and do = 13.51 mm) 

200 200 400 305 38.8 17 

300 300 400 305 58.8 37 

400 400 400 305 67.6 66 

200 200 450 335 38.2 23 

300 300 450 335 57.3 51 

400 400 450 335 76.8 91 

 

As summarised in tables 8.2 the magnitude of the Resw, z=0 number for both the laboratory ( 

7.5 - 15.1 x 10
4
) and pilot scale  (37.5 - 74.4 x 10

4
) differ in magnitude between the 

process scales  owing largely to the difference in Gsw between each condition (Equation 

8.1).  As such, it was decided that this variance could be accepted if the magnitude of 

(Fr(sw, z=0))
2
  could be maintained between the process scales and the flow remained 

turbulent at issue (figure 8.1). As, if the pilot scale mixer was sized appropriately to 

conserve similarity in the Reynolds number (equation 8.1) the di of the confining tube 

containing the mixture would have to be significantly larger ca. 8x that of the size 

summarised in table 8.2 to yield numbers of similar magnitude to the laboratory scale 

process. However, scale up on this basis would also yield a reduction in the (Fr(sw, z=0))
2
 of 

Qsw which would approach unity and alter the behaviour of the flow issuing from the inlet. 

(Ricou & Spalding 1961) Therefore, to ensure equivalency between the process scales and 

to maintain Qsw as a turbulent momentum driven jet as it emerged from the inner pipe 

(ignoring the contribution of ΔQ), rather than becoming a more diffuse buoyancy-driven 



Chapter 8 

 

317 
 

plume on increasing di, it was decided to scale up the confined jet reactor based on 

maintaining (Fr(sw, z=0))
2
  close to that used on the laboratory scale process.  

8.3.1.3 Temperature Profiles within the Scaled CJM: 

This section experimentally evaluates the mixer size chosen for use on the pilot scale 

CHFS process. Measured temperature profiles between the pilot scale and laboratory scale 

process are presented in Figures 8.2a (T sw = 400 °C) and b (T sw = 450 °C) as summarised 

in Table 8.2. The dashed lines in Figures 8.2 a) and b) show the maximum theoretical 

temperature calculated for the outlet of the mixer (i.e. the inlet to the cooler) assuming 

mixing is complete and any heat losses from the outer pipe to the surroundings are 

negligible as determined by overall enthalpy balance (as described in Chapter 4). 

 

 It can be seen in Figures 8.2a and 8.2b, that on both the lab scale and the pilot plant, the 

measured temperature reached Tmix (theoretical mixture temperature) within five inner pipe 

diameters (z/di ~ 5) downstream of the outlet of the supercritical water. This represents a 

mixing time of  ~ 40 ms at the highest flowrates (Qsw + Qp = 40 and Qsw + Qp =800 mL 

min
-1

) of each process scale assuming Tmix occurs at the terminus of the inlet (Rt(s) = πdoz/ 

Vmix). It is also evident that the temperature of Qsw decreases as heat is transferred to Qp. 

The normalised temperature in the region z/di < 0 shows a slight discrepancy in the 

temperature rise in Qp  when the reaction point is scaled. This could be attributed to the 

larger diameter of do - di in the pilot scale mixer, the free floating nature of the 

thermocouple or a thermal gradient across the annulus. (Ma et al., 2011) The magnitude of 

the heat transfer coefficient (Uo)  occurring in the annulus bound by do - di was calculated 

to be between 2130 - 3280 W m
-2

 K
-1

 on the laboratory scale mixer and 6238 - 7436 W m
-2

 

K
-1

 on the pilot scale analogue,  increasing as would be expected with both increasing Qsw  

and Tsw. Where, the heat transfer on the pilot scale is much larger owing to the higher Gsw 

and Gp. Estimation in this manner yielded heat transfer coefficients (Uo) which were 

comparable to those determined in previous work, albeit for another mixer which suggest 

that Uo in the region 908 – 3208 W m
-2

 K
-1

 could be expected under these measurement 

conditions. (Ma et al., 2011; Tighe et al., 2012)   Although, the probable formation of a 

boundary layer around the inlet or a large temperature gradient across the annulus bound 

by do - di would mean that the value of Uo  could be much higher than experimentally 

determined (discussed in greater detail within Chapter 4). (Augustine & Tester 2009)  To 

further assess the temperature profile at z / di > 5 the magnitude of the distance required to 
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closely approach within 20 °C of Tmix through the conduction of heat between the inlet of 

supercritical water (diameter di)  and the annulus in which the precursors flow (width do – 

di) between the mixers was compared.  In stratified flows of steam and water, Uo has been 

reported to vary between 3 and 30 kW m
-2

 K
-1

 giving a length to approach within 20 °C of 

Tmix in this case of z/di = 400 to 40 on the pilot scale and z/di = 210 - 30 on the laboratory 

scale, i.e. much greater than the measured z/di = 5 as determined by equation 8.3. (Jaster 

and Kosky 1976) 

    
   

      
   (Equation 8.3) 

Where, Ao is the heat transfer area required for a known mixer size (table 8.1) of inner pipe, 

ΔQm is the heat transferred, Uo is the inferred heat transfer coefficient and ΔTlm is the log 

mean temperature difference (taken from enthalpy balance). (Chorny and Zhdanov 2012) 

Consequently, the measured temperature profiles must be the result of mixing events 

occurring near the terminus of di. The observation of complete mixing between the two 

streams at and beyond z/di = 5 is consistent between both scales. The similarity of the 

normalized temperature profiled in the case of both ΔQ and z/di suggests that the 

temperature difference at the terminus of the inlet in both Qsw, z=0 and Qp, z=0 are similar 

across the reaction scales and that similar mixing events are occurring in both the process 

scales. As similar temperature profiles exclusively yielded nanoparticles with exceptionally 

similar crystallite size and size distribution, the finer details of mixing are not discussed 

further, as it is likely they make little difference to the formation of nanoparticles as 

implied by the results presented in Chapter 4, due to the rapid rates of reaction in the CHFS 

system. 
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Figure 8.2. Temperature profiles in lab scale (Δ Qsw = Qp = 15 mL min
-1

, ○ 20 mL min
-1

) 

and pilot plant reactors (Qsw = Qp = 300 mL min
-1

, ◊ 400 mL min
-1

) for a supercritical 

water temperature, Tsw of a) 400 °C and b) 450 °C. Dashed lines in a) represents Tmix [Qsw  

= Qp, Tsw = 400 °C] and in b) [Qsw = Qp, Tsw = 450 °C]. Measurements performed at Qsw = 

200 and Qp=200 have been omitted for clarity in the figure. 

 8.3.1.4: Limitations of Scale up 

In the pilot scale CJM temperature and pressure fluctuations were observed (ca. ± 120 °C 

and  ± 50 bar) when the ratio of  Qsw : Qp > 1.3 under these conditions, it was deemed 

unsafe to use the process. In the laboratory scale CJM, no evidence of pressure or 

temperature fluctuations were observed even when Qsw:Qp > 1.5 (Chapter 4).   This 

observation was thought to arise due to a large momentum of the flow (Fr sw, z=0)
2
 having 

insufficient co-flow to entrain e.g. when Qsw = 400 and Qp = 300 the Re sw, z=0 and (Fr sw, 

z=0)
2
 of 7.6 x10

4
 and 91 were determined (assuming no contribution of ΔQ). However, Qp 

is reduced so the jet is probably unable to entrain sufficient flow generating a zone of 

recirculation. (Chorny & Zhdanov 2012) In this context severe recirculation is thought to 

be a plausible explanation for the fluctuations as recirculation in pressurised flows of steam 

and water are known to cause pressure fluctuations. (Viollet 1987) The work of Thring and 
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Newby suggested that severe recirculation would be observed if Ctn (defined in Chapter 4) 

approached 0. (Thring and Newby 1980) As initially presented in Chapter 4 even if the 

temperature of Qp, z=0 reached 320 °C and Qsw, z=0 was reduced to 392 °C (80 % of balance) 

a value of Ctn of only 0.06 is determined, this would suggest that recirculation is highly 

likely, as the issuing jet could not entrain sufficient co-flow. (Pitts 1991a; Pitts 1991b) 

Ultimately, the observation of system instability meant that many of the reactions 

previously performed on the laboratory scale CHFS process could not be readily 

reproduced on the pilot scale process to allow for direct comparison. Although, it was 

shown by in-situ temperature measurements that conservative scale up (i.e. values falling 

within the range of those used on the laboratory scale process) the process could be 

operated in a similar regime to that initially observed on the laboratory scale process 

(figure 8.2). Thus, the scale up of mixer scale up was further limited to (Frsw, z=0)
2
 within 

the range of those previously found suitable for the production of nanoparticles in flow 

regimes where Qsw : Qp < 1.3.  

 

8.3.1.5 Summary: 

The scale up methodology chosen to increase the physical dimensions of the CJM to 

process larger volumes was shown to be effective. The scale up of the reaction point on a 

near constant (Fr)
2
 of the jet issuing at Z = 0 was shown to be effective strategy to allow 

similar normalised temperature profiles within the scaled  mixers. Mixing between the 

supercritical water feed and the precursor flow was shown to be complete within z / di ~ 5  

over a large range of scale up ratios and consistent with the mixing distance observed in 

the laboratory scale system (data presented in Chapter 4). In-situ temperature 

measurements also identified a limitation to scale up using this methodology, in that flow 

regimes where Qsw:Qp > 1.3 yielded temperature and pressure instabilities within the 

process which limited the flow regimes which could be safely used on the pilot scale.  This 

chapter now moves forward to describe the effect of both volumetric and mass based scale 

up on the synthesis of nanoparticles. 
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8.3.2: Investigation into the Volumetric and Mass Based Scale up of CHFS of ZnO 

Nanoparticles 

The aim of this section is to assess the volumetric (serving to confirm speculation made in 

previous sections of this Chapter) and mass based scale up of nanoparticles synthesis using 

the pilot scale CHFS process to define the limitations of each strategy for the synthesis of 

nanoparticles. ZnO has been used as a model system to characterise the influence of both 

scale up strategies. Data is presented which relates to both methods of scale up and detailed 

characterisation of ZnO nanoparticles produced using both methodologies are presented. 

Table 8.3, summarises the reaction conditions used in the synthesis of materials presented 

herein. Reactions presented in this section are compared to materials produced under 

equivalent reaction conditions preformed on the laboratory scale presented in Chapter 4 

section 4.3.2. Samples are identified by the precursor concentration and the total flowrate 

used in synthesis. 

8.3.2.1 Volumetric Scale up of ZnO Nanoparticle Synthesis 

Initially, the effect of volumetric scale up was investigated at analogous synthesis 

conditions to those used to produce ZnO on the laboratory scale process using the reaction 

conditions summarised in tables 4.3 (Chapter 4) and 8.3. Figure 8.3 shows a comparison of 

the diffraction patterns of ZnO nanoparticles produced using the laboratory scale process 

(Samples 0.05M20 – 0.05M40 and 0.1M20 – 0.1M40 and 0.2M20 - 0.2M40, summarised 

in table 4.3)  and the products produced from volumetric scale up of 10, 15 and 20x ( 1x is 

defined as Qp + Qsw = 40) at two precursor concentrations (Samples, 0.05M400 – 

0.05M800 and 0.1M400 – 0.1M800).  Diffraction patterns obtained from both series 

showed significant similarity and can be indexed to the hexagonal wurtzite structure of 

ZnO in good agreement with ICDD 26170. No evidence of contaminating phases was 

present in the data, consistent with the observations initially made in Chapter 3 and ZnO 

was obtained as the exclusive reaction product. As a comparison the crystallite sizes 

estimated from the [101] reflection are presented in tables 4.3 and table 8.3 for sample 

series 0.05M20 – 0.05M40 and 0.1M20 – 0.1M40 and 0.05M400 – 0.05M800 and 

0.1M400 – 0.1M800 , respectively. Where, crystallite size appears to be consistent 

between sample series, and size estimates in the region of 30 - 40 nm were obtained from 

application of the Scheerer equation). Raman spectra of samples series 0.05M20 – 

0.05M40, 0.1M20 – 0.1M40 and 0.05M400 – 0.05M800, 0.1M400 – 0.1M800  were 

recorded to confirm the structural observations made using XRD. The spectra of both 
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series showed significant similarity and modes were observed centred at 435 and 404 cm
-1 

attributed to the E2(high) and E1(TO) phonons, and a mode centred at 327 cm
-1

 was attributable 

to the (E2H - E2L)  second order phonon reaffirming the Wurtzite structure (data not shown). 

(Damen et al., 1966) 

A comparison of the UV-Vis absorption spectra for ZnO nanoparticles produced on the 

laboratory scale process (0.05M20 - 0.2M40) and the samples scaled up on a volumetric 

basis (0.05M400 - 0.1M800) are summarised in tables 4.3 and 8.3 as band gap values 

calculated using the K-M method detailed in Chapter 2.  All the samples showed good 

absorption over the entire range of UV and little or no visible absorbance, consistent with 

all data presented in Chapters 3 and 4. The calculated band gap values showed significant 

similarity and in all cases were slightly red shifted when compared to the band gap of bulk 

ZnO (3.37 eV), which can be attributed to the comparatively small particle size. (Li et al. 

1999) The similarity in band gap suggested significant compositional and structural 

similarity as inferred from other methods. (Liu and Zeng 2003) 

 

Figure 8.3: a) XRD patterns of ZnO nanoparticles synthesis using the laboratory scale 

CHFS process (Experimental runs 0.05M20 – 0.2M40) b) XRD patterns of ZnO 

nanoparticles produced at different volumetric scale up ratios (experimental runs 

0.05M400 – 0.1M800). 
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Table 8.3: Summary of the reaction conditions used for the synthesis of ZnO using the CHFS pilot plant. 

ID 
[Zn] 

(M) 

Flowrates / mL min
-1

 Phase 

(XRD) 
Cs(nm) 

BET TEM (nm) 
Eg (eV) 

Yield 

(%) Qsw QZn QK Qd (m
2
 g

-1
) ESD (nm) Avg S.D AR 

0.05M800 0.05 400 200 200 - ZnO 33.61 16.30 65.6 59.5 18.0 1.13 3.26 92 

0.05M600 0.05 300 150 150 - ZnO 33.47 15.00 71.3 58.5 16.3 1.15 3.26 88 

0.05M400 0.05 200 100 100 - ZnO 34.17 15.79 67.7 59.6 16.7 1.11 3.26 91 

0.10M800 0.1 400 200 200 - ZnO 30.45 18.69 57.2 51.8 13.8 1.19 3.27 96 

0.10M600 0.1 300 150 150 - ZnO 30.85 17.55 60.9 55.9 15.7 1.20 3.27 92 

0.10M400 0.1 200 100 100 - ZnO 29.61 20.84 51.3 48.7 12.3 1.27 3.26 90 

0.20M700 0.2 350 35.0 35.0 280 ZnO - 17.16 62.33 81.8 37.8 1.32 3.25 93 

0.30M700 0.3 350 52.5 52.5 245 ZnO - 14.13 75.70 91.1 45.1 1.87 3.26 87 

0.40M700 0.4 350 70.0 70.0 210 ZnO - 12.47 85.76 94.5 45.1 1.90 3.26 94 

0.50M700 0.5 350 87.5 87.5 175 ZnO - 13.03 82.10 103.2 40.1 1.82 3.24 89 

0.60M700 0.6 350 105.0 105.0 140 ZnO - 12.58 85.03 112.5 48.2 1.90 3.26 93 

0.70M700 0.7 350 122.5 122.5 105 ZnO - 12.00 89.14 114.0 55.6 2.10 3.26 89 

0.80M700 0.8 350 140.0 140.0 70 ZnO - 11.68 91.62 112.3 44.2 2.10 3.26 93 

0.90M700 0.9 350 157.5 157.5 35 ZnO - 11.58 92.41 121.9 47.4 2.04 3.26 90 

 

Key: Qsw = the flowrate of supercritical water (450 °C), Qzn = the flowrate of zinc nitrate precursor, QKOH = the flowrate of KOH solution               

( [KOH] = [Zn]), Qd  = the flowrate of the dilution feed, Cs = the crystallite size determined from application of the Scheerer equation to the 

(101) reflection of ZnO, ESD = the equivalent sphere diameter determined from the BET surface area, AR = the aspect ratio determined from 

TEM (ca. 150 particles measured) and Eg = the direct bandgap of the material determined from UV-Vis (using the KM method).  
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TEM was used to assess the crystallite morphology and allow the comparison of crystallite 

size distributions of the materials produced in runs 0.05M20 - 0.2M40 (shown in Figure 

4.5 and runs 0.05M400 - 0.1M800 are shown in figure 8.4). Measurement of ca. 300 

particles of each sample produced in the laboratory scale process (samples 0.05M20 - 

0.2M40 ), showed that the PSD were largely invariant over the experimental range 

presented as summarised in table 4.3, an observation attributed to similarity in particle 

nucleation and growth within the reactor. The size of the ZnO nanoparticles produced on 

the pilot scale process in reactions 0.05M400 - 0.1M800  are summarised in table 8.4 and 

confirmed that particles with similar morphology and size distribution similar to those 

observed for the laboratory scale runs were produced in the range, ca. 55 - 63 and 60 - 68 

nm, respectively. The similarity in PSD between the sample series is shown graphically in 

figure 8.5, showing an overlay of the particle size distributions from the laboratory scale 

process and the equivalent materials produced on the pilot scale process, the samples are 

identified by precursor concentration and total flow rate (Qsw + Qp). To confirm the 

similarity in particle size, BET surface area measurements of the two sample series are 

summarised in table 4.3 and 8.3 giving crystallite size estimations similar to those obtained 

by TEM using the equivalent sphere approximation. Where, mean values of surface area 

were 16.5 and 16.7 m
2
 g

-1
 for sample series 0.05M20 - 0.2M40 and 0.05M400 - 0.1M800, 

respectively.  

It was anticipated that in the scaled reactions a degree of anisotropic growth of ZnO would 

be evident if a particle growth phase had occurred. (Kolb et al., 1967) To confirm that no 

anisotropic particle growth occurred the aspect ratio distributions were measured (ca. 150 

particles) which yielded values close to 1 (range 1.0 - 1.2) in the case of all samples.  

Anisotropic growth of ZnO is often observed if there are two stages of particle formation 

i.e. particle nucleation followed by a growth phase and are commonly observed in many 

hydrothermal methods. (Liu & Zeng 2003) Which, suggests that the materials produced on 

the laboratory scale and the pilot scale occur in a particle formation regime where 

nucleation >> particle growth when scaled on a volumetric basis alone. These observations 

are consistent with the inference made about the similarity in mixing between the 

laboratory and pilot scale CHFS processes as discussed in greater detail within Section 

8.3.1. 
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Figure 8.4: TEM images representative of ZnO nanoparticles produced on the pilot scale 

CHFS process through a volumetric scale up strategy; a) 0.05M400, b) 0.05M600, c) 

0.05M800, d) 0.1M400, e) 0.1M600 and f) 0.1M800 [ scale bar = 200nm]. Images were 

taken using a JEOL 1200 operated at 120 KeV.  

 

Figure 8.5: Overlay showing the similarity of ZnO nanoparticles produced on the 

laboratory scale to those obtained for equivalent materials produced on the pilot scale 

CHFS process. 

a) b) c) 

d) e) f) 
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It is well known that ZnO preferentially grows along the crystallographic c-axis (i.e. the 

[0001] direction). HREM images of the samples were captured and used to assess the 

crystal structure in the products.  Figure 8.6 shows a compilation of HREM images of ZnO 

samples produced in experimental runs 0.1M40 and 0.1M800. Figures 8.6a and 8.6d show 

low magnification image representative of the particle obtained in each synthesis and 

figures 8.6 b and 8.6e show HREM images of the faceted particles observed in the centre 

of figures 8.6a and 8.6d allowing visualisation of  lattice fringes with a measured d-spacing 

of 2.54 Å [0002] and 2.83 Å [10ḹ0] (sample 0.1M40)  and 2.83 Å [10ḹ0] for sample 

0.1M800, respectively. Indexed electron diffraction patterns of the particles are shown in 

Figures 8.6c and 8.6f. In each case the electron diffraction patterns diffraction suggest no 

preferential particle growth in the samples and confirming visualisation along the 

crystallographic c-axis.  ZnO is known to have preferential growth directions due to the 

terminating atom on a given crystal facet, addition to the (0001) facet verses the (10ḹ1) 

facet occurs at twice the rate. (Demianets et al., 2002) The absence of growth along the 

crystals fast direction (inferred from aspect ratio) suggests particles are obtained as a result 

of synthesis in a nucleation dominated regime and minimal pure particle growth occurs, 

consistent on volumetric scale up and consistent with the discussion presented in Chapters 

3 and 4. As was anticipated from the temperature measurements presented in section 8.3.1 

the mixing process (sic) governing the formation of nanoparticles would appear to be well 

scaled and were not found to be sufficiently different to induce a difference in crystal 

growth. (Li, Shi, Zhong, & Yin 1999) 

8.3.2.2 Mass based Scale up of ZnO Nanoparticle Synthesis 

In the previous section it was shown that scale up of CHFS on a volumetric basis yielded 

nanoparticles with similar physiochemical characteristics to those produced in a laboratory 

scale process. However, if the scale up was performed on a mass basis, differences in the 

particle nucleation and growth processes were observed on increasing precursor 

concentration, identified by reactions 0.2M700 - 0.9M700 (summarised in table 8.3). These 

observations were made at much higher precursor concentrations than could be used safely 

on the laboratory scale due to rapid  pressure regulator failure. This section discusses the 

characterisation data obtained for nanomaterials synthesis performed on increasing scale 

by mass using CHFS.  

 



Chapter 8 

 

327 
 

 

Figure 8.6: Compilation of HREM images of the ZnO sample produced in runs 0.1M40 

and 0.1M800 a) and d) Low magnification image representative of the particles 0.1M40 

and 0.1M800, b) and e) HREM images of ZnO nanoparticles produced in runs 0.1M40 and 

0.1M800, respectively. c) and f) Electron diffraction pattern of the single crystallite 

presented in image [b and e] the spot patterns could be indexed to the (0001) and (10ḹ0) 

planes confirming the growth direction presented in images b and e.  . 

Figure 8.7 shows the XRD patterns of samples scaled up through precursor concentration 

(samples 0.2M700 - 0.9M700). All XRD patterns can be indexed as the hexagonal wurtzite 

structure of ZnO and are in good agreement with the ICDD file of ZnO. The structure of 

the products was also confirmed with raman spectroscopy, yielding spectra similar to those 

reported for samples 0.1M20 – 0.1M40, noted in section 8.3.2.1 (data not shown).  It can 

be seen that compared to the XRD patterns collected for samples 0.05M20 - 0.2M40 and 

0.05M400 - 0.1M800, a slight variation in the intensity between the (100) and (002) 

reflection is observed (in samples 0.05M400 - 0.1M800 this was invariant), increasing as a 

function precursor concentration suggesting a degree of  preferential growth within the 

samples. These observations suggest that the growth rate of the (002) plane was increased 

and the crystallites produced showed anisotropy in the [0001] direction consistent with the 

common growth directions of ZnO nanoparticles produced by many hydrothermal 

methods. (Demianets and Kostomarov 2001)  Calculation of the diffraction peak FWHM 
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of the (100) and (002) reflections showed anisotropy consistent with that observed in the 

corresponding relative peak intensities as shown in figure 8.8  providing further evidence 

for preferential growth within the sample, the latter narrowing as a function of precursor 

concentration.  UV-Vis absorption spectra for ZnO nanoparticles which showed 

morphology dependence on precursor concentration (Runs 0.2M700-0.9M700) are shown 

in figure A3.4. The samples showed similar UV-Vis absorption profiles to those measured 

for samples 0.05M20 - 0.2M40 and 0.05M400 - 0.1M800. The calculated band gap values 

derived using the K-M method (described in Chapter 2) are shown in table 8.3 and ranged 

from 3.25 - 3.30 eV, consistent with values determined for all other samples produced 

using CHFS, being slightly red-shifted from the reported bulk value (3.37 eV). (Li, Shi, 

Zhong, & Yin 1999) There was no apparent shift in the band gap even as the average 

crystallite size and morphology increased. The absence of a shift in the band gap is likely 

due to the particles being much larger than the excitation Bohr radius required to observe 

quantum size effects in ZnO, yet still much smaller that materials considered as bulk 

samples. This yielded a slight red shift in our materials. (Liu & Zeng 2003) 

 

Figure 8.7: XRD patterns of ZnO nanoparticles produced on the pilot scale CHFS process 

as a function of Zn precursor concentration (Qp + Qsw = 700). 
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Figure 8.8: a) Variation of the full with half maximum value determined from the (100) 

[red circles] and (002) [black squares] reflections of ZnO, b) variation of the intensity ratio 

of the (100) and (002) reflections of ZnO nanoparticles plotted as a function of increasing 

precursor concentration.    

To confirm the anisotrophic growth of ZnO suggested by XRD, selected samples were 

evaluated with HRTEM and TEM. Electron micrographs of the samples produced within 

the series 0.2M700 – 0.9M700 are shown in figure 8.9. A slight morphology change was 

observed as a function of increasing precursor concentration consistent with that inferred 

from the diffraction data (figure 8.9). Figure 8.10a, summarises the size data obtained from 

TEM, BET and XRD as a function of Zn precursor concentration with all measured values 

showing consistency. As suggested by XRD, the morphology of the nanoparticles was 

shown to evolve from hexagonal like particles to more rodlike particle morphology as a 

function of precursor concentration, with a corresponding increase in the particle aspect 

ratio (ca. 150 particles measured) occurring with sequential increase in precursor 

concentration (figure 8.10b). SAED patterns obtained from each of the images confirmed 

the phase of the material observed a selection of indexed electron diffraction patterns are 

presented in figure A3.1. Suggesting, that in the synthesis of this sample series a particle 

growth phase was responsible for the evolution of particle morphology.
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Figure 8.9: TEM images of ZnO nanoparticles produced through concentration based scale up of the CHFS process; a) 0.2M700, b) 0.3M700, 

c) 0.4M700, d) 0.5M700, e) 0.6M700, f) 0.7M700, g) 0.8M700, h) 0.9M700 (scale bar = 100 nm).
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Figure 8.10: a) Comparison of the PSD obtained from TEM of the products of reactions 

0.2M700 – 0.9M700 plotted as a function of precursor concentration (squares, error bars 

denote SD [nm]), BET equivalent sphere diameter [for indication only] (red circles), BET 

surface area (blue circles), TEM determined crystallite length (error bar = S.D), b) 

Evolution of particle aspect ratio as a function of Zn concentration ca. 150 particles 

measured.  

HRTEM was used to confirm the growth direction of the materials produced in 

experimental runs 0.4M700 and 0.8M700. Compilations of the data obtained for each 

sample are presented in figure A3.5 and 8.11, respectively. Figure 8.11a shows a low 

magnification image representative of the nanoparticles obtained from reaction 0.8M700. 

HREM images of this particle population showed highly faceted particles consistent with 

those observed for the products of reactions 0.1M40 and 0.1M800. Lattice fringes were 
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identified for particles within the population that showed different morphology, hexagonal 

and rodlike, as shown in figures 8.11b and 8.11c, respectively.  Visualisation of the (10ḹ0) 

lattice fringes with a measured d-spacing of 2.80 Å is shown for a rodlike particle, and 

lattice fringes corresponding to the (0002) plane were observed for a hexagonal like 

particle with a measured d-spacing of 2.60 Å. These observations suggest that growth 

occurs along the crystallographic c-axis in particles which show elongated morphology.  

The growth direction was also confirmed using SAED as shown in figure 8.11 d  and the 

diffraction spots could be indexed to the (0001) and (10ḹ0)  reflections confirming the 

growth direction as [0001], equivalent to the crystal systems c-axis. In the case of samples 

0.4M700 equivalent HRTEM data to that presented for sample 0.8M700 is presented in the 

Appendix to this Chapter, in which crystallite anisotropy was once again attributed to the 

crystal systems c-axis (Figure A3.3).  

The growth mechanism of ZnO under hydrothermal conditions has already been explained 

by Laudise et al., and Demianets and Kostomarov, amongst others. (Demianets et al., 

2002; Demianets & Kostomarov 2001; Kolb et al.,  1967) From experimental data 

generated in Chapter 3, the mechanism of particle nucleation and growth, including 

reaction mechanisms appear to be consistent between both reported batch hydrothermal 

processes and continuous hydrothermal synthesis of nanoparticles. (Sondergaard et al., 

2011) In hydrothermal systems, it is known that the  preferential growth of ZnO along the 

crystals c-axis occurs after particle nucleation if discrete particle nucleation and growth 

phases are present under the reaction conditions employed. (Liu & Zeng 2003) Zinc oxide 

rods, bars and whiskers have been previously synthesised in other continuous hydrothermal 

systems. Where, differences in the nucleation of particles were cited as the cause for the 

observed morphology. (Li et al., 2011; Ohara et al., 2008; Sue et al., 2004) Ohara et al. 

reported the synthesis of ZnO micron scale rods using low concentrations of Zn precursors 

(0.05 - 0.02 M) where the aspect ratio of the bars was found to increase with decreasing 

concentration suggesting the extent of nucleation (driven by supersaturation) differed 

between synthesis, in part attributed to a large thermal gradient within the reactor. (Ohara 

et al., 2008) Similarly, methods which have defined nucleation and growth steps typically 

produce ZnO materials showing crystallite anisotropy. (Yoshimura 1998)  These 

observations differ from those presented herein (samples 0.2M700 to 0.9M900), where a 

morphology change was observed for an incremental increase in precursor concentration 

suggesting a different mechanism for particle growth in which the kinetics of particle 
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growth play an equal, or larger role as nucleation (as nucleation is assumed to be near 

instantaneous).  

 

Figure 8.11: Compilation of HREM images of the ZnO sample produced in run 0.8M700; 

a) Low magnification image of a typical rod like particle, b) HREM image of a hexagonal 

particle, c) HREM image of the  facets of the rod like particle visualised along a zone axis 

showing intersecting lattice planes, d) Indexed electron diffraction pattern of the single 

crystallite presented in image [a].  

 In hydrothermal solution, the driving force reported for both ZnO nucleation arises from 

the high concentration of Zn species (ZnOOH, Zn(OH)4
2 -

, ZnO2
2-

) which builds  the extent 

of supersaturation necessary induce ZnO nuclei formation. (Demianets et al., 2002)  

Identified in Chapter 3, this appears to occur through the dehydration of soluble zinc 
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species as a function of temperature with the Zn salt forming a soluble intermediate prior 

to crystallisation as ZnO as described by equations 8.4 -8.6. (Demianets & Kostomarov 

2001) The overall reaction describing the formation of ZnO in continuous hydrothermal 

synthesis is described by equation 8.6 where the dehydration step occurs at high 

temperature (See Chapter 3 for further details). 

 

Zn(OH)2 + 2OH
-
 → Zn(OH)4

2-
. (Equation 8.4) 

Zn(OH)4
2-

 → 2H
+
 +ZnO2

2-
(Zinc peroxide). (Equation 8.5) 

Zn (NO3)2• 6 H2O + 4OH
-
  →  Zn(OH)2

4-
 + O

2-
  →Zn(OH)2  + 2OH-  → ZnO2

2- 

  + 2H+  → ZnO (crystal) + 2e
- 
  (Equation 8.6) 

 

The preferential growth of ZnO along the [0001] direction is well described and is 

commonly observed in many aqueous methodologies used for the synthesis of ZnO 

nanoparticles, especially if nucleation and growth phases are difficult to control. (Darr and 

Poliakoff 1999) As ZnO is a polar crystal, and the “polar growth unit” ZnO2 
2-

 (formed by 

dehydration in CHFS) adds to both the positive [0001] and negative [000ḹ] monohedron 

facets of the crystal, which likely involve the reactions represented by equations 8.7 and 

8.8. (Li et al., 1999)   

 

Zn
2+

 (surface) + ZnO2
2-

   →  2 ZnO (crystal) ; [0001]   (Equation 8.7) 

O
2-

 (surface) + ZnO2
2-

 + 2H2O → 4OH
-
 +ZnO (crystal); [000ḹ] (Equation 8.8) 

 

Simply, the extent of preferential growth observed in ZnO nanoparticles can be reduced to 

the ratio of formed ZnO units (Zn(OH)4
2 -

, ZnO2
2-

)  to the ratio of particle nucleates formed 

(i.e. the ratio of Zn species in solution to Zn in a crystal). In the case of the pilot scale 

CHFS process, the observed morphology change has been attributed to the rapid formation 

of insoluble zinc species in the solution (Zn(OH)4
2-

, ZnO2
2 -

) and their rapid concentration 

increase within the reactor due to the rapid change in temperature associated with mixing, 

yielding complete formation of insoluble Zn species as observed by the high reaction 

yields (table 8.3). In the case of CHFS, it is proposed that as a function of precursor 
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concentration the populous of initial nucleates is similar in each case, where after a critical 

particle size is reached there is sufficient polarity in the crystal to drive the addition of Zn 

to certain facets indicative of a rate of crystal growth. (Li et al., 1999) Li et al. performed 

experiments to determine the rate of growth along each facet and showed that the rate of 

addition to the (0001) face is double that observed to addition to the (10ḹ0) face. Where, as 

observed in CHFS the  a and b directions of the crystals was almost unchanged for 

relatively large changes in the c direction reflected in the HREM data presented for 

samples 0.4M700 and 0.8M700. (Demianets et al., 2002)  The unique reaction conditions 

of CHFS where, supersaturation and thus nucleate formation is largely dominated by 

particle concentration, control the formation of  nucleates and the initial population of 

particles and occur on very short time scales (estimated as < 100 ms). The aspect ratio 

distributions observed suggests similar formation and growth processes to those observed 

under all conditions. However, at high concentration sufficient Zn species remain in 

solution to allow preferential growth once a critical particle size is reached suggesting the 

rate of crystal growth under these conditions drives the morphology change increasing as 

expected with Zn concentration. These reactions have served to demonstrate the limitations 

of mass based scale up in CHFS in one material system.  

8.3.2.3 Section Summary and Conclusions: 

In summary, ZnO was a useful system to evaluate the effect of precursor concentration on 

nanoparticle size and morphology. The mechanism of particle formation highlighted in 

Chapter 3 was shown to be correct and the synthesis of ZnO nanoparticle synthesis was 

successfully scaled on a volumetric basis, giving nanoparticles of ZnO with very similar 

physiochemical characteristics to those obtained using equivalent synthesis conditions on a 

laboratory scale reactor. An investigation into the mass based scale up of ZnO nanoparticle 

synthesis showed that particle morphology changes above a 0.2 M Zn(NO3)2 precursor 

concentration with the particles showing evidence of a growth phase, this resulted in 

preferential growth along the particles crystallographic c-axis, a commonly reported fast 

crystal growth direction. This work has highlighted the requirement for further 

investigation into the mass based scale up strategy to explore the influence of particle 

growth.  This section has served to highlight that CHFS is readily scaled on a volumetric 

basis. However, on a mass based scale up strategy nanoparticle growth can be observed 

above a critical precursor concentration which could be a limit to the overall output of this 

process, if particle growth phases are not desirable. Although informative this section does 
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not evaluated some of the more complicated material compositions which are commonly 

produced using CHFS. As such this chapter now moves forward to assess the synthesis of 

binary oxides using the pilot scale CHFS process. 

8.3.3 Synthesis and Characterisation of Doped Nanomaterials Produced using the 

Pilot Scale CHFS Process: 

The aim of this section is to compare the properties of doped nanoceramics produced on 

the pilot scale CHFS process to those previously produced on a laboratory scale. It is well 

known that the chemical and physical properties of the nanoceramics can be tuned towards 

desired applications by doping the host metal oxide structure with various elements. (Chai 

and Wang 2007; Jang et al., 2009; Li et al., 2002; Morinaga et al., 1997) For example, 

doping can introduce significant changes in the structure of the host material, creating 

various lattice defects such as cation / oxygen vacancies and lattice strain dependent upon 

the ionic radii mismatch / valence of the dopant and host, resulting in different functional 

properties from those of the host material. (Morinaga et al., 1997; Yoshimura 1998) 

Hence, there is an interest in scaling up unique properties identified in materials produced 

on a small scale to usable quantities of material. (Kreuter 1990) This section aims to 

demonstrate that slight modification of the pilot scale process allows combinatorial work 

similar to that used on the laboratory scale to be; 1) readily recreated on the pilot scale 

process, 2) is capable of producing similar materials to those produced under analogous 

conditions using the laboratory scale process. The details of the reactions presented in this 

section are summarised in table 8.4. Samples were assigned names on the basis of their 

nominal Zn contents used in each synthesis as per elemental composition, e.g. sample 

30:70 was assumed to have 30 : 70 ratio of Zn : Ce. In this section, 10 samples were made 

using the pilot scale CHFS process modified to allow for combinatorial materials synthesis 

of large volumes of nanomaterials for preliminary materials characterisation / evaluation.  
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Table 8.4: Flow rates of metal salt precursors used in the synthesis of all the mixed oxide 

samples. Zn/Ce content (at %, metals basis) in the samples is indicated. Conditions were 

chosen based on the work of Kellici et al. and based on a volumetric scale up of ca. 17.5 x 

(Qsw was fixed at 350 mL min
-1

) the flow rates initially reported. (Kellici et al., 2010) 

Sample 

Zn:Ce 

Qzn Qce QKOH 

Measured 

atomic 

ratios 
BET 

(m
2
/g) 

Eg 

(eV) 

CIE colour 

coordinates 
TEM 

(ml min
-1

) 
Zn 

(at%) 

Ce 

(at%) 
a* b* L* Mean SD 

0:100 18* 157 175 0.55 99.45 211 3.21 0.1 31.2 87.2 4.81 1.21 

10:90 18 157 175 5.08 94.92 248 3.22 0.5 28.6 88 3.18 1.12 

20:80 35 140 175 18.2 81.80 209 3.28 -1.8 25.5 94.3 3.32 2.32 

30:70 53 123 175 29.73 70.27 206 3.38 -2 25.1 96.3 3.65 0.98 

40:60 70 105 175 37.46 62.54 189 3.28 -2.7 21.5 97.3 - - 

50:50 88 88 175 54.8 45.20 160 3.33 -2.1 19.5 96 - - 

60:40 105 70 175 62.86 37.14 128 3.3 -2.3 18.5 97.5 - - 

70:30 123 53 175 67.52 32.48 114 3.31 -2.9 16.1 99.6 - - 

80:20 140 35 175 78.9 21.10 87 3.31 -2.4 15.8 101.7 - - 

90:10 158 18 175 88.95 11.05 69 3.3 -2.5 11.5 100.9 - - 

100:0 158 18* 175 97.69 2.31 30 3.29 -1.8 3.4 103.1 53.2 10.5 

Key: * Indicates a flow of DI water was used instead of the Zn precursor solution through 

use of a ball valve to switch between tank 2 and Pump 1. 
&

 Likely deviation of 

approximation from spherical particle morphology due to phase separated product. Qzn = 

the flow rate of zinc nitrate solution, Qce = the flow rate of ammonium cerium nitrate 

solution, QKOH = the flow rate of KOH solution and Eg = the direct band gap determined 

from UV-Vis using the KM method. 

Reaction yields of > 90 % (metals basis) were obtained in each reaction suggesting near 

complete precipitation of the component metal ions in the hydrothermal solution. Results 

obtained from the laboratory scale process were quoted as > 70 % (metals basis) in good 

agreement with the presented results. (Kellici et al., 2010) An evaluation of nominal and 

measured Zn content in the samples was performed after the determination of Zn : Ce 

ratios from EDX analysis and the data is summarised in table 8.4. Where, the previously 

published results gave a linear fit (r
2
 = 0.999) of measured composition against nominal 

composition, the pilot scale materials showed a similar quality of fit (r
2
 = 0.996). The 

largest divergence was found in 10 : 90 Zn : Ce sample, which can be explained by the 
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error associated with displacement volume from the process pumps ca. 5% at the flow 

rates quoted (table 8.4). The most accurate value was found for the 30 : 70 sample (29.75 

at% Zn) and a Zn content average difference of 0.75 at% was estimated over the complete 

binary series. A broad analysis of the particles produced in the range fron 100:0 to 0:100 

(Zn:Ce) was completed using BET and the surface area of the composites produced is 

shown in figure 8.12 compared to the results of Kellici et al..  The BET surface area 

generally decreased with increasing Zn substitution in both series showing suggesting 

similarly sized composites were produced in each of the scaled reactions. 

 

Figure 8.12: BET surface areas of pure CeO2, pure ZnO and Zn / Ce oxide samples upon 

increasing Zn metal content in at%. A linear fit between nominal (solid line) and measured 

Zn content (dashed line). 

Figure 8.13 shows the XRD patterns obtained for the materials synthesis in the 100 : 0 to 0 

: 100 (Zn : Ce) series using the pilot scale process. Diffraction patterns of the materials 

produced with 100 %  Ce and Zn compositions showed good agreement with fluorite phase  

CeO2 (ICDS pattern 78-694) and hexagonal ZnO (ICDS pattern 79-2205). With crystallite 

sizes of 4 nm for CeO2 and 32 nm for ZnO calculated from the diffraction data by applying 

the Scherer equation to the most intense [111] and [101] reflections for CeO2 and ZnO, 

respectively. Diffraction patterns obtained for the binary oxide system showed a single 

phase fluorite (CeO2) structure upto ca. 30 at% Zn, thereafter evidence of phase separation 

was observed (figure 8.13b). The samples produced using the pilot scale CHFS process 

showed similar phase behaviour to the materials produced by Kellici et al. (figure 8.13a) In 

both data sets Zn appeared to be soluble in the fluorite lattice upto 30 at% nominal Zn. 
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Whereas, phase separation was observed in all samples with > 30 % Zn and <  90 % Zn. 

As the ionic radius of Ce
4+

 (1.03 Å) is much larger than that of Zn
2+

 (0.74 Å) it is 

unsurprising that Ce shows poor solubility in the ZnO structure. Phase separation was 

observed as a broad feature in the diffraction patterns centred at 2θ = 27 ° as identified in 

figure 8.13b. The diffraction data presented for this sample series has showed an apparent 

solubility of ca. 20 - 30 % Zn in the fluorite lattice. However, the low resolution afforded 

by diffraction from nanocrystalline solids could possibly mask the presence of segregated 

phases. For this purpose several other complimentary structural characterisation techniques 

have been employed later in the text to corroborate the observations made using XRD. 

 

Figure 8.13: Comparison of the diffraction data obtained by Kellici et al. and the data 

obtained for the samples produced on the pilot scale CHFS process; a) Diffraction patterns 

taken from the original report [n.b. note wavelength difference], b) X-ray diffraction 

patterns of pure CeO2, pure ZnO and Zn : Ce oxide mixtures. Zn content in the mixed 

oxides is given in at%. The relative intensity of 70 - 90 at% Zn oxides and ZnO patterns is 

adjusted as indicated. Key reflections (111)and (101) for CeO2 and ZnO, are indicated. 

(Diffraction data was collected by Dr Raul Quasada-Caberra) 
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The Raman spectra of all binary oxide samples are shown in figure 8.14 and allowed 

further comparison between the structural characteristics of both sample series. The spectra 

of all samples doped with cerium were dominated by the most intense ceria mode a 

characteristic Ce˗O vibration (F2g) centered at 465 cm
-1

. (Spanier et al. 2001) Defects 

related to oxygen vacancies, strain and phonon confinement are reported to induce redshift 

and broadening of this mode.(Spanier, Robinson, Zheng, Chan, & Herman 2001;Weber et 

al. 1993)  Raman spectra for samples containing from 100 - 10 at% cerium (as oxide) 

showed a slight red-shift of the (F2g) mode position which was nearly linear with 

increasing Zn substitution upto 40  at%  Zn, beyond  this limit the mode position remained 

nearly constant consistent with the incorporation of Zn into the fluorite structure observed 

in Figure 8.14. The broad modes observed below 400 cm
-1

 and the spectral features in the 

500-600 cm
-1

 region have previously been assigned to oxygen vacancies and dopant 

defects and were present in all samples containing cerium and are commonly observed in 

doped fluorite phase materials. (Spanier et al., 2001) As the Raman spectrum of ZnO is 

significantly less intense than the spectrum of CeO2 the presence of ZnO was only 

observed in samples containing above 70 at% Zn (as oxide). The spectrum of pure ZnO 

confirmed its wurtzite structure. (Damen, Porto, & Tell 1966)  Modes centered at 435 and 

404 cm
-1 

are attributed to the E2(high) and E1(TO) phonons of ZnO with the hexagonal space 

group P63/mc (Wurtzite structure) and the  mode centered at 327 cm
-1

 is attributable to the 

(E2H-E2L)  second order phonon. All observations were consistent with those initially 

reported, and reaffirmed the characterisation made by XRD. (Kellici et al., 2010) 

To further assess the similarity in structure and composition of the materials produced in 

the scaled process. The single-crystalline structural details of samples 0 : 100, 10 : 90, 20 : 

80 and 30 : 70 (Zn:Ce) were further characterised by HREM as shown  in figures 8.15. The 

particle size distributions (S.D) determined for the series (ca. 500 particles measured) were 

4.81 (1.21), 3.18 (1.12), 3.32 (2.32) and 3.65 (0.98) nm for samples 0 : 100, 10 : 90, 20 : 80 

and 30 : 700 (Zn : Ce), respectively. In all samples, the dominant crystal facets for each 

material composition were the (100) and (111) planes which are typical of the octahedral 

crystal habit of CeO2 nanoparticles produced by many other methods, and consistent with 

the observations of Kellici et al. (Kuo and Shen 2000)  Typically, materials were visualised  

down the [110] zone axis with measured angles of intersection of 56.1 ± 2.34° between the 

111 and 100 planes (theoretical 54.7 °). Similarly, the angle of intersection between 220 

and 200 was observed as 48.6 ± 1.35 (theoretical 45.0 °).  In all cases lattice spacings were 
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consistent with those reported for fluorite phase CeO2. (Mogensen et al., 1994) Surveys of 

the images did not show lattice spacings characteristic of the larger expected d-spacings of 

the (100) and (002) planes of ZnO, further suggesting solubility of Zn in fluorite structure. 

SAED confirmed the presence of a single fluorite phase (CeO2) upto a zinc concentration 

of 30 at % where a reflection from the hexagonal ZnO crystal system could be observed in 

the data (figure 8.16). Table 8.5 provides a summary of the measured lattice spacings and 

indexed reflections from the materials produced in this series consistent with the 

observation made using XRD although the interpretation of the SAED data is subject to the 

presence of an undetected secondary phase (figure 8.13).  

 

Figure 8.14: Normalised Raman spectra of Zn/Ce oxides containing an increasing amount 

of Zn from top to bottom. Zn content (at %) and intensity ratio for the ZnO spectrum are 

indicated.  

The optical properties of the nanoparticles prepared using the pilot scale process were 

assessed using UV-Vis and compared to the optical properties of the nanoceramics 

reported previously. The band gaps of pure CeO2, pure ZnO and mixed Ce/Zn oxides were 

calculated using the Kubelka-Munk function, F(R) = (1-R)
2
/2R, where R is the value of 

reflectance (converted from the absorbance data), plotted as a Tauc plot for direct 
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bandgaps, F(R)*E
2
 vs E, where E (eV) is photon energy as described in Chapter 2. The 

calculated band gap for pure CeO2  nanoparticles was 2.29 eV, which was within the range 

of 2.00 – 2.63 eV reported in the literature. (Masui et al., 1997; Phoka et al.,  2009) Figure 

8.17 shows a comparison of the band gap reported previously and the band gap values 

determined in this work (plotted against measured composition).  A gradual blue shift in 

the direct optical band gap was observed with increasing Zn content, with calculated values 

of 3.28, 3.35, 3.45 and 3.40 for the samples produced with nominal 10, 20, 30 and 40 at% 

Zn, respectively. Materials produced with high Zn content > 50 at% showed a reduction in 

the optical band gap between samples 50 % Zn and 70 % Zn  to 3.3 eV with the calculated 

band gap trending towards 3.35 eV with further increase in Zn content (Bulk ZnO bandgap 

= 3.35 eV). This is thought to be due to an increase in the UV absorption of the samples 

owing to the transition to a majority ZnO phase. As shown in figure 8.17 the optical 

properties of the pilot scale materials showed significant similarity to those previously 

obtained allowing for slight differences in the measured compositions.  

To further explore the similarity in the optical properties of the materials, colorimetric data 

for all the Zn-Ce oxide sample series produced on the pilot scale CHFS process was 

compared to those initially reported. Within the binary series, no dramatic change in colour 

coordinates was observed in the red-green axis (a*), a linear colour shift was recorded 

along the yellow-blue axis (b*) as the Zn content increased, resulting in a virtually white 

ZnO sample (figure 8.18).  The colour change from yellow to white upon increasing Zn 

content was also inferred from lightness measurements (L*), as they range from 85 % for 

pure CeO2 to almost 100 % for pure ZnO (yellow to white). The results of Kellici et al. 

showed similar trends although the degree of difference in the a* ( the green-red axis) b* 

(the blue-yellow axis) was greater in the laboratory scale materials which can be attributed 

to a slight difference in the nominal Ce and Zn contents of the samples (Figure 8.14). The 

lightness coordinate (L*) increased almost linearly with increasing zinc concentration for 

samples 20 at % Zn up to ZnO with L* values of 83% to 100% for the sample series. The  

colour coordinates for both series change in a similar fashion where, a* values and b* 

values decrease codependently on Zn substitution, consistent with the change of colour 

from dark yellow/brown for CeO2 (suggesting a majority Ce
4+

 oxidation) to very near 

white for ZnO. The pure CeO2 and 10 at % Zn sample did not appear to follow the trends 

of the other samples, which suggested that the presence (or absence) of separate ZnO 

nanoparticles dominated the trends in L*a*b* properties which can be considered broadly 
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consistent with the phase behaviour of the binary system. Nevertheless, the pilot scale 

materials showed exceptionally similar optical properties to those reported allowing for 

reasonable experimental error. 

 

Figure 8.15: HREM images of Ce-Zn oxide nanoparticles produced using a pilot scale 

CHFS process; a) 0 : 100, b) 10 : 90, c) 20 : 80, d) 30 : 70 (Zn:Ce). Inter atomic spacing 

and corresponding miller indices are noted on each figure (JEOL 4000x was used to 

capture images at a magnification 350,000 x, scale bar = 5 nm).  
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Figure 8.16: Indexed SAED patterns for Zn-Ce oxide nanoparticles produced using a pilot 

scale CHFS process: a) 0:100, b) 10:90, c) 20:80, d) 30:70 (Zn:Ce). 

Table 8.5: Summary of lattice parameters measured from SAED data 

 Theoretical d-spacings from CeO2  Fm -3m (ICDS 621705) ZnO observed 

reflections 

Miller 

indicie 

(111) (200) (220) (311) (222) (400) (331) (420) (422) (511

) 
(100) (101) 

Theoretical 3.12 2.70 1.91 1.63 1.56 1.35 1.24 1.20 1.10 1.04 2.81 2.47 

Samples Measured d-spacings (Å) d-spacings (Å) 
0:100 3.10 2.69 1.90 1.70 1.59 1.39 1.18 * * * - - 

10:90 3.19 2.76 1.90 1.79 1.68 1.45 1.24 * * * - - 

20:80 3.20 2.79 1.95 1.76 1.65 1.53 1.28 * * * - - 

30:70 3.14 2.74 1.98 1.74 1.68 1.48 1.31 * * * 2.85 2.53 

*Observed reflection although diffuse consequently the diameter was not measured. N.b. 

The profile of each diffraction ring was treated as a Guassian function and the centre point 

was used to calculate the d-spacing.  
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Figure 8.17: Variation in Band gap upon increasing Zn content (at %) in the Zn/Ce oxide 

binary system. A comparison between the present work (Black symbols) and previous 

work (grey symbols).   

 

Figure 8.18: CIE  colorimetric parameters for Zn-Ce oxides vs measured Zn content (at%) 

produced using the pilot scale CHFS process.  
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8.3.3.1 Summary of Section: 

In summary, an experiment previously performed using a high throughput continuous 

hydrothermal methodology which allowed a combination of particle properties to be 

identified (e.g. unusual phase stability, tuneable optical band gap, high crystallinity and 

small particle size) that was difficult to achieve using more conventional synthesis routes 

was successfully recreated using the pilot scale CHFS process at a volumetric scale up of 

17.5 x. The pilot scale process was operated in a configuration which allowed a complete 

range of Zn : Ce oxide nanomaterials to be sequentially synthesised analogous to 

previously reported high throughput experiments. All the nanomaterials produced using the 

pilot scale process were shown to have similar physical characteristics to those published 

previously as determined by XRD, Raman spectroscopy, UV–Vis, BET surface area and 

elemental analysis (allowing for reasonable experimental error). Synthesis on the pilot 

scale process yielded materials which showed similar phase behaviour, morphology and 

optical properties to those produced on the laboratory scale process. Ultimately, this 

section has demonstrated that combinations of particle properties which are difficult to 

produce using more conventional synthetic methodologies (e.g. band gap, crystallinity, 

size, etc.) could be replicated on a large scale in CHFS at a 17.5x volumetric scale up of 

the laboratory process which allowed the synthesis of nanoparticles in sufficient quantity 

for through evaluation in any potential application.  

 8.3.4  Scale up of  Magnetite Nanoparticle Synthesis using CHFS 

Initially, this section describes an investigation into the volumetric scale up of magnetite 

nanoparticle synthesis. The physical characteristics of the products are identified and the 

data is summarised briefly. This section then moves forward to assess the volumetric scale 

up of surface functionalised nanoparticle synthesis using the process methodology 

presented in Chapter 6. Rather than assessing if this processing methodology can be 

sequentially enlarged on a volumetric basis, data is presented which has assessed if the 

process can be enlarged. Where, previously magnetite was used as a simple nanoparticles 

system to study the influence of different processing conditions on the state of dispersion, 

grafting density and magnetic properties. An equivalent investigation to that initially 

presented in Chapter 6 has been reproduced on the pilot scale process. This section serves 

to demonstrate that reactions optimised on the laboratory scale can be adequately 

reproduced on a larger scale.  
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8.3.4.1: Synthesis of Magnetite Nanoparticles: 

In this section the effects of both volumetric scale up and precursor concentration were 

assessed co-dependently on the formation of magnetite nanoparticles in the pilot scale 

CHFS process. The reactions reported in this section are summarised in table A3.2 

(Appendix 3).  

Although the reaction point temperature used in the production of magnetite nanoparticles 

on the pilot scale CHFS process ca. 348 °C was lower when compared to the temperature 

typically used on the laboratory scale CHFS process ca. 383 °C. Similar materials were 

produced over all processing conditions. In all reactions summarised in Appendix 3, a 

single phase product was obtained in each reaction, consistent with the data presented in 

Chapters 5 and 6, where it was shown that large differences in the chemical environment 

within the reactor were required before the phase of the reaction product was altered. 

Characterisation data obtained for the sample series, showed that the crystallite size 

determined by standard structural methods (TEM, XRD and BET) was similar to that 

observed when the laboratory scale process (data summarised in Appendix 3, Section 

A3.2). In the pilot scale process, nanoparticles of magnetite with a crystallite size of ca. 13 

nm were produced which are very similar to those initially produced in Chapter 5. Which, 

as shown in Appendix  3.2, appeared to be invariant of both the volumetric flow rate of the 

system and the precursor concentration over the range tested. The similarity between 

particle sizes as a function of volumetric scale and precursor concentration are likely to 

arise from similar particle formation processes over the experimental range with particle 

formation occurring at high supersaturation leading to minimal growth as initially 

discussed for the scale up of ZnO synthesis (Section 8.3.2.1).  

 The variance in magnetic properties previously identified using the laboratory scale 

process, initially attributed to inhomogeneous magnetic domains, was also observed when 

synthesis was recreated using the pilot scale process. The measured magnetic properties of 

properties of each sample are summarised in table A3.2 (Appendix 3). Ms of each of the 

samples was shown to vary considerably (48 to 69 emu g
-1

), but no definitive trend in 

saturation magnetisation could be established with any one volumetric scale up or 

precursor concentration used (figure A3.6). All samples behaved superparamagnetically at 

300 K with low coercivity (0.04 - 2.3 Oe). The observed reduction in the value of Ms in 

nanosized iron oxides can be attributed to may physiochemical and structural 
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characteristics as discussed in greater detail within Chapter 5. As such, calculation of the 

effective ferromagnetic diameters (μfm) of the samples by fitting the magnetisation data 

with a Langenvin function (detailed in Chapter 2) are summarised in table A3.2. The 

calculated ferromagnetic diameter ranged from 4.9 to 7.0 nm, and varied consistently with 

Ms. In all samples which showed lower values of saturation magnetisation the 

paramagnetic contribution (accounting for the non-saturating behaviour), was notably 

much larger than samples showing higher saturation magnetisation. This observation can 

be attributed to the presence of a magnetically frustrated phase within each sample and 

accounting for a large proportion of the nanoparticle volume as discussed in greater detail 

within Chapter 5. These observations are consistent with those presented in Chapter 6 

where some magnetic polydispersity was observed in each of the samples. From fitting of 

the magnetisation curves it has been inferred that the magnetic structure of the particles is 

difficult to reproduce using this synthesis methodology and on scale up this observation 

was also made for materials, as materials appeared to scaled up well in structure and 

physical properties. Similarly, low temperature MH cures and ZFC/FC measurements 

showed significant similarity to the characteristics of magnetic iron oxides previously 

noted in Chapters 5 and 6 (Appendix A3.2, figure A3.7). The measurements suggest that 

the crystallites produced in the scaled reactions are magnetically complex structures which 

show evidence of magnetic frustration, as consistently observed throughout this thesis. 

Again, these measurements suggest that disorder not necessarily related to structural 

differences but magnetic domain disorder within the crystallites. The magnetic 

polydispersity observed means only limited conclusions can be drawn from this evaluation 

in light of the data presented in Chapters 5 and 6 as the variance of magnetic properties 

appeared completely random in the reactions performed on the pilot scale process. 

However, it has been shown that particles with properties within the range identified on the 

laboratory scale process could be produced in terms of both material structure, particle size 

and magnetic properties reaffirming the observations made in Sections 8.3.2 and 8.3.3. 

This section now moves forward to assess the surface functionalisation of magnetite 

nanoparticles using the pilot scale CHFS process. 
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8.3.4.2 Investigation of the Volumetric Scale up of Surface Functionalised 

Nanoparticle Synthesis using CHFS 

This section details an investigation into the direct synthesis of citric acid coated 

nanoparticles using the pilot scale CHFS process. The reactions detailed in this section are 

presented in table 8.6.  

A reaction point temperature of ca. 350 °C (just below the supercritical point of pure water 

at 24.1 MPa) was found to be suitable for the synthesis of single phase magnetite using the 

pilot scale CHFS process (Section 8.3.4.1). The synthesis of citric acid coated 

nanoparticles using the pilot scale process scaled on a volumetric basis alone was 

evaluated to define an operational space in which stable dispersions of particles could be 

produced. All reported materials formed ferrofluids after consolidation as demonstrated in 

figure 8.19 consistent with the observations initially presented in Chapter 6. A discrepancy 

was observed between the syntheses presented in Chapter 6 and the results presented for 

sample PPCAN1 - 15 identified herein.  In the pilot scale process CA :Fe ratios > 2 

resulted in dissolution of the product whereas in the laboratory scale process much higher 

ratios  (CA : Fe ratios > 10) resulted in the dissolution of product. The likely explanation is 

that the pH of the mixture exiting the system is different to that in the laboratory scale 

process and an explanation for this is most likely complex and multifactoral. Otherwise, 

similar product characteristics were observed in the scaled reaction which will be discussed 

further in the text below. 

 

Figure 8.19: Photograph of the ferrofluid produced by the recovery of sample PPCAM14 

under the influence of a rare earth magnet.
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Table 8.6: Summary of the reaction conditions used for the synthesis of citric acid coated magnetite on the pilot scale CHFS process. 

ID 

Pump flow rates (mL 

min-1) 
Tmix2 

(°C) CA:Fe 
RT mix1 

(s) 
RT mix2  

(s) 
Cs 

(nm) 

Surface area TGA data 
Hydrodynamic 

diameter (nm) 
TEM data 

Qsw Qp Qq 
(m2/g) SBET 

(nm) 

Weight 

loss  

(%) 

GD          

(CA nm-2 ) HD PDI HDn Mean SD 

PPCAM1 200 160 137 283 0.66 2.30 1.82 15.67 66.3 17.6 1.44 - 113 0.231 47.5 - - 

PPCAM2 200 160 183 263 0.90 2.30 1.83 13.42 55.4 21 4.39 - 118 0.204 45.6 - - 

PPCAM3 200 160 229 245 1.12 2.30 1.85 12.67 67.4 17.3 2.47 0.63 142 0.134 50.4 12.5 2.9 

PPCAM4 200 160 274 230 1.35 2.30 1.9 11.37 74.5 15.6 2.95 0.70 120 0.154 38.5 11.6 3.4 

PPCAM5 300 260 206 277 0.625 1.55 1.69 10.78 83.4 14 3.28 - 96 0.168 34.9 - - 

PPCAM6 300 260 274 257 0.831 1.55 1.63 13.67 72.1 16.2 2.41 0.67 91 0.120 39.7 13.5 3.3 

PPCAM7 300 260 343 240 1.04 1.55 1.62 10.94 68.2 17.1 2.92 0.35 60 0.101 29.3 16.6 3.3 

PPCAM8 300 260 411 225 1.24 1.55 1.61 12.56 79.3 14.7 2.57 0.52 70 0.245 28.3 11.7 3.1 

PPCAM9 350 310 240 275 0.61 1.33 1.59 13.98 67.2 17.3 5.45 2.23 69 0.341 35.6 11.0 2.6 

PPCAM10 350 310 261 270 0.66 1.33 1.58 14.25 60.3 19.3 6.75 1.89 54 0.101 20.3 13.4 4.1 

PPCAM11 350 310 343 251 0.86 1.33 1.56 10.65 73.1 15.9 7.60 2.11 49 0.082 19.5 13.5 3.5 

PPCAM12 400 360 300 268 0.657 1.17 1.51 13.96 69.2 16.8 8.11 2.64 42 0.132 16.7 15.8 4.2 

PPCAM13 400 360 400 248 0.871 1,17 1.48 10.79 67.2 17.3 7.48 1.78 40 0.135 22.8 11.6 3.3 

PPCAM14 400 360 500 231 1.09 1.17 1.46 14.36 73.4 15.9 9,80 2.57 60 0.167 19.4 12.8 4.5 

PPCAM15 400 360 600 216 1.53 1.17 1.45 15.67 59.2 14.98 8.64 2.02 43.2 0.131 20.3 11.4 1.2 

Key:  GD = grafting density of CA determined using equation 6.1 and the crystallite size determined from TEM, Qsw = the flow rate of 

supercritical water (450 °C), Qp = the flow rate of ammonium iron citrate (0.066 M),  Qq = the flow rate of citric acid solution (mL min
-1

), Tmix2 

= the theoretical mixture temperature post citric acid addition, CA : Fe = the molar ratio of iron to citric acid used in the synthesis, RTmix1 = the 

reaction residence time prior to citric acid addition, RTmix2 is the reactor residence time post citric acid addition, Cs = the crystallite size 

determined from the application of the Scheerer equation to the (311) reflection of magnetite, Sbet = the equivalent sphere diameter calculated 

from the surface area, Dh = hydrodynamic diameter (nm) measured using DLS and Dh(n) is the number weighted distribution (explained in 

Chapter 2), TGA = weight loss in the 200 - 500 °C region (attributed to the thermal decomposition of citric acid).
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XRD patterns of the products of reactions PPCAN1-15 are shown in figure 8.20.  XRD 

showed that the products are well crystallised and have a cubic inverse spinel structure 

(space group Fd3m) known for bulk magnetite and maghemite (ICDS 082234) and 

maghemite (ICDS 79196), respectively. Volume weighted crystallite size estimates taken 

from the most intense reflection (311) yielded sizes in the range 8 to 11 nm (table 8.6), 

which appeared largely invariant of the processing conditions, consistent with the data 

presented in Chapter 6 and also the crystallite sizes determined for samples produced in 

Section 8.3.4.1. 

 

Figure 8.20: XRD patterns of citric acid coated magnetite produced on the pilot scale 

CHFS process as detailed in table 8.6. 

TEM images representative of the particles produced in each synthesis are presented in 

figure 8.21. The average particle sizes and distribution were calculated from the 

measurement of ca. 300 particles are summarised in table 8.6, and confirmed that 

crystallite size was largely independent of processing condition (consistent with data 

presented in Chapter 6, as crystallite size was shown to be invariant of reaction quenching 

and CA : Fe, to the point of dissolution). The crystallite sizes obtained were in good 

agreement with the crystallite size determined from the diffraction data. However, BET 

surface area measurements of samples PPCAM1-15 gave surface areas lower than 

anticipated ranging from 55 to 79 m
2
 g

-1
, as summarised in table 8.6. Estimation of the 

crystallite size using the equivalent sphere approximation (equation 2.6) assuming a 

material density of 5.15 g/cm
3 

gave values which were ca.1 - 5 nm larger than observed 

from both diffraction data and particle size directly observed using TEM. If it is assumed 
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that the citric acid molecules formed an impenetrable layer as the particle surface and the 

geometry of the molecule is taken into account ca. 1.2 nm would be added to the effective 

particle diameter determined using this approximation, which suggests if this interpretation 

is valid all size estimates give equivalent values.   

 

Figure 8.21: TEM images of citric acid coated magnetite nanoparticles produced using the 

pilot scale CHFS; a) PPCAM3, b) PPCAM4, c) PPCAM6, d) PPCAM7, e) PPCAM8, f) 

PPCAM9, g) PPCAM10, h) PPCAM11, i) PPCAM12, j) PPCAM13, k) PPCAM14, l) 

PPCAM15 (scale bar = 50 nm).  
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To confirm functionalisation of the products of run PPCAN1-15, ATR-FTIR spectra were 

collected as shown in figure 8.22. Spectra obtained for the coated magnetite particles 

showed modes origination from  (ν) C=O present at  ca. 1735 cm
-1

,  (νs) COO
-
 (~ 1390 cm

-

1
), (ν) OC-OH  (~ 1204 cm

-1
), (νs) OC-OH  (~ 1429 cm

-1
) and (νas) COO

- 
(~1569 cm

-1
) 

confirming the presence of citric acid.   The apparent wavenumber separation  between (νs) 

COO
-
 (ca. 1390)

  
and the

 
(νas) COO

- 
(ca. 1569),

 
 varied between 190 and 220 cm

-1 

suggesting a mixture of monodentate and bidentate coordination to the surface of 

magnetite. The weak and broad nature of the observed modes makes a definitive binding 

state difficult to confirm using the presented data. However, a tentative approximation 

from the data suggests a mixture of monodentate and bidentate coordination, consistent 

with the data presented in Chapter 6 and 7.  

 

Figure 8.22: Stacked FTIR spectra of the products from each reaction PPCAM1-15 

showing an expanded region of the complete spectra (range 1000 to 2000 cm
-1

) identifying 

the IR active mode positions. 

The grafting density of citric acid bound to the surface of magnetite  produced using the 

pilot scale process was calculated from the composition and surface area (from the mean 

crystallite size determined using TEM) using equation 6.1 as presented in Chapter 6. TGA 

data collected for the products of reactions PPCAN1-15 is shown in figure 8.23a and the 

weight loss data summarised in table 8.6. The variation in grafting density as a function of 
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scale up ratio ([Qsw = 400, Qp = 360  = 20x], [Qsw = 350, Q p= 310 = 17.5x], [Qsw= 300 Qp = 

260, = 15x] and [Qsw = 200, Qp  =160 = 10x] ) is presented in figure 8.23b showing an 

apparent surface saturation of ca. 2.6 CA nm
-2

, consistent with the saturation density 

calculated for magnetite produced on the laboratory scale process (Chapter 6) and 

saturation values reported in the literature. (Mudunkotuwa and Grassian 2010; Racuciu et 

al., 2006) The observations of increasing grafting density as a function of increasing flow 

rate are assumed to be due to differences in the mixing environment between successive 

volumetric scales as initially suggested in Chapter 6. The degree of mixing between the 

citric acid feed (Qq) and the nascent nanoparticle stream (Qsw + Qp) was not experimentally 

validated using the pilot scale process due to the size of the process equipment. However, 

to provide an indication of whether this is a reasonable evaluation of these observations, 

the flow type occurring within the system was estimated for each condition presented by 

calculating the Re of the flow.  In the stated flow regimes the mixture issuing from the 

reaction point (defined by Tmix1) is a highly turbulent flow with a Reynolds numbers 

ranging from 6.46 x 10 
4 

(Qsw = 200 + Qp = 160) to 12.65 x 10 
4 

(Qsw = 400 + Qp = 360) with 

corresponding Fr
2
 of 65 and 110 being a momentum driven flow.  Mixing of the feed 

containing nascent nanoparticles and the feed containing citric acid is likely to be complex 

due to the reasons outlined in Chapter 6 and was unlikely to be a steady state system as 

shown by in-situ temperature measurements. However, an estimation of the flow type 

occurring pilot scale system under the different flow conditions suggested the mixture after 

the addition of citric acid was a turbulent flow in the highest scale up  (Qsw = 400 + Qp = 360) 

flow regime yielding Re = 12.5 to 12.9 x 10
4
 (Qq = 300 - 600 ml min

-1
)   if the mixture is 

assumed to be at Tmix2, and Re 11.6 to 11.9 x 10
4
 when Qsw = 350+Qp = 310  and Qq= 240 - 343 mL 

min
-1

. However, in the lower flow regimes (Qsw = 200 + Qp = 160 and Qsw = 300 + Qp = 260)  

Reynolds numbers ranging from Re = 4.38 to 7.89 x 10
4
 (Qq= 137-411 ml min

-1
) were 

calculated,  significantly lower in magnitude that those obtained in the high flow regime  

suggesting a transient flow type in the lower flow regimes and a turbulent flow in the high 

flow regimes. Which, is consistent with the observations presented in the laboratory scale 

process where higher grafting densities of citric acid were obtained in a turbulent flow 

regime. Again, suggesting surface functionalisation was linked to mixing at high 

temperature and thus diffusion of CA to the particle surface as in a turbulent flow diffusion 

of CA to the particle surface would likely be enhanced. This interpretation is presented in 

light of the data presented in Chapter 6. 
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Figure 8.23: a) Variation in calculated grafting density calculated from equation 6.1 

plotted against relative CA : Fe ratio used in the synthesis of each product. b) TGA data of 

the pilot scale reaction products. 

To assess the dispersion of the products from the pilot scale process the hydrodynamic 

diameter of the samples was measured using DLS, a plot showing the Z-average 

hydrodynamic diameter (polydispersity plotted in nm)  as a function of scale up ratio and  

CA : Fe ratio is shown in figure 8.24 (tabulated summary is provided in table 8.6). As 

shown in figure 8.24, the polydispersity indices (PDI) of the samples ranged from 0.09–

0.25 which indicates low to moderate polydispersity. In general the measured 

hydrodynamic diameters decreased as anticipated with increasing grafting density and 

dispersions of similar quality to those produced in Chapter 6 were reproduced.  

Measurements of hydrodynamic diameter gave size values larger than those anticipated by 

TEM suggesting a degree of agglomeration in the samples.  However, when the limitations 

of DLS are considered in terms of the r
6
 relationship between particle size and scattered 

light, conversion to number weighted values (table 8.6) yielded hydrodynamic diameters 

slightly larger than those expected from TEM suggesting a majority of the sample was in 

dispersion as single crystallites in agreement with the results presented in Chapter 6.  
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Figure 8.24: Grouped DLS data showing the difference in hydrodynamic diameter from 

samples PPCAM1-15, the z-average hydrodynamic diameter is plotted as a function of the 

relative CA : Fe ratio used in synthesis and the volumetric scale up factor (error bars 

represent the sample polydispersity in nm). 

 Figure 8.25 shows the variation in the magnitude of the zeta-potential as a function of 

dispersion pH for samples produced on the pilot scale CHFS process. The zeta-potential of 

samples which showed CA grafting densities of > 1 CA nm
-2 

(PPCAM9 to 15) gave 

characteristic features of the protonation and deprotonation of free acid groups on the 

surfaces of the particles, yielding values of similar magnitude to those presented in Chapter 

6. A characteristic change in surface charge around pH 6 corresponding well with the pKa 

of the weakest acid group of citric acid (pKa 6.13) suggests similar coordination of the acid 

to the particle surface as observed for the materials presented in Chapter 6, serving to 

confirm the electrostatic stabilisation of the dispersion. Positive values of zeta-potential 

were recorded for all samples below pH 5 consistent complete protonation of the surface 

species and the onset of sample dissolution occurring at pH 3. In the case of samples 

PPCAM 1-9 amphoteric behaviour was observed as a smooth transition in the magnitude 

of the zeta-potential as a function of pH  likely to arise  through protonation (low pH) and 

deprotonation (high pH) of FeOH surface groups as explained in greater detail within 

Chapter 6. When the grafting density of CA varied in the region of 0.5 - 0.9 CA/nm
2
 

comparatively large variations in the magnitude of the zeta-potential were measured, 

suggesting a combination of surface charge associated with free amphoteric sites on the 
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particle surface and the deprotonation of a free acid group both played a role in the 

stabilisation of the sol at high pH (PPCAM4 to 6).  

 

Figure 8.25: Zeta-potential as a function of titration against pH for citric acid coated 

magnetite nanoparticles produced on the pilot scale CHFS process. 

As the magnetic properties of disperse nanoparticles are of interest in many applications 

the room temperature the magnetic properties of the CA coated magnetite produced on the 

pilot scale process were measured. As shown in figure 8.26, the nanoparticles showed 

superparamagnetic like behaviour with low coercivity as summarised in table 8.7, as 

coercive forces of < 10 Oe  at 300 K are cited as indicative of the magnetite in a 

superparamagnetic state. (Dennis et al., 2008; Itoh and Sugimoto 2003; Levy et al., 2011) 

The saturation magnetization of the coated nanoparticles was found to be lower than the 

expected value for bulk magnetite consistent with all other samples produced in this thesis 

and in this sample series showed a degree of polydispersity, which has previously been 

attributed to some form of magnetic structural disorder (Chapter 6). The effective 

ferromagnetic size (calculated as detailed in Chapter 2) was found to be significantly 

smaller than that expected for the crystallite sizes determined from both XRD and TEM as 

summarised in table 8.7.  This observation can be attributed to the presence of a 

magnetically frustrated phase within each sample and accounting for a proportion of the 

nanoparticle volume as the contribution of paramagnetic-like susceptibility (χ) accounting 

for the non-saturating behaviour, increased with decreasing saturation magnetisation, 
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suggesting the synthesis of magnetically complex structure as initially observed in 

Chapters 5 and 6. (Mikhaylova et al., 2004) 

 

Figure 8.26: a) MH curves of citric acid coated magnetite produced using the pilot scale 

CHFS process, b) expanded plot showing the near 0 Oe region. 

Table 8.7: Summary of the magnetisation data and results from magnetic fitting for 

samples synthesised with the addition of citric acid in the pilot scale CHFS process 

Sample TEM (nm) 
Ms (emu g

-

1
)  

Hc (Oe) µ (nm) σ(nm) 
χ ( 10

-5
) 

PPCAM3 12.5 74.81 1.05 7.35 0.34 0.23 

PPCAM7 16.69 62.24 0.9 6.82 0.31 0.26 

PPCAM9 11.08 64.69 2.23 6.76 0.37 0.29 

PPCAM10 13.49 46.65 1.89 6.68 0.33 0.37 

PPCAM11 13.55 56.10 2.31 6.2 0.35 0.29 

PPCAM12 15.87 60.99 1.89 6.18 0.31 0.34 

PPCAM13 11.6 57.00 1.69 5.65 0.34 0.32 

PPCAM14 12,8 63.37 2.10 5.62 0.31 0.28 

PPCAM15 11.4 45.95 0.13 5.61 0.28 0.38 

Key: Values of µ (mean) and σ (standard deviation ) represents the log-normal 

ferromagnetic diameter  calculated from fitting the  Langevin equation to the (M-H) curves 

assuming a bulk magnetisation value of 92 emu g
-1

, Ms is the saturation magnetisation, Hc 

is the room temperature coercivity of the sample and χ is a number representing the 

paramagnetic like region on the approach to saturation. 
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To confirm that highly crystalline materials were produced in the scaled process HRTEM 

was used to assess the single crystalline structural details of sample PPCAM14 as shown in 

figure 8.27(a). Lattice fringes were clearly visualised throughout each crystallite showing 

that a crystalline single phase (structural) material had been produced in the scaled reaction 

consistent with observations presented in Chapters 5 and 6. Figure 8.21 (b) shows an 

indexed SAED diffraction pattern of the sample confirming the phase of the material under 

observation. 

 

Figure 8.27: a) HRTEM image of sample PPCAM14 showing visualisation of the (220) 

lattice fringe b) Indexed SAED pattern of the sample. 

To further evaluate the magnetic properties of the scaled materials, low temperature 

magnetisation and FC/ZFC measurements were performed on sample PPCAN14 which 

was shown by HRTEM to be single crystalline phase (figure 8.27).  The temperature 

dependence of Ms was measured at 5 and 300 K for sample PPCAN14 as shown in figure 

8.28 a.  The increase in coercive field at 5 K to 62 Oe compared to the room temperature 

value of 2.10 Oe is consistent with the sample behaving as a ferromagnet below Tb. 

Similarly, the increase in Ms at 5 K suggests a proportion of the sample magnetic moment 

transitions to a blocked state, consistent with previous discussion of magnetic frustration 

within the samples. To further assess the low temperature magnetic behaviour, ZFC/FC 

measurements were taken and are presented in figure 8.28 b. The shift in low temperature 

magnetisation to positive values is the fingerprint of exchange bias, a phenomenon that 

takes place at interfaces between different magnetic phases and is commonly observed in 

magnetically complex structures showing magnetic interfaces in intimate contact as would 

be expected in a material showing lattice and surface defects. (Itoh and Sugimoto 2003; 
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Levy et al., 2011) As the magnetisation in the FC measurement increases with decreasing 

temperature and the  absence of distinct magnetic transitions associated with Tv and Tb is 

consistent with a wide distribution of energy barriers from different magnetic structure 

within the sample transitioning to a blocked stat at different temperatures. These features 

also appeared in samples produced in the laboratory scale process and shows that 

production of these materials in CHFS results in the synthesis of magnetically complex 

structures as nanomaterials. 

 

Figure 8.28: a) FC and ZFC curves under an applied field of 100 Oe, the figure inset 

shows an expanded plot of the near 0 Oe region b) Comparison of magnetisation 

magnetisation curves measured at 10 K and 300K, inset shows  the low temperature region 

of the ZFC curve showing the magnetic transition features. 

8.3.4.3 Section Summary and Conclusions: 

In summary, the synthesis of citric acid coated magnetite previously produced using a 

novel processing methodology was successfully reproduced using the pilot scale CHFS 

process. Characterisation data obtained for the materials showed that reaction products 

similar to those initially obtained using the laboratory scale process could be obtained, 

albeit for a slightly different optimisation condition. Where, it appears that improved 

mixing and thus higher CA grafting densities were observed in more turbulent flows 

irrespective of residence time after the introduction of citric acid. Zeta-potential 

measurements confirmed the mechanism of particle stabilisation and showed that 

coordination similar to that initially reported in Chapter 6 was responsible for stabilisation 
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of the particle dispersions. The magnetic properties of the nanopaticles produced on the 

pilot scale CHFS process were also shown to be similar to those measured for laboratory 

scale equivalents and were subject to a similar degree of magnetic frustration as that 

initially observed in Chapters 5 and 6. This work has highlighted that the nucleation 

dominance (resulting in similar nanoparticles) and the versatility of a flow system can be 

exploited at large scale to produce large quantities of functional nanoparticles when the 

processes involved in producing the desired materials are suitably well characterised.  This 

section has demonstrated that more complex reactions can also be recreated on the pilot 

scale CHFS process and yield materials with similar characteristics to those initially 

identified on the laboratory scale.  

8.4: Chapter Conclusions 

In summary, this chapter has detailed several investigations into the aspects of scaling up 

nanoparticle synthesis using CHFS. In section 8.3.1 it was shown that the CJM evaluated 

in Chapter 4 could be successfully scaled for processing ca. 20 x the volume used for the 

synthesis of nanoparticles in the laboratory scale. The successful scale up strategy, showed 

that scale up conserving a constant (Fr)
2
 of the supercritical water exiting the inlet of the 

mixer yielded the best compromise to scale the mixing events occurring within the reactor. 

The corresponding experimental evaluation of scaling the mixer with this strategy gave 

normalised temperature profiles which were similar to those initially obtained on the 

laboratory scale process, when the physical mixing length was normalised to di of the inlet 

used in both processes. In the pilot scale process the maximum operating conditions were 

shown to vary from those practicable in the laboratory scale as they resulted in temperature 

and pressure fluctuation in the scaled process. The temperature and pressure fluctuations 

were thought to arise from severe recirculation occurring in the scaled process which 

served to identify the operational limits. 

ZnO was used as a model system to characterise the effects of both volumetric scale up and 

mass based scale up of the formation of nanoparticles using CHFS. Characterisation of the 

nanoparticles showed that the formation of nanoparticles in the scaled process was 

exceptionally similar to the laboratory scale process yielding materials of similar physical 

size and polydispersity. Suggesting that in the embodiment of the scaled process evaluated 

the reactions were sufficiently similar (as inferred by our temperature measurements) not 

to yield a measurable difference in the size or phase of the nanoparticles produced. 
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However, the output the process was limited by what appeared to be a particle growth 

phase as the process was sequentially scaled on precursor concentration. The onset of 

particle growth was shown to occur at the maximum precursor concentration usable in the 

laboratory scale process. The corresponding growth of particles was proportional to the 

precursor concentration. This observation suggests that the dominance of particle 

nucleation and minimal particle growth observed on volumetric scale up is superseded by a 

growth phase in mass based scale up, yielding materials with different physical properties 

identifying a limit to the reproduction of materials using different scale up strategies in the 

pilot scale process.  

Further investigation of the scale up of nanoparticle synthesis lead to the evaluation of a 

Ce:Zn binary oxide system which originally yielded interesting phase behaviour and opti-

cal  properties, in materials  produced using a laboratory scale reactor. Ce–Zn oxide nano-

particles  produced at a  x 17.5 volumetric scale  up of the existing laboratory process were 

produced at analogus synthesis conditions in terms of reactor temperature and reagent con-

centrations so that a comparison of the physical properties of the products could be made. 

Important nanoparticle properties related to BET surface area, phase behaviour and crystal-

lite size were shown to be virtually indistinguishable from those produced by the laborato-

ry scale apparatus. In particular, the solubility of Zn in the nanoparticle fluorite lattice was 

observed with a limit of 20 – 30 at% (Zn in CeO2) for the as-prepared nanomaterial and as 

little as 10 – 20 at% Ce into ZnO consistent with the initial work. Doping Zn into CeO2  

altered the shape and position of the UV–visible absorption edge, an observation consistent 

with the previous publication. This similarity was despite the substantive volumetric scale 

up of the pilot process and other slight differences in apparatus. This suggests that the pro-

cesses underlying the nucleation and growth of nanoparticles occur at similar rates, yield-

ing materials showing notably similar physical characteristics (allowing for slight experi-

mental error). Highlighting, that the CHFS process is highly scalable when the output of 

the process is increased on a volumetric basis alone even when slightly more complex syn-

theses than homometallic oxides are evaluated. 

 

Section 8.3.4 demonstrated that the pilot scale process could also be used for the 

production of more complex nanomaterials, and it was shown to be possible to recreate the 

production of surface functionalised nanoparticles of magnetite, initially described in 

Chapter 6. Characterisation data obtained for the materials showed that reaction products 
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similar to those initially obtained using the laboratory scale process could be obtained, 

albeit for a slightly different optimisation condition. Showing that further complexity in the 

reactions beyond simple particle formation in the CHFS process can be effectively 

reproduced. Consistent with the observations initially noted in the laboratory scale process 

where improved mixing (in highly turbulent flows) yielded higher CA grafting densities 

and a high quality particle dispersion in solution. The magnetic properties of the 

nanopaticles produced on the pilot scale CHFS process were also shown to be similar to 

those measured for laboratory scale equivalents and were subject to a similar degree of 

magnetic frustration initially observed in Chapters 5 and 6. This work has highlighted that 

the nucleation dominance (resulting in similar nanoparticles) and the versatility of a flow 

system can be exploited at large scale to produce large quantities of functional 

nanoparticles, when the processes involved in producing the desired materials are suitably 

well characterised.  

In closing, the scale up of nanoparticle synthesis using CHFS was shown to be 

reproducible on a volumetric basis and many reaction types i.e. the synthesis of 

homometallic oxides, binary oxides and surface functionalised nanoparticles could be 

readily recreated on the large scale CHFS process. Limitations to the scale up of the 

process were only identified at extremes of process conditions i.e. precursor concentration 

where evidence of particle growth occurred yielding materials with different physical 

properties to those of the laboratory scale. This is a major proof of concept for the large 

scale production of different types of nanoparticles and a comparatively simple method for 

their production. As the CHFS process has been demonstrated to produced nanomaterials 

of many compositions it can be regarded as a platform technology which could find 

broader application in nanomaterials synthesis. 

8.5: Future Work 

The investigations presented in this Chapter have highlighted that the CHFS process is a 

scalable methodology for the synthesis of nanomaterials. The high ouput capacity (ca. 2 

kg/h at the highest flow rates and concentrations presented here) of this process could be 

evaluated in a number of contexts to produce materials which could be commercially 

exploited or to provide sufficient material for latter stage R&D into the application of 

nanomaterials.   
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This process may also find application in producing nanosized metal precursor co-

precipitates for solid state reactions. (Weng et al., 2009) These nanosized solid state 

reaction precursors have been shown to be an effective route for the production of many 

complex oxides. The scale up of these types of reactions would be beneficial as many 

complex oxides find application and electrical and ion conductors in SOFC amongst other 

applications and often are required in substantial quantities for investigation. Similarly, as 

many nanoparticles find application as gas sensors and photocatalysis it may be of interest 

to apply the large scale processing method presented here to the synthesis of materials as 

activities in both applications are intimately linked to surface area. 

Overall, this chapter has demonstrated that the CHFS process is scalable on a volumetric 

basis alone and only suffers complications at extremes of processing conditions. For this 

reason the process validated in this chapter may find application as a platform technology 

for the synthesis of a diverse range of nanoparticle compositions and functionalities. 

Currently, investigations into the application of the CHFS pilot plant for the synthesis of Li 

ion battery cathodes and anodes are underway (Li4Ti5O12, LiCo1-x-yNixMnyO2, LiFePO4 and 

doped LiFePO4). Similarly, the process is being applied to the synthesis of phosphor 

compositions based upon a La PO4 host lattice and are also being evaluated as citric acid 

coated nanoparticles. 
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Chapter 9 

Conclusions  

At the end of the literature review, it was concluded that CHFS may be a useful technique 

for the production of nanomaterials for a wide range of applications. It was suggested by 

the literature, that the formation of nanoparticles within CHFS systems was heavily 

dependent on the mixing between precursor and preheated water feeds leading to the 

formation of nanoparticles and that the formation of nanomaterials maybe difficult to 

control. However, the literature also identified many key benefits of the process; namely 

that it was an aqueous process and that all nanomaterials formation and collection steps 

could be undertaken in the aqueous phase, many materials of interest could be produced 

without the requirement for expensive or environmentally damaging chemicals or heat 

treatments, and that many combinations of system and processing parameters could be 

used to produce functional materials. As such, this thesis has evaluated many of these 

aspects and applied the concept of continuous hydrothermal synthesis to the production of 

nanoparticles at both a laboratory and pilot scale. 

The work presented in this thesis has shown that a wide range of materials can be 

produced using CHFS, and the reaction conditions controlled by either external factors 

(such as the choice of precursor reagents, reaction temperature) or through the addition of 

auxiliary reagents to the process were very influential in determining the products of 

reaction. This thesis has used nanomaterials ranging from simple metal oxides, binary 

metal oxides, doped materials and surface functionalised nanoparticles to describe 

different aspects of the CHFS process which terminally allowed a successful scale up 

procedure to be identified.  

In-situ temperature measurements (a novel evaluation strategy) were useful in defining the 

key differences in the temperature profile within reaction points, and reaction points used 

for processing different flow rates, allowing a much finer analysis of the events occurring 

around the point of mixing precursors with supercritical water. This region is commonly 

defined as the point of particle nucleation, and much time and effort has been spent on en-

suring rapid changes in the temperature of hydrothermal solutions at this point i.e. driving 

the formation of nanoparticles. In-situ temperature measurements showed that the CHFS 

process and the mixing process in the reactor are dynamic and are highly system depend-

ent, in a number of reactor configurations. These measurements showed that even simple 
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variation in the flow rate yielded significant differences in the temperature at the point of 

particle formation and the distribution of temperature within the reaction point (due to dif-

ferences in the magnitude of heat transfer), an observation either ignored or simply over-

looked in the academic literature. This analysis provided the only conclusive evidence of 

the dominance of precipitation process occurring in the reactor and has eluded that the 

short time scale of the reactions dominates all other process in the formation of nanoparti-

cles. This strategy was also useful to define the reactor criteria allowing the successful 

scale up of the process. Overall, reactor and process scale measurements served to identify 

that the microscale mixing processes occurring between the preheated water and precursor 

feeds are probably not important for the formation of nanoparticles, and as such the kinet-

ics of particle formation probably play a greater role in particle formation, yielding surpris-

ingly similar nanoparticles due to complete precipitation of the metal ions in solution. 

These measurements also allowed unfavourable heat and mass transfer processes occurring 

in reactors to be identified, allowing sufficient resolution for the effective development of 

a novel reaction point geometry suitable for the synthesis of nanoparticles in both a labora-

tory scale and pilot scale CHFS process.  

 

The successful scale up strategy of the CJM developed in this work, showed that scale up 

conserving a near constant (Fr)
2 

of the supercritical water exiting the inlet of the mixer was 

the most suitable strategy. This strategy, allowed the best compromise to scale the mixing 

events occurring within the reactor. The corresponding experimental evaluation of scaling 

the mixer gave normalised temperature profiles which were similar to those initially ob-

tained on the laboratory scale process, when the physical mixing length was normalised to 

the internal diameter of the preheated water inlet used in both processes. In the pilot scale 

process the maximum operating conditions were shown to vary from those practicable in 

the laboratory scale, as they resulted in temperature and pressure fluctuation in the scaled 

process and served to define the limits of scale up (an important observation if the process 

is to be scaled further). Limitations to the scale up of the process were only identified at 

extremes of process conditions (i.e. precursor concentration) where evidence of particle 

growth occurred, yielding materials with different physical properties to those of the labor-

atory scale. However, on a volumetric basis even complex particle systems,  Ce–Zn oxide 

nanoparticles produced at a  17.5x volumetric scale  up of the existing laboratory process, 

showed that important nanoparticle properties related to BET surface area, phase behav-
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iour and crystallite size were shown to be virtually indistinguishable from those produced 

by the laboratory scale.  

 

This thesis also demonstrated the successful modification of a CHFS flow reactor, to allow 

for the introduction of a capping agent shortly after the formation of nanoparticles. These 

investigations showed how the versatility of a flow process can be exploited for the 

synthesis of target nanoparticles. The process was shown to be capable of producing 

nanomaterials which had a high grafting density of citric acid conferring a stabilising 

effect to the particle dispersion. A complete process envelope was established by operating 

the reaction point at a variety of temperature and flow rate regimes, allowing the 

identification of regions where the process could be operated  for the direct synthesis of 

surface functionalised magnetite nanoparticles, this data was then successfully interpreted 

to allow for the synthesis to be conducted at a much larger scale which yielded materials 

with similar physiochemical characteristics to those initially identified on the laboratory 

scale (albeit for a slightly different optimisation condition).  This processing methodology 

was then successfully applied to the synthesis of phosphor nanoparticles as dispersions and 

the products were shown to be suitable probes for biological imaging. Further investigation 

of the particle dispersions also showed that citric acid was a suitable chemical moiety to 

allow further functionalisation of the particle surface. Coupled together, these 

investigations showed that citric acid coated nanoparticles produced using CHFS could be 

used as precursor nanoparticles for further functionalisation for a given application giving 

a wider application area than citric acid functionalised nanoparticles alone, as the process 

was also shown to be scalable. 

The nanoparticles from the CHFS process were also found to be suitable precursor 

nanomaterials for conversion to higher order phases. In Chapter 7, a flash heat-treatment 

strategy allowed the complete dehydration of the (Y0.96Eu0.04)OOH nanoprecursor  could 

be achieved with limited agglomeration and particle growth. It was also shown that the 

reaction occurred on time scales significantly shorter than those used in the literature. 

Showing that the use of nanoparticles as precursors, is a suitable strategy for the synthesis 

of higher order oxide structures, and under suitable conditions the effects of sintering can 

be minimised yielding materials which can subsequently be dispersed as nanomaterials. 

In closing, the process of Continuous Hydrothermal Flow Synthesis in the embodiments 

presented in this thesis have shown considerable potential as a technique for the synthesis 
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of nanomaterials on both a laboratory or research scale and as a large scale process capable 

of producing ca. 2 kg of nanomaterials per hour. The scale up of nanoparticle synthesis 

using CHFS was shown to be reproducible on a volumetric basis and many reaction types 

i.e. the synthesis of homometallic oxides, binary oxides and surface functionalised 

nanoparticles could be readily recreated on the large scale CHFS process. Limitations to 

the scale up of the process were only identified at extremes of process conditions (i.e. 

precursor concentration) where evidence of particle growth occurred yielding materials 

with different physical properties to those of the laboratory scale. This is a major proof of 

concept for the large scale production of different types of nanoparticles and of a 

comparatively simple method for their production. As the CHFS process has been 

demonstrated to produce nanomaterials of many compositions it can be regarded as a 

platform technology which could find broader application in nanomaterials synthesis.  

Further work should be conducted to assess the full range of materials which can be 

produced using this technique. In addition, further benefits may be gained by improving 

control over particle properties through modifications to the process embodiments 

presented in the future work sections of each chapter. 
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Chapter 10 

Future work  

At the end of the literature review, it was concluded that CHFS may be a useful technique 

for the production of nanomaterials for a wide range of applications. It was suggested by 

the literature, that the formation of nanoparticles within the CHFS process was heavily 

dependent on the mixing between precursor and preheated water feeds leading to the 

formation of nanoparticles, and that the formation of nanomaterials maybe difficult to 

control. However, the literature also identified many key benefits of the process; namely 

that it was an aqueous process and that all nanomaterials formation and collection steps 

could be undertaken in the aqueous phase, many materials of interest could be produced, 

and that many combinations of system and processing parameters could be used to produce 

functional materials. As such, this thesis has evaluated many of these aspects and applied 

the concept of continuous hydrothermal synthesis to the production of nanoparticles at 

both a laboratory and pilot scale. Many material systems and caveats to the process were 

identified which in future work would warrant investigation. The purpose of this chapter is 

to summarise some of these future investigations and how they would benefit the subject 

of the thesis described thus far. 

In the early Chapters of this thesis, investigations of the mixing and particle formation 

processes within continuous hydrothermal reactors were presented. The difficulties 

associated with working at system pressures limited the resolution of the experimental data 

and as such many of the transient mixing processes responsible for particle formation were 

only speculated upon. In the final chapter the experimental evaluation of a pilot scale 

CHFS process was presented utilising the knowledge gained from these measurements. 

Although successful the methodology used to scale the process was experimentally simple 

it required a significant amount of trial and error (a large time and capital investment) to 

define an optimum scale up reactor. If the process was to be scaled further it maybe useful 

to investigate alternate scale up strategies based upon modelling and combining this with 

experimental data presented in this thesis or further experimental data which could be 

gathered using both working reactor scales (an alternate data collection strategy would be 

measuring the centreline temperature within the CJM). In particular, it would probably be 

beneficial to combine computational fluid dynamics and simple precipitation models 

(taken from first principles) to derive scale-up criteria for the production of nanoparticles 

in the CHFS process if the processing volume is to be further increased. The use of CFD 
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would also allow the visualisation of complex flow patterns, fluid velocity contours to be 

mapped and the addition of tracers would the state of complete mixing to be modelled on 

the experimental results obtained. In this embodiment further evidence for the causes of 

adverse mixing behaviour in the CJM could be identified and possibly remedied as at 

larger scales it could cause processing issues. Further investigation into mechanism to 

control the size of particles produced by this method would be of interest across any 

production scale. This would most likely be achieved by altering the chemical conditions 

and coupling these investigations to CFD modelling and particle precipitation models 

within the mixing zone to better define scale up criteria. Investigation of auxillary reagents 

which would alter the solubility of ions in the hydrothermal solution would be of interest 

as from the data presented in this thesis complete precipitation of the ions in solution leads 

to limited particle growth and minimal control of particle size.  

The work presented in this thesis has shown that a wide range of materials can be 

produced using CHFS, and the reaction conditions controlled by either external factors 

(such as the choice of precursor reagents, reaction temperature) or through the addition of 

auxiliary reagents to the process were also shown to be very influential in determining the 

products of reaction. Further investigations into the control of particle size are required as 

the apparent low solubility metal ions results in nanoparticles of similar crystallite sizes for 

all the materials produced within this thesis and detailed explanations of various 

methodologies are presented in the various synthesis Chapters. This could probably be 

achieved by using different metal ion precursors which may allow the thermal 

decomposition temperatures of the soluble metal sources to control the rates of particle 

growth. This may also be achieved through the use of other organic additives to control the 

precipitation of the metal ions in hydrothermal solution.   

 

An area of materials chemistry not explored in this thesis was the use of nanoparticles 

produced by the CHFS as nanosized metal precursor co-precipitates for solid state 

reactions. (Weng et al., 2009) These nanosized solid state reaction precursors have been 

shown to be an effective route for the production of many complex oxides and could be 

applicable to the production of SOFC components as the lower sintering temperatures of 

nanomaterials are desirable for the densification of cell components whilst retaining 

microstructure. The scale up of these types of reactions would be beneficial as many 
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complex oxides are often required in substantial quantities for device level investigation. 

Similarly, as many nanoparticles find application as gas sensors and photocatalysis it may 

be of interest to apply the large scale processing method presented here to the synthesis of 

materials as activities in both applications are intimately linked to surface area as devices. 

In a similar vein investigation of the pilot scale CHFS process as a platform technology for 

the synthesis of a diverse range of nanoparticle compositions would be beneficial (this is 

addressed in more detail within each of the experimental Chapters).  

A large area of the future work highlighted by the work presented in Chapters 6, 7 and 8 

based on the introduction of a capping agent shortly after the formation of nanoparticles 

would be useful to investigate further using different chemical moieties to functionalise the 

particle surface. As The modified CHFS  process was shown to be capable of producing 

nanomaterials which had a high grafting density of citric acid conferring a stabilising 

effect to the particle dispersion a further investigation of capping agents which would 

confer colloidal stability in apolar solvents could be beneficial. Similarly, investigations 

into the large scale synthesis of nanoparticles functionalised with different chemical 

moieties would also be of interest from a commercialisation point of view (conjugation to 

antibody fragments or proteins for example). As quantum dots are becoming increasingly 

commercially viable and required in large quantities. It would be of interest to investigate 

the CHFS processing methodology presented herein as a solvothermal system in which an 

organic solvent is substituted for water, this would possible allow greater control over; 1) 

the particle nucleation and growth steps,  2) the choice of capping agent, and 3) possibly 

the synthesis of quantum dot type materials in a flow process. 

Taking an applications based perspective upon the surface functionalised nanoparticles 

produced by the CHFS process it would be of interest to assess the cytotoxicity of citric 

acid coated nanoparticles produced using the methodology presented herein. Similarly, it 

would be of interest to assess the broader toxicity of the materials produced to fully assess 

the environmental impact of the process. As investigations of this type could identify 

candidate materials for biological imaging applications or as identifying markers on 

security documents as discussed further in the future work section of Chapter 7. Alongside 

these general statements for future work much more detailed descriptions can be found at 

the end of each of the experimental chapters. 
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Appendix 1 

This appendix contains supplementary data referred to in Chapter 6. This data is used to 

supplement some of the discussions presented. Data in this Appendix is divided by the 

section to which it is referred to in Chapter 6.  

A1.1 Effect of Partial Reaction Quenching: 

Introduction of a feed shortly after the formation of nanoparticles could reduce the 

crystallinity or reduce the degree of particle growth providing further insight into the 

dominant factors affecting the properties of magnetic iron oxides produced using CHFS. 

Table A.1, provides a summary of the reaction conditions and reactor configurations used 

to assess the effects of partial reaction quenching alongside characterisation data obtained 

for the materials produced in each synthesis. 

Table 5.1: Summary of the reaction conditions used to assess the effect of partial reaction 

quenching 

ID 
R1 

(mm) 

Qsw:

Qp 
Qq  Tmix1  Tmix 2 RT1 RT2  

XRD 

(nm) 

TEM 

Crystallite 

size (nm) 

Reaction 

yield 

(%) 
Avg SD 

MPQ1 21 25:10 10 382 358 0.16 1.66 11.6 9.11 1.89 79.2 

MPQ2 21 25:10 30 382 272 0.16 1.53 9.4 8.90 2.03 77.1 

MPQ3 21 25:10 50 382 216 0.16 1.28 12.6 8.08 2.30 69.4 

MPQ4 75 25:10 10 382 358 0.58 2.27 8.4 9.49 1.78 84.3 

MPQ5 75 25:10 30 382 272 0.58 2.09 10.7 7.58 1.67 74.2 

MPQ6 75 25:10 50 382 216 0.58 1.75 9.5 8.29 2.10 69.8 

MPQ7 125 25:10 10 382 358 0.96 2.84 10.3 8.65 2.16 79.7 

MPQ8 125 25:10 30 382 272 0.96 2.62 11.3 8.36 2.07 80.2 

MPQ9 125 25:10 50 382 216 0.96 2.19 11.1 9.18 1.65 78.6 

Key: R1 =  the reactor length between the quench inlet and the preheated water inlet as 

mm of ¼” tubing, Qsw = the flow rate of preheated water (450 °C), Qp = the flow rate of 

precursor (Ammonium iron (III) citrate), Qq =  the quenching flow rate,Tmix1 = the reaction 

point temperature (°C), Tmix2 =  the theoretical temperature of the mixture Qsw +Qp +Qq 

determined by enthalpy balance (°C), RT1 = the residence time at Tmix1 and  RT2 = the 

residence time at Tmix2. (All flow rates are quoted as mL min
-1

) 
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The crystallite phases of the products of reactions MPQ1-9 were evaluated by XRD to 

assess the effect of partial reaction quenching (data not shown). The rapid reduction of the 

reaction point temperature even at short reaction residence time (ca. 0.16 s) and lowering 

the reaction point temperature of the mixture to ca. 216 °C after the formation of 

nanoparticles showed no difference in crystallite phase as determined by XRD. Diffraction 

data obtained for samples MPQ1-9 were all identified as spinel oxides in good agreement 

ICDS card no. 082234 and 79196 for magnetite and maghemite, respectively. Application 

of the sheerer equation to the diffraction data [(311) reflection] gave results consistent with 

those presented previously as summarised in table A1, suggesting that the particle 

formation steps are very rapid and are dominated predominantly by particle nucleation and 

little or no particle growth occurs after ca. 0.16s residence time. 

TEM was used to assess the crystallite size and relative sample polydispersity and 

crystallite sizes determined from the measurement of ca. 300 crystallites are summarised 

in table A1 (images not shown). Typically, mean crystallite sized determined by the two 

methods were comparable (TEM and XRD), providing further evidence for a single 

crystalline phase for the materials.  Figure A1.1 shows the TEM determined crystallite size 

and polydispersity (SD) plotted as a function of quench rate and grouped by residence 

time. As can be seen There was little apparent variation in crystallite size even at reaction 

residence times of 0.16- 0.96 s and temperatures of the quenched mixture between 358 and 

216°C. It is suggested that complete reaction and crystallization of magnetite occurs within 

the CHFS system in less than 0.16 s. 

The magnetic properties of samples MPQ 2, 5 and 8 were measured to assess the effect of 

partial reaction quenching as shown in figure A1.2. Slight variation in the values of 

saturation magnetization were observed for samples MPQ2, 5 and 8 as 53.2, 62.5 and 66.3 

emu g
-1

, respectively. The observed variation in magnetisation is consistent with increasing 

residence time residence time although data presented later in Chapter 6 showed this 

variance was within the bounds of latent process variation (figure 6.20). However, the 

spread of magnetisation values were significantly lower than those observed in the 

extremes of magnetite synthesised in chapter 5. Calculation of the effective ferromagnetic 

diameter from the magnetisation curves gave values consistent with those presented for 

samples identified as magnetite in chapter 5. Similarly, with the discussion presented in 

chapter 5 the ferromagnetic diameters calculated from the magnetisation data were smaller 

than the crystallite size obtained from both TEM and XRD with diameters (polydispersity) 
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of 6.23 (0.348), 7.01 (0.298) and 7.12 (0.341) nm for samples MPQ2, 5 and 8, 

respectively. The contribution of paramamagentic like susceptibility in the samples was 

shown to be nearly constant, increasing slightly as expected with decreasing saturation 

magnetisation. This observation suggests a degree of magnetic frustration is evident in the 

samples as discussed further in Chapter 5. Although, under the scope of further 

observation it can be concluded that particle reaction quenching had little effect on the 

magnetic properties of the reaction products. 

 

Figure A1.1: Correlations between crystallite size and standard deviation (error bars) 

plotted against partial reaction quenching at different residence times (blue = 0.16 s, red = 

0.58 , yellow = 0.96 ). 

 

Figure A1.2: Magnetisation curves of samples MPQ2, 5 and 8 (inset shows an expanded 

plot showing the near 0 Oe region). 

 



Appendices 

 

402 
 

A1.2 Surface functionalization of magnetite nanoparticles using citric acid in a high 

flow regime 

Under the high flow regime temperature measurements revealed different flow patterns 

within the two-step reaction point under different flow regimes. The effect of this 

difference in flow regime was investigated to assess differences in relation to the capacity 

to produce surface functionalised nanoparticles. The materials reported in this Appendix 

section are summarised in table A1.2. To further assess the effects of processing condition 

on surface functionalisation in the modified CHFS process materials produced under a 

high flow regime (Qsw+Qp = 35 mL min
-1

)  similar to that used initially for the synthesis of 

magnetite nanoparticles in Chapter 5 were compared to those obtained in samples CAO1 - 

22 (Qsw+Qp = 15). Under a higher flow regime a different optimisation condition was 

observed. This section details the characterisation data of the samples identified in table 

A1.2. Samples presented in this section are identified by the series HCAO1-12.  

Table A1.2: Summary of the reaction condition and characterisation data for citric acid 

coated magnetite produced using CHFS system 2 at the flow rates  of Qsw =25 and Qp=10.  

 

R1 
Q

q 
Tmix2 

[CA] 

(wt%) 
Fe:CA RT2 

XRD 

(nm) 

TGA data 
Hydrodnamic 

diameter (nm) 
TEM data 

TE

M 

(mol

ecul

es/n

m-2) 

Wieght 

loss (%) 

molec

ules 

nm-2 

Dh 

(PDI) 
PDI Mean SD 

HCAO1 75 10 358 0.5 0.3 2.21 8.9 7.02 1.29 172 0.262 - - - 
HCAO2 75 20 312 0.5 0.7 2.20 9.2 10.15 1.96 102 0.295 5.64 1.28 1.17 
HCAO3 75 30 272 0.5 1.1 2.04 8.7 8.64 1.55 95 0.32 10.16 3.00 1.80 
HCAO4 75 40 241 0.5 1.5 1.87 9.3 5.19 0.99 211 0.293 - - - 
HCAO5 75 10 358 1.0 0.7 2.21 7.4 5.52 0.84 91 0.178 8.84 3.28 1.00 
HCAO6 75 20 312 1 1.5 2.2 8.6 15.96 2.84 73 0.232 8.94 3.09 2.93 

HCAO7 75 30 272 1 2.3 2.04 7.4 22.36 2.67 75 0.143 5.60 1.20 2.57 

HCAO8 75 40 241 1 3.1 1.87 11.6 - - 74 0.199 - - - 

HCAO9 75 10 358 2 1.5 2.21 9.5 15.05 2.65 136 0.222 - - - 
HCAO1

0 
75 20 313 2 3.1 2.2 9.2 15.76 2.12 79 0.183 8.60 3.09 2.78 

HCAO1

1 
75 30 272 2 4.7 2.04 8.2 5.59 0.44 72 0.149 6.70 2.53 2.3 

HCAO1

2 
75 40 241 2 6.3 1.87 6.5 - - 138 0.241 - - - 

Key: R1 =  the reactor length between the quench inlet and the preheated water inlet as 

mm of ¼” tubing, Qsw = the flow rate of preheated water (450 °C), Qp = the flow rate of 

precursor (Ammonium iron (III) citrate), Qq =  the quenching flow rate,Tmix1 = the reaction 

point temperature (°C), Tmix2 =  the theoretical temperature of the mixture Qsw +Qp +Qq 

determined by enthalpy balance (°C), RT1 = the residence time at Tmix1 and  RT2 = the 

residence time at Tmix2. (All flow rates are quoted as mL min
-1

) 
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XRD patterns (figure A1.3) of the materials produced in runs HCAO1-10 suggest that all 

products are well crystallised and have a cubic inverse spinel structure (space group Fd3m) 

known for bulk magnetite and maghemite (ICDS 082234 and ICDS 79196), respectively 

(Appendix 1). TEM images of selected samples produced in the series HCAO1-12 are 

shown in figure A1.4 showing similar degrees of dispersion as shown in figure 6.5 

(Chapter 6). The crystallite size measured for samples HCAO1-12 (ca. 5.6 - 10.4 nm) was  

smaller than those observed for materials produced in runs CAO1-24 (ca. 11 - 15 nm) and 

are summarised in table A1.2. The reduced crystallite size produced in these reactions is 

tentatively attributed to latent process variation rather than an effect of the capping 

process. However, correspondingly greater weight loss attributed to the thermal 

decomposition of organic species was measured in TGA (as shown in figure A1.5a) and 

showed all expected endotherms in the DSC trace (as shown in figure A1.5b), which 

ultimately yielded saturation grafting densities of ca. 2.6-2.9 CA / nm
2
 consistent with the 

saturation grafting density calculated for samples CAO4-12.  Achieving similar CA 

grafting densities at shorter residence times as discussed further in Chapter 6, suggests 

differences in the degree of mixing between Qsw + Qp (containing the nascent 

nanoparticles) and Qq (citric acid feed) which in a lower flow rate limited the rate of 

citrate diffusion to the nascent particle surface. The Hydrodynamic diameters (measured 

using DLS)for samples HCAO1-12 are presented in figure A1.6a, and showed similar 

dispersion properties to those presented in figure 6.11 (Chapter 6) and were shown to be 

consistent with the grafting density determined for each of the samples. Zeta-potential 

measurements characterised the samples showing CA grafting densities >1 CA / nm
2
 as 

stable dispersions with magnitudes > - 30 mV similar to those presented for samples 

CAO4-12. The magnitude of the zeta-potential was shown to transition as expected with 

CA grafting density (figure A1.6b). Titration of this sample series confirmed an 

electrostatic mechanism of particle stabilisation, a reduction in the magnitude of the 

samples zeta-potential around pH 6 further suggests a similar coordination of citric acid to 

the particle surface as discussed further in Chapter 6. 
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Figure A1.3: XRD patterns obtained for magnetite nanopaticles synthesised in a) 

experimental runs HCAO1-12 (inset shows a close view of the 311 reflection in magnetite) 

The miller indicies of each reflection are presented in each figure (inset shows an 

expanded view of the 311 reflection in magnetite for each sample). The data shows the 

similarlty in crystallite size between samples. 

 



Appendices 

 

405 
 

 

Figure A1.4: TEM images of the particles synthesised in the high flow regime as 

summarised in table A1.2; a) HCAO2 b) HCAO3 c) HCAO5 d) HCAO6 e) HCAO7 f) 

HCAO10 g) HCAO11.  
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Figure A1.5:  a) TGA data obtained for sample HCAO1 - 12 b) DSC traces of samples 

HCAO 1-12 
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Figure A1.6: a) Grouped DLS data showing the difference in hydrodynamic diameter of 

samples HCAO1 - 12, plotted as hydrodynamic diameter distributions and b) Zeta-

potential titrations of HCAO samples (measurement standard deviations were typically ca. 

±3 mV and have been omitted for clarity) 
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A1.3 Synthesis and Characterisation data for Magnetic Hyperthermia 

Table A1.3 provides a summary of the synthesis details and characterisation data used in 

the discussion resented in Chapter 6 section 6.3.4. Showing the sapread of reaction 

conditions used to evaluate the potential of citric acid coated magnetite produced using 

CHFS as mediators for magnetic hyperthermia. All calorimetric measurements were 

performed on samples which formed ferrofluids at particle concentrations of 50 mg mL
-1

 

and prepared as described in Chapter 2 Section 2.13. 

 

Table A1.3: Synthesis and characterisation details of ferrofluids evaluated for magnetic 

hyperthermia; Qsw = the flow rate (mL min
-1

) of supercritical water, Qp = the flow rate of 

precursor (Ammonium iron (III) citrate, 0.066 M), Qq = the flow rate of citric acid 

solution, Tmix1 = the reaction point temperature (°C), Tmix2 = the mixture temperature of  

Qsw + Qp + Qq (°C), Fe:CA = the ratio of iron to citric acid used in the synthesis, RT1 = the 

residence time of particle formation prior to the introduction of Qq (s), SAR= the specific 

absorption rate of a ferrofluid sample, ILP = Intrinsic loss power and Cs = the crystallite 

size determined by application of the Scherer equation to the (311) reflection of magnetite.  

Qsw:Qp Qq Tmix1 Tmix2 
CA   

(wt %) 
Fe:CA RT1(s) 

SAR 

(W g
-1

) 

ILP 

(nH kg
-1

 

m
-2

) 

CS 

(nm) 

25:10 30 382 278 0.25 0.59 0.94 
0.00 0.00 8.24 

25:10 30 382 278 0.5 1.18 0.94 
0.00 0.00 9.23 

25:10 30 382 278 0.75 1.78 0.94 
0.00 0.00 9.35 

25:10 30 382 278 1 2.36 0.94 
0.00 0.00 8.79 

25:10 20 382 316 1 1.57 0.94 
0.00 0.00 9.88 

25:10 30 382 278 1 2.36 0.94 
0.00 0.00 8.75 

25:10 40 382 247 1 3.15 0.94 
0.00 0.00 7.68 

25:10 20 382 316 0.5 0.78 0.94 
23.67 0.50 10.24 

25:10 20 382 316 0.75 1.18 0.94 
20.45 0.38 10.43 

25:10 20 382 316 1 1.57 0.94 
14.67 0.23 9.46 
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25:10 10 382 360 0.5 0.19 0.94 
7.79 0.17 10.46 

25:10 10 382 360 0.75 0.39 0.94 
5.38 0.12 10.35 

25:10 10 382 360 1 0.59 0.94 
7.84 0.17 9.85 

25:10 10 382 360 2 1.57 0.94 
18.50 0.40 12.35 

25:10 15 382 338 0.5 0.59 0.94 
0.64 0.01 8.46 

25:10 20 382 316 1 1.57 0.19 
0.00 0.00 9.76 

25:10 20 382 316 2 3.15 0.19 
0.00 0.00 8.43 

25:10 30 382 278 0 0 0.19 
0.00 0.00 9.42 

25:10 30 382 278 0.5 1.18 0.19 
0.00 0.00 9.35 

25:10 30 382 278 1 2.36 0.19 
0.00 0.00 9.83 

25:10 30 382 278 2 3.15 0.19 
0.00 0.00 10.27 

20:08 20 382 296 1 1.97 1.18 
11.17 0.24 10.24 

20:08 24 382 278 1 2.36 1.18 
12.73 0.27 9.68 

20:12 
18.

3 
377 286 1 1.2 1.57 

11.32 0.24 10.35 

20:12 
13.

7 
377 308 1 0.9 1.57 

42.26 0.91 10.25 

20:12 
18.

2 
377 284 1 1.19 1.57 

20.04 0.43 10.37 

20:12 
22.

86 
377 266 1 1.5 1.57 

9.06 0.19 10.45 

20:15 
18.

2 
365 254 1 0.95 1.72 

2.04 0.04 10.32 

20:20 20 338 247 1 0.78 1.77 
0.00 0.00 8.97 

15:08 10 379 316 1 0.98 1.94 
26.31 0.56 7.89 

15:08 15 379 284 1 1.47 1.94 
24.22 0.52 13.00 

15:08 20 379 257 1 1.97 1.94 
42.40 0.91 12.24 

15:08 25 379 239 1 2.46 1.94 
26.14 0.56 11.57 

15:08 30 379 219 1 2.95 1.94 
25.46 0.55 12.57 

15:08 40 379 203 1 3.94 1.94 
23.42 0.50 12.35 

10:5 10 380 287 1 1.57 2.78 
29.62 0.64 12.87 
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10:5 15 380 247 1 2.36 2.78 
34.66 0.74 12.06 

10:5 20 380 218 1 3.15 2.78 
22.57 0.48 11.88 

10:5 25 380 195 1 3.94 2.78 
29.60 0.63 11.93 

10:5 30 380 176 1 4.73 2.78 
32.77 0.70 11.35 

10:5 35 380 161 1 5.52 2.78 
29.24 0.63 11.57 

15:8 10 379 316 1 0.98 3.41 
17.45 0.37 12.35 

15:8 15 379 284 1 1.47 3.41 
5.72 0.12 11.79 

15:8 20 379 257 1 1.97 3.41 
25.32 0.54 10.35 

15:8 25 379 234 1 2.46 3.41 
30.24 0.65 12.35 

15:8 30 379 216 1 2.95 3.41 
30.06 0.64 11.46 

10:5 10 380 287 1 1.57 4.89 
13.78 0.30 11.57 

10:5 15 380 247 1 2.36 4.89 
23.49 0.50 11.46 

10:5 20 380 218 1 3.15 4.89 
19.28 0.41 13.48 

10:5 25 380 195 1 3.94 4.89 
34.70 0.74 12.79 

10:5 30 380 176 1 4.73 4.89 
28.07 0.60 12.55 

10:5 10 360 262 1 0.98 6.15 
39.50 0.85 12.35 

10:5 15 360 229 1 1.47 6.15 
31.03 0.67 14.36 

10:5 20 360 203 1 1.97 6.15 
47.70 1.02 13.68 

10:5 25 360 183 1 2.46 6.15 
22.18 0.48 12.46 

10:5 30 360 167 1 2.95 6.15 
31.70 0.68 11.24 

10:5 20 380 218 5 20.73 2.78 
0.00 0.00 10.27 

10:5 30 380 176 5 31.1 2.78 
0.00 0.00 10.23 

10:5 20 380 218 3 12.44 2.78 
0.00 0.00 9.23 

10:5 30 380 176 3 18.66 2.78 
0.00 0.00 7.93 

10:5 15 380 247 3 9.33 2.78 
0.00 0.00 10.24 

10:5 20 380 218 2 8.29 2.78 
0.00 0.00 10.23 
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10:5 30 380 176 2 12.44 2.78 
0.00 0.00 11.03 

10:5 15 380 247 2 9.33 2.78 
7.48 0.16 12.64 

10:5 10 380 287 2 4.14 2.78 
7.53 0.16 13.48 

10:5 10 380 287 3 6.22 2.78 
10.08 0.22 11.24 

10:5 15 380 247 1 1.57 2.78 
4.41 0.09 12.35 

10:5 15 380 247 1 1.57 2.78 
17.02 0.36 14.57 

10:5 15 380 247 1 1.57 2.78 
17.14 0.37 11.36 

10:5 25 380 195 1 3.94 2.78 
23.95 0.51 13.47 

10:5 25 380 195 1 3.94 2.78 
28.47 0.61 13.46 

10:5 25 380 195 1 3.94 2.78 
22.38 0.48 12.35 

10:5 15 380 241 1 1.57 7.96 
32.77 0.63 10.57 

10:5 20 380 211 1 1.57 7.96 
29.24 0.30 10.68 

10:5 25 380 187 1 1.57 7.96 
17.45 0.48 11.48 

10:5 30 380 169 1 1.57 7.96 
5.72 0.35 11.28 

10:8 15 360 222 1 1.57 9.94 
25.32 0.64 13.27 

10:8 20 360 196 1 1.57 9.94 
30.24 0.73 14.68 

10:8 25 360 179 1 1.57 9.94 
30.06 0.59 12.38 

10:8 30 360 159 1 1.57 9.94 
13.78 0.79 14.57 

10:5 10 380 222 2 1.57 7.96 
23.49 0.70 11.73 

10:5 10 380 196 1 1.57 7.96 
19.28 0.63 11.85 

10:5 20 380 179 1 1.57 7.96 
34.70 0.37 12.99 

10:5 30 380 159 1 1.57 7.96 
28.07 0.12 11.77 

10:5 10 380 222 2 1.57 9.63 
39.50 0.54 11.78 

10:5 20 380 222 2 1.57 9.63 
31.03 0.65 11.85 

10:5 10 380 196 1 1.57 9.63 
47.70 0.64 12.88 

10:5 20 380 179 1 2.45 9.63 
22.18 0.30 11.51 
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10:5 30 380 159 1 3.45 9.63 
20.32 0.50 11.04 

10:5 10 380 287 2 8.88 2.78 
17.09 0.37 12.99 

10:5 20 380 218 1 8.88 2.78 
14.82 0.32 11.77 

10:5 15 380 247 1 6.66 2.78 
17.80 0.38 11.78 

10:5 10 380 287 1 4.44 2.78 
18.23 0.39 11.85 

10:5 10 380 287 1.5 6.66 2.78 
22.85 0.49 12.88 
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Appendix 2 

The purpose of this Appendix is to provide data supporting the discussion presented in 

Chapter 7. Figures are identified by legends which are referred to within the text of 

Chapter 7. 

Figure A2.1 shows XRD patterns of YOOH phosphor nanoparticles produced with 

different concentration of hydrogen peroxide in the auxiliary feed showing an relative 

increase in the concentration of oxidising species in the reaction had no influence on 

material phase. 

 

 

Figure A2.1:  XRD patterns obtained for YOOH phosphors synthesised with the addition 

of hydrogen peroxide to the metal salt solution and  1.0 M KOH in the auxiliary feed, i) 

0.2 M, ii) 0.4 M, iii) 0.6 M, iv) 0.8 M  hydrogen peroxide added to the auxiliary feed. 
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Figure A2.2 shows TEM images of (Y0.96Eu0.04)OOH nanoparticle annealed for durations 

of  60, 180, 300, 600, 1200 and  1800 s at 550°C. These materials were converted from  

(Y0.96Eu0.04)OOH to (Y0.96Eu0.04)2O3 . Phase identifications made through XRD showed 

that annealing times < 300 seconds are not suitable to completely dehydrate the material. 

Figure A2.3 shows the evolution of crystallite size determined from ca. 300 particles 

observed in figure A2.2 as a box plot to clearly show coarsening events occurring in the 

samples. 

 

Figure A2.2: TEM images of (Y0.96Eu 0.04)OOH phosphor nanoparticles heat treated at 

500 °C for a) 60 s b) 180 s c) 300 s d) 600 s e) 1200 s f) 1800 s (Images were captured 

using JEOL 100CX) 
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Figure A2.3: Box plot representing the particle size distributions measured from Figure 

A2.2 as a function of heat treatment time. 

Figure A6.4 shows a schematic of the carbodiimide coupling reaction used to graft mono 

end NH2-PEG molecules of 2 and 5 kDa to the surface of citric acid coated (Y0.96Eu0.04) 

OOH nanoparticles. 

 

 

FigureA6.4 : Schematic representation of the carbodiimide coupling reaction used to 

functionalise the surface of citric acid coated (Y0.96Eu0.04) OOH nanoparticles.  
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To demonstrate the potential application of citric acid coated (Y0.96Eu0.04)OOH and 

(Y0.96Eu0.04)2O3  NPs as fluorescent probes they were visualised under conditions 

analogous to a typical in-vitro fluorescence imaging experiment. Particles were sparsely 

dispersed on cover-glass and visualised using 470 nm excitation / 620 nm emission and 

resolvable fluorescence from both dispersions of particles was observed as shown in figure 

7.20). The diameter of fluorescence signals was typically in the order of 1-2 pixels (ca. 1 

pixel = 270 nm) and histograms representing the diameter of ca. 50 down converted 

fluorescence signals are shown in figure A2.5. These observations  suggest that most of the 

luminescence observed is from single citric acid coated-coated NPs when the 

approximated wave spread function of the microscope is considered (λ/2 =320 nm).  

 

Figure A2.5: Histograms based distribution of down converted fluorescence from 50 down-

converted luminescent spots a) (Y0.96Eu0.04)OOH-CA b) CA-(Y0.96Eu0.04)OOH  and c) 

(Y0.96Eu0.04)2O3-CA. 
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Appendix 3 

Scale up of nanoparticle synthesis using CHFS 

This appendix contains supplementary data and discussion relevant to the topics addressed 

in chapter 8. The data is presented in the order in which it is referred to within the text of 

chapter 8.  

A3.1: Synthesis and Characterisation of ZnO Nanoparticles (Chapter 8, Section 8.3.2)  

Figure A3.1 shows a selection of TEM images and associated indexed SAED patterns of 

ZnO synthesised using the pilot scale CHFS processes confirming the phase of the material 

under observation. Figure A3.2 shows the UV-VIS absorption spectra and KM functions 

calculated for the samples produced in Section 8.3.3 which assessed the mass based scale 

up of ZnO nanoparticle synthesis. 

 

Figure A3.1: Indexed SAED patterns of ZnO synthesised using the pilot scale CHFS 

process using a) 0.2M Zn(NO3)2 [0.1M700] b) 0.6M Zn(NO3)2 [0.2M700] c) 0.9 M 

Zn(NO3)2 [0.9M700] alongside images representative of the particles produced in each 
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synthesis confirming the morphology change of ZnO as a function of precursor 

concentration.  

 

 

Figure A3.2: Normalised UV-VIS spectra of ZnO nanoparticles produced as a function of 

precursor concentration. Figure inset,  shows the KM function of the data (Both figure and 

inset have a common key) 
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Figure A3.3 shows a further analysis of the growth of ZnO nanoparticles produced in 

Section 8.3.3. This data severs to confirm that the growth direction of the nanoparticles 

was consistent in the sample series. 

 

 

Figure A3.3: Compilation of HREM images of the ZnO sample produced in PPZnO10 a) 

Low magnification image representative of the particle population b) HREM image of the 

hexagonal ZnO nanoparticle c) HREM image of the tip of the rod like particle d) Indexed 

electron diffraction pattern of the single crystallite presented in image [c] the spot pattern 

could be indexed to the (0002) and (10ḹ0) planes. 
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A3.2: Characterisation data for Magnetite Nanoparticles: 

This Appendix section serves to present data for the scale up of magnetite nanoparticle 

synthesis using the pilot scale CHFS process. The data forms a data set used for the 

comparison of magnetite nanoparticles produced at different volumetric scale up and mass 

based scale up ratios as presented in Chapter 8.  Table A3.2 provides a summary of the 

synthesis conditions used (alongside sample identifiers) and a summary of the 

characterization data obtained for each sample. Figure A3.4 shows the XRD patterns of 

samples PPM1-9 which  indicate that the products are well crystallised and have a cubic 

inverse spinel structure (space group Fd-3m) known for bulk magnetite and maghemite 

(ICDS 082234  and 79196, respectively). Application of the Scheerer equation to the (311) 

reflection gave crystallite size estimates which ranged from 9.4 – 17.4 nm (as summarised 

in table A3.2) consistent with size estimates for samples obtained previously (Chapter 5).  

Table A3.2: Summary of the synthesis conditions and characterisation data obtained for 

magnetite nanoparticles produced at different volumetric scale up ratios. 

 Flow rates 

(mL min
-1

) 
Precursor 

(M) 

Tmix1 

(°C) 
RT 

(s) 

Cs (nm) BET surface area TEM data Yield 

(%) 

Qsw   Qp S.A  (m
2 

g
-1

) 
ESD  

(nm) 

Mean SD 

PPM1 400 360 0.066 348 1.17 10.1 85.0 13.69 12.9 4.30 87 

PPM2 400 360 0.1 348 1.17 9.5 95.7 12.17 13.1 3.88 82 

PPM3 400 360 0.2 348 1.17 9.6 89.4 13.02 15.1 4.93 85 

PPM4 

300 270 

0.066 

348 

1.55 

11.6 73.3 15.88 16.5 4.59 

 

87 
PPM5 300 270 0.1 348 1.55 9.1 90.1 12.92 14.5 4.36 83 

PPM6 300 270 0.2 348 1.55 9.9 97.3 11.96 14.6 5.78 80 

PPM7 200 180 0.066 348 2.30 9.3 70.1 16.60 14.1 5.34 77 

PPM8 200 180 0.1 348 2.30 8.8 85.2 13.66 13.1 3.90 79 

PPM9 200 180 0.2 348 2.30 9.1 85.0 13.70 13.3 6.55 86 

Key: Tmix1 = The reaction point temperature (°C) determined from enthalpy balance, RT =  

the reaction residence time (residence time is defined by the reactor volume and the 

velocity of the reactor contents at Tmix1), Qsw = the flow rate of preheated water (450 °C, 

24.1 MPa), Qp = the precursor flow rate (ammonium iron (III) citrate), Cs =  is the 

crystallite size determined from the application of the Scheerer equation to the (311) 

reflection in the XRD data and ESD = the equivalent sphere diameter calculated using the 

BET surface area data using equation 2.6.  

As discussed initially in Chapter 5 magnetite (Fe3O4) and maghemite (γ-Fe2O3) can both 

crystallizes in the spinel structure with ferrous and ferric ions in the octahedral sites of the 

spinel lattice, adopting the space group Fd3m.  It is likely the reaction products from the 
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scaled CHFS process have similar coordination environments for iron contained within the 

spinel structure to those initially produced in Chapter 5. The observations initially 

presented in Chapter 5 for the formation of magnetite using continuous hydrothermal 

systems showed large differences in the concentration of oxidising or reducing species 

were required to alter the phase of the product. The reactions governing the formation of 

magnetite i.e. the thermal decomposition of the citrate anion seems to have scaled although 

have not been explicitly evaluated as a spinel phase iron oxide was obtained as the only 

reaction product. The slight variation in reaction residence time as summarised in table 

A3.2 was shown to have little influence on the crystalinity or crystallite size produced in 

reactions PPM1-9 consistent with the data and discussion presented in Chapter 5.  

 

Figure A3.4: Comparison of diffraction patterns of magnetite nanoparticles produced 

using the pilot scale CHFS process (samples PPM1-9). 

TEM was used to further assess the physical characteristics of samples PPM1-9. The TEM 

images (figure A3.5) show that the particle morphology was largely invariant of 

processing conditions or volumetric scale-up ratio chosen for each synthesis, consistent 

with the observations presented earlier within this thesis.  The average particle sizes and 

distribution were calculated from the measurement of ca. 300 particles as summarised in 
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table A3.2. Particle size was shown to be largely invariant of processing condition or 

precursor concentration. 

 As the sample size (quantity of material) produced on the pilot scale process was 

invariably large, BET surface area data was also generated for each of the samples to 

ensure observation made using both XRD and TEM were consistent. The measured surface 

area and equivalent sphere diameter assuming a material density of 5.15 g cm
-3

 are 

summarised in table A3.2 and yielded size estimates consistent with all other methods. 

This observation has been attributed to the comparatively low solubility of Fe in near 

critical water (Chapter 5). This sample series is also consistent with the synthesis occurring 

in a reaction condition in which particle nucleation dominates particle growth phases.  

 

The magnetic properties of the magnetite samples produced on the pilot scale CHFS 

process to assess whether scale up had any influence on the magnetic structure of the 

material. Figure A3.6a shows M(H) curves measured at 300 K for the particles produced in 

reactions PPM1-9. All samples showed superparamagnetic like behaviour with low 

coecivity in the near 0 Oe region as shown in figure A3.6b.  The magnetic properties of  

each sample taken from these measurements are summarised in table A3.3. Figure A3.6a 

shows that Ms of each of the samples varied considerably but no definitive trend could be 

established with any one experimental variable. The magnetic properties of nanosized iron 

oxides are known to vary and these observations can be attributed to many physiochemical 

and structural characteristics as discussed in greater detail within Chapter 5. As such, 

calculation of the effective ferromagnetic diameters (μfm) of the samples produced using 

the pilot scale CHFS process by fitting the magnetisation data with a Langenvin function 

(detailed in Chapter 2) are summarised in table A3.3. Where, the estimation of size from 

magnetic fitting showed significantly smaller magnetic particle diameter’s to those 

determined by other structural techniques. This observation can be attributed to the 

presence of a magnetically frustrated phase within each sample and accounting for a large 

proportion of the nanoparticle volume as the contribution of paramagnetic-like 

susceptibility (χ) [accounting for the non-saturating behaviour] increased with decreasing 

Ms, suggesting a degree of magnetic polydispersity is observed in these samples. These 

observations are consistent with those presented in Chapter 5 and Chapter 6. From this 

analysis of the magnetisation curves it has been inferred that the magnetic structure of the 
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particles is difficult to reproduce using this synthesis methodology (as initially discussed in 

Chapter 6) and on scale up this observation was also made for materials that scaled up well 

in structure and physical properties. 

 

Figure A3.5: TEM images of magnetite nanoparticles synthesised on the pilot scale CHFS 

process; a) PPM1, b) PPM2, c) PPM3, d) PPM4, e) PPM5, f) PPM6, g) PPM7, h) PPM8, 

i) PPM9  (scale-bar = 50 nm). 
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Figure A3.6: a) MH curves of citric acid coated magnetite produced using the pilot scale 

CHFS process b) expanded plot showing the near 0 Oe region. 

 Table A3.3: Summary of the magnetic properties of magnetic iron oxides produced using 

CHFS. 

Sample 

Crystallite 

size TEM 

(nm) 

Ms (emu 

g
-1

 

[Fe3O4]) 

Hc (Oe) μ (nm) 

σ (nm) 
χ 

x10
-4 

PPM1 
12.9 57.7 

2.3 
5.89 

0.45 
0.40 

PPM2 
13.1 48.5 

1.89 
5.91 

0.34 
0.38 

PPM3 
15.1 48.0 

1.56 
4.92 

0.29 
0.47 

PPM4 
16.5 68.7 

2.1 
5.99 

0.32 
0.38 

PPM5 
14.5 69.7 

1.1 
6.18 

0.34 
0.33 

PPM6 
14.6 72.4 

2.3 
6.98 

0.32 
0.34 

PPM7 
14.1 48.4 

1.56 
5.98 

0.36 
0.41 

PPM8 
13.1 45.8 

1.80 
6.56 

0.42 
0.38 

PPM9 
13.3 59.6 

1.47 
4.93 

0.72 
0.44 

Key: Ms = saturation magnetisation (emu g
-1

), μ = effective ferromagnetic diameter (nm), 

σ = ferromagnetic diameter polydispersity (nm), χ = paramagnetic contribution on 

approach to magnetic saturation, 

To further evaluate the magnetic properties, the temperature dependence of Ms was meas-

ured at 5 and 300k for sample PPM5 as shown in figure A3.7a. The increase in Ms below 5 
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k can be attributed to the presence of a spin-glass like surface layer that undergoes a mag-

netic transition to a frozen state below Tb as initially discussed in Chapter 5. The fact that 

nonsaturated magnetization is still observed at 5 K indicates that a component of this sam-

ple is intrinsically nonferromagnetic, an observation made initially in Chapter 5. Similarly 

the increase in coercive field at 5 K measured as 53 Oe whereas at 300K a value of 1.1 Oe  

reported  is consistent with the sample behaving as a ferromagnet below Tb (figure A3.7a 

inset). ZFC/FC measurements further suggested a magnetically complex sample as the 

magnetisation in the FC measurement increases with decreasing temperature, suggesting 

that the broad cusp in the ZFC measurement this is not a blocking temperature but a freez-

ing transition temperature where moments from different magnetic environments are 

blocking an observation consistent with those made initially in Chapter 5. Where, in this 

case the broad transition in the ZFC curve is indicative of a wide distribution of energy 

barriers (despite the narrow physical size distribution) leading to a spread distribution of 

magnetic frustrations and suggests the presence of multiple magnetic phases in the sample. 

These measurements suggest that disorder not necessarily related to structural differences  

but magnetic domain disorder is also evident in the materials produced on the pilot scale 

process as was found to be the case in most magnetic nanoparticles produced using this 

methodology. 

 

Figure A3.7: Comparison of magnetisation magnetization curves measured at 5 K and 

300K, inset shows a the near 0 Oe region  magnified  to show the difference in coercivity 

b) FC (red)and ZFC (black) curves under an applied field of 100 Oe. 
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