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Abstract

This work reports the transient behavior of continuous flow synthesis of gold nanoparticles (Au
NPs) when subjected to perturbations in operating conditions using controlled experiments.
The intricacies are captured through a detailed mathematical model. Reversed Turkevich
protocol was used for synthesis of Au NPs. The synthesis was first studied in batch mode to
investigate the reaction kinetics and reproducibility of the process. The optimal set of operating
conditions viz., residence time, flow rate, temperature was then used for flow synthesis in a 2
m, 1/16” Polytetrafluoroethylene (PTFE) reactor with micromixer. Reactor clogging was
avoided by using segmented flow. Inline UV measurement was used for real time monitoring
of the process. Transient experiments were performed by abruptly changing the operating
conditions. A mathematical model was found to be accurate in predicting the transient
behavior of the exit precursor concentration and the particle size for unsteady state synthesis.
Even a small change in process variables for short duration was found to disturb the quality of
Au NPs for a significantly longer duration. Of the three operating parameters, the effect of
temperature variation was seen to have a prolonged effect where the system remained in
unsteady state for long time.

Keywords: Gold nanoparticles, unsteady behavior, continuous flow synthesis, particle size,
segmented flow



1. Introduction

Over the past decade research on the size and shape selective synthesis of metal
nanoparticles (NPs) has had an increasing impact on materials and surface science related
applications. These nanoparticles show a great potential for catalysis as well as for other
applications viz. sensing (1), coating, printing (2), diagnostics (3), targeted drug delivery (4),
bioimaging etc. In the nanoform, these materials have characteristic features such as optical,
electronic, physico-chemical properties, which are different from their bulk form. While a few
of these metallic nanoparticles are used at very large scale i.e. few tens of tons every year,
several of them are used at very small quantities, i.e. few kg/year. In general, most of these
are high value/low volume materials. The conventional synthesis based on bottom up
approach for some of these NPs is not easily scalable. The precise dependence of particle
nucleation and growth on temperature, concentration of reacting species, proximity of the
stabilizing species and the pH in the vicinity of the growing particle play a major role on
deciding the particle size distribution (5). These approaches need detailed engineering
analysis to translate them into a large scale nanoparticle synthesis process. Since the
properties of these NPs are sensitive to their size and shape, minor variations in process
conditions can lead to a very different material or even waste. Thus, it is advantageous to
monitor the quality of product during manufacturing and change the process parameters
accordingly.

Continuous flow synthesis facilitates consistency in the particle size and shape and thereby
provides an opportunity to directly interface analytical techniques during synthesis. Also, the
continuous flow processes have the potential to address issues of product quality, and process
robustness. Recent developments in the field of real time analysis have enabled the
development of flow synthesis of NPs with inline monitoring of particle sizes as well as the
extent of reaction (6). Such detection systems are able to extract data for the size, shape and
chemical composition of NP’s on a millisecond timescale. For example, online spectroscopic
methods have been used along with flow reactors for NPs synthesis (7-10). Sounart et al. (7)
used spatially resolved photoluminescence imaging and spectroscopy during microfluidic
synthesis of cysteine-capped CdS quantum dot nanocrystals (CdS-Cys). Jun et al. (8) reported
the UV/Vis spectroscopy coupled with microreactors for online process analysis of Au NPs
produced in capillary reactor. Toyota et al. (9) also used online UV-vis spectrometer for
analyzing CdSe Nanoparticles.

An inline measurement coupled with robust model-based control algorithm will be capable of
synthesizing NPs with improved quality, consistency and throughput. Very few attempts have
been made for complete automation of NPs synthesis. These reports are important as the
complexities in automating nanoparticle synthesis with precise particle size and shape is far
more complex than automating organic synthesis. In the first such attempt Krishanadasan et
al. (10) demonstrated incorporation of an inline analytical detection method with an
optimization algorithm. They observed significant improvement in the reaction optimization
procedure by application of a microfluidic reactor as an autonomous “black-box” system for
controlled synthesis. In this, two reaction parameters were controlled precisely while
monitoring photoluminescence (PL) spectra to maximize the CdSe nanocrystal PL intensity.
Toyota et al. (9) later reported a rapid screening system for CdSe quantum dots, using five
parallel microreactors and inline fluorescence spectroscopy. This approach was effectively
used for multiple reaction conditions, in order to determine and select of optimum conditions
to obtain improved particle characteristics.

Machine learning has great potential and offers advantages in nanoparticle synthesis. Xueye
and Honglin (11) reviewed studies using machine learning-assisted syntheses of
nanoparticles. Self-driving micro-fluidic reactors integrated with machine learning have been
used for the synthesis of quantum dots (Latif et al. 12), metal NPs (Berrada et al. 13) and lead
halide perovskite nanocrystals (Epps et al. 14). In a fascinating work, Epps et al. 2020 (15)
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developed a self-driving system named as Artificial chemist, which was capable of
autonomous data generation, learning, and continuous on-demand manufacturing of solution-
processed nanomaterials. This approach requires data from prior experiments. Same group
developed a surrogate model which used data from over 1000 in-house conducted
experiments of metal halide perovskite quantum dots synthesis.

While a significant body of literature exists on flow synthesis of nanomaterials, apart from
these few studies no noticeable work has been reported for fully automated
synthesis/production of nanomaterials. For achieving such a task, it is necessary to look at
certain finer aspects of what can result into a deviation in the material specifications and to
what extent. This becomes very crucial as it is almost impossible to develop separation at
nanoscale to differentiate between particles within 5 nm deviation for any mean size. Such
situations indicate that while flow synthesis helps achieve excellent control on size distribution,
a process control algorithm that uses data from inline measurements to control the product
properties is inevitable. Based on this data, the control algorithm will optimized the reaction
condition using mathematical model and will drive the system towards a desired goal. Here
we have made an attempt to couple an inline detection technique along with a developed
model to predict the unsteady behavior of continuous NP’s synthesis, which will sensitize the
flow synthesis community at large on the complexity of inducing small unsteady features in
the flow synthesis of nanomaterials.

Au NPs flow synthesis was used as a model system with an immiscible phase (heptane) that
wets the wall and eliminates fouling of the reactor (11). Continuous organic phase forms a
surrounding film around the aqueous droplets (12). Moreover, each formed aqueous phase
droplet can be considered as a mixed reactor which moves along the tube length. Thus, a two-
phase flow during NPs synthesis makes it analogous to a plug-flow reactor. Recently, Damilos
et al. (16) developed a continuous manufacturing platform using flow reactor for the synthesis
of aqueous colloidal gold nanoparticles (Au NPs). They also used two-phase flow system with
heptane as the continuous phase which facilitated continuous syntheses for up to 2 h without
wall deposition/fouling. In the current study we have used n-hexanol as a segmented fluid.

Atfter this brief Introduction, this manuscript is organized as follows. In the next section we
describe the experimental details and inline measurement system. Further we discuss the
development of a mathematical model for the unsteady state plug flow reactor to predict the
properties of Au NPs. The results and discussion section presents the estimation of kinetic
parameters from batch experiments. The effect of various process parameters in flow
synthesis is discussed followed by unsteady state experiments. Effect of step change in
process conditions on the conversion of Au precursor and Au NPs size is discussed in detail.
Further we compare the experimental results of unsteady state flow synthesis with those by
simulation.

2. Experimental
2.1 Materials and methods

Hydrogen Tetrachloroaurate (lll) Trihydrate (HAuCl4.3H,0, Alfa Aesar) (HTCT), Trisodium
citrate dihydrate (TCD), 99% (Na3;Ce¢Hs0,.2H,0, Alfa Aesar) and Tris(hydroxylmethyl)-
aminomethane (THAM), 99% ((HOCH,);CNH,, Alfa Aesar). n-Hexanol, 99%
(CH3(CH2),CH,OH, Loba Chemie) were used for synthesis of gold nanoparticles. De-ionised
water was used for all the aqueous solutions throughout the experimental series.

The size distribution of nanoparticles and their mean size was measured using differential
centrifugal sedimentation (DCS) (DC18000 Disc centrifuge, CPS Instruments, USA).
Transmission electron microscopy (HR-TEM JEOL JEM F-200 electron microscope) of the
samples was also performed to determine the morphology and also to verify particle size
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distribution. Ocean optics spectrophotometer (USB2000+XR) was used for recording the
online UV-Vis absorption spectra. Conversion of the Au precursor was measured by
monitoring the temporal variation in the substrate concentration using 240FS-AA Atomic
Absorption Spectrometer (Agilent Technologies). Solution pH was monitored using Thermo
Scientific pH meter (Eutech pH 450).

2.2 Experimental setup

The flow synthesis of Au NP’s was carried out in 2 m long, 1/16” Polytetrafluoroethylene
(PTFE) tubing (1.58 mm outer diameter, 1.1 mm inner diameter) (VICI, USA). Ferrules, fittings
and a micromixer (stainless steel 316) were used for all the required connections in the
experimental set-up. Dual syringe pump (HO-SPLF-1, Holmarc Pvt. Ltd., India) was used for
pumping the solution mixer at the required flow rate. The coiled reactor was dipped in an oil
bath maintained at 90 °C in a stirring condition (450 rpm) placed on IKA RCT basic hot plate
(Figure 1). The outlet stream was connected to a flow cell (quartz cuvette) of an inline U-Vis
spectrometer to allow the synthesized AuNPs solution pass through the cuvette and record
the position (Aspr) and the absorbance (Aspr) data throughout the reaction. The AuNPs
suspension leaving the flow cell was quenched in an ice bath to stop the reaction. Figure S1
shows the actual reaction setup.

Inline uv

Figure 1: Schematic of the experimental setup for flow synthesis of AUNPs. Syringe pumps
were used for dosing of Au precursor (A) and n-hexane (B).

3.1 Mathematical model for unsteady state plug flow synthesis of Au nanoparticles

In general, the plug flow reactors or even segmented flow reactors are considered to operate at
steady state except for the start-up and shut-down times when the composition inside the reactor
changes in space and time. In the present system under consideration, where we plan to study the
response of the outlet product i.e. Au NPs (composition, particle size and shape) to certain
operational perturbations, it is necessary to model the system in unsteady mode. The model should
be capable of predicting the property monitored by inline measurements and thus would help
comparing the transient situation at the outlet of the reactor. In this work, UV absorbance is
monitored, which depends on mean particle size. The dependence of UV absorbance on NP size
and number density for Au NP’s is given as (14):



Amax = 512 + 6.53exp (0.0216 d)

_14 ) d — 96.8\2
Agso=N x 10 X d“| —0.295 + 1.36 exp —( 78.2 )

where, d is the diameter of Au NPs, N is the number of particle present per unit volume, 4,4
is the peak wavelength of Au NPs sample, and A5 is the UV absorbance of Au NPs sample
at wavelength of 450 nm. Thus, it becomes necessary to develop a model which can predict
NP’s size and number density. One of the widely used models for metallic NPs synthesis using
reduction is the redox crystallisation (RC) model. The RC model predicts fractional conversion
of precursor instead of particle size and number density, however, this approach can be
modified to get the equations for particle size and number density.

3.1.1 RC Model

The RC model for the formation of Au NPs considers that the particle synthesis proceeds
through two stages, i.e. reduction reaction and crystallization. and it can be represented by
the following equations:

K.
HAuCl, + NasC¢Hs0, =AW L 3)
0 kn 0
Auy —2Aug 4)
k
AW +s* Sl (5)

It is assumed that the reduction of gold precursor (HAuCl,) by reductants (NazCecHs07) is a
reversible reaction in dynamic chemical equilibrium with an equilibrium constant K. as shown
in Eq. (3). Simultaneously, crystallization would occur whereby free soluble gold atoms in liquid
phase (4Auf) get transformed into solid state (Aul). Eq. (4) represents the typical phase
transformation behaviours of Au? into Au? via nucleation, which is irreversible and the growth
of nuclei via interaction between the surface active site (s *) and (Au) is given in Eq. (5), which
is also an irreversible phenomenon. Here k, and k4 are the nucleation and crystal growth rate
constants, respectively.

After considering the rate of individual reactions and some mathematical operations, the final
form obtained for fractional conversion of Au precursor is given by:

ki+ ks

Xx=1 aery= -2 (6)

_k2 + kle

Here ki and k, are modified kinetic parameters and based on Eq.(6), the RC model in terms
of UV absorbance can be given as Eq. (7):

ki+k;

A=A |1 — PP e (7)

where A, is the UV absorbance of Au NPs suspension at time t and A,,.x is the maximum UV
absorbance of Au NPs suspension (i.e after complete conversion).



3.1.2 Modified form of RC Model:

As discussed earlier, the final form of RC model (Eq. 6) fails to predict the size and number
density of NPs, and hence it needs to be modified to make it more useful for any design
purpose. Although Eq. (7) gives UV absorbance with respect to time, this equation cannot be
used for unsteady state as it involves A,.x which varies with temperature, solution and
agglomeration of nanoparticles. The modification is done to eliminate these constraints of the
RC model. The modified RC model takes the following form:

[Au)] = K. [NasCeHs0,][HAUCL) L. (8)
d[Au]
o = kolAuf] + kgs*[awf) L. (9)

Equation (9) comprises of two parts, i.e. nucleation and growth. Nucleation part is used to
estimate the change in number of particles while growth part is used to calculate the change
in average size of particles.

dlAuf]  (d[Aug] d[Au]]
dt :( dt +( dt ) """ (10)
nucleation growth
d[Au?] .
( o =knlAwd) L. (11)
nucleation
d[Au?] .
( o =kgs* [l L. (12)
growth
The rate of change in mass of NPs due to nucleation is given by
d[4ug] 4 . dN )
T =3Py e (13)
nucleation
Where r,is the size of nuclei.
Thus we get
an  (dlaul] .
===\ =<kpAaud] L. (14)
nucleation
where «= P
Also the rate of change in mass of NP’s due to growth is given by
d[Auf] d[Au]] dr
N as)

growth growth

Considering average particle size as r,,, we have;
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From equations (12), (15) and (16) we have;

(dra,,g) ~ Bkys* [Auf] an
dt - Nravgz ------

assuming the particles to be spherical in shape, the surface area of NP’s is given by:
s* =4nNree® L (18)

The amount of Au precursor remaining can be estimated by taking mass balance on gold
concentration;

[4u°] = [HAuCL,] + [Af] +[AW9] L. (19)

and the fractional conversion is given by:

[HAuCl,]
[Au’]

The above set of algebraic and differential equations (Eqn. 14, 16, 17,18, 19 and 20) can be
solved to get time evolution of average particle size and number of particles. These equations
were solved in MATLAB using ODE45 solver and the parameter estimation (mainly the rate
constants) was done by optimizing concentration profiles of Au precursor, Au NPs and
average particle size. More details of optimization are given in SI.

3.1.3 Modified RC model for PFR:

The abovementioned equations are for batch operation. In order to use them for the unsteady
flow synthesis, an unsteady state PFR model was developed and the final sets of equation
are:

o[ad]  mp? wp?dlaul]  wb[aullay

o =T (a[And] + Reys * [a]) = e + pr S S 21)
o e A - + % ............ 22)
(tfg) = ﬂDZﬁ]'ch'* [;4 ] _ mpiorm ﬂDZ-TZ-”gaV ............ (23)
ANT 4pg 4 ot 4p% Ot
sy=(amfirag) L. (24)

The above equations are for isothermal conditions. In order to consider temperature variations,
Arrhenius type of equations are employed for reduction, nucleation and growth.

—E¢

Ke=Ace™ (25)
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The variation of temperature inside reactor due to change in bath (surrounding) temperature
is obtained by incorporating heat balance equation:

where k is thermal conductivity of PTFE tube, A; is the total surface area of tube, C, is the
specific heat capacity of fluid inside tube.

ar, s the temperature gradient inside the tube which is established when the tube temperature

d
is changed abruptly, while d% is the temporal change in temperature of fluid inside the tube.

The specific heat capacity was taken based on the mass fraction of the fluids. Also as flow
rate was very low, heat transfer due to convection was not considered.

These PDEs were converted into ODEs by discretizing the reactor into several small sections
along the length. The obtained ODEs were solved in MATLAB platform using ODE45 solver.
The relevant details viz. equations, boundary conditions, the initial condition are given in the
Supporting Information. The kinetics estimated from batch synthesis were used to determine
the conversion and particle size in flow synthesis. The obtained particle size and number
density was utilized to get the simulated value of UV absorbance as per Eqn. (1) and (2).

4 Results and Discussions
4.1 Batch Synthesis

Citrate Reduction (reverse Turkevich) method that yields highly monodisperse AuNPs with
size in the range of 10-20 nm was used for the synthesis of gold nanoparticles. In reverse
synthesis method, the gold precursor HTCT was added to a heated stirring solution of TCD
and THAM at desired temperature. The temperature of reaction mixture is held constant by
immersing flask in an oil bath maintained at constant temperature. A significant improvement
in the monodispersity, uniformity and size tunability with a change in pH of the Au
nanoparticles has been observed by using THAM along with TCD in contrast to using only
TCD. Several studies (17-22) have shown that small variations in the pH in citrate reduction
method can alter the average particle size and is due to the different formation mechanisms
of Au NPs at different pH conditions.

Several experiments were performed at different temperatures (85 °C, 90 °C, 95°C and 100
°C) at 600 RPM to estimate the kinetic parameters. The initial concentration of HTCT in all of
the experiment was 0.5 mM while the concentration of TCD was varied form 0.8 mM to 4 mM
(TCD/HTCT ratio varied from 1.6 to 8). The pH of reaction mixture was observed to be between
4.5 to 6.5. Samples were taken periodically to monitor reaction conversion and AuNPs size.
With an increase in reaction temperature to 100°C more than 95% conversion was observed
in a short time (Fig. 2) with the mean particle in the range of 25-35 nm. The particles



synthesized at lower temperature showed a considerable growth with the final particle size
about 7026 nm. The TEM micrographs depicted hexagonal shaped particles being formed
(Figure 3).

4.2 Estimation of kinetics from the batch synthesis:

Experimental data at different temperatures, time, concentration and Au NP’s size was utilized
to estimate the kinetics of Au NP synthesis. Equations (14, 16, 17, 18, 19 and (20) were solved
to estimate kinetic parameters by optimizing the time evolution of Au precursor concentration
and average particle size. Parameters were estimated for Arrhenius form of equations (Eq.
25-27) so as to account for the temperature effects in transient experiments. The estimated
parameters are given in Table 1. The values of pre-exponential factor and the activation
energy indicated that while the nucleation is the fastest, it also needs sufficiently higher
temperature to get activated. On the other hand, growth is a relatively slower phenomena with
much lesser energy barrier.
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Figure 2. Experimental profile for (a) Au precursor concentration and (b) Au NPs average
particle size for batch synthesis at varying temperatures, THAM =4 mM and TCD = 1 mM.
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Table 1. Au NP’s synthesis kinetics using modified RC model.

Reaction step | Pre-exponential factor | Activation Energy (kJ/mole)

Reduction 9.884x10" 87.73
Nucleation 1.095x1013 92.20
Growth 4.811x108 23.28

4.3 Flow synthesis

The process of reduction and its outcome (shapes and sizes) are intricately dependent on
basic operational parameters, such as sequence of addition and efficiency of mixing of
reagents. Hence maintaining reproducibility and consistent particle size from every batch
experiment is a major challenge in this seemingly straightforward process, which further
makes its scale-up more challenging. Continuous flow microreactors, by the virtue of their
excellent control over reagent mixing in space and time within narrow channel networks,
improved mass and heat transfer and enhanced reproducibility of the product properties
produce AuNPs’ in more reliable, reproducible and scalable ways. The batch kinetic data was
utilized to determine the optimal operating conditions (residence time, flow rate) in flow mode
of the reaction. Initial experiments on flow synthesis of gold nanoparticles without any
segmenting fluid resulted in the particle deposition on the reactor walls (Fig S2). The
deposition issue was overcame using an inert organic phase n-hexanol during the continuous
reaction process. Both, the reactant aqueous phase and the organic phase are delivered at
the same flow rate, which results in segmented flow that prevents the deposition of gold
nanoparticles on the PTFE reactor walls during the course of reaction. The flow rate was
calculated (0.15 ml/min) so as to have smaller Capillary number (Ca) to avoid clogging (23).

The likelihood of clogging can be assessed by clogging time, i.e. the time needed to reach
clogging condition in a flow reactor. The clogging time depends on various parameters viz.,
particle density, particle concentration, fluid velocity, ratio of the particle settling velocity to
superficial velocity, velocity profile in the reactor, physical properties of the fluid, etc. While
smaller Ca can help avoid clogging, lower velocities can actually allow the particles to settle.
It is reported in the literature that the use of hydrophobic microreactor and inert liquid dosing
delays clogging and increases the clogging time (24). In the presence of inert liquid with non-
wetting capillary wall, the deposition at the wall is minimal. In such case, the solids remain
enclosed inside the dispersed phase (in this case aqueous phase) thus avoiding clogging.
Hence although for some cases low capillary number may result in clogging, in current study
clogging was not observed due to the presence of a dispersed phase. Segmented flow also
ensures good mixing and narrow residence time distribution leading to reproducible gold
nanoparticles (25). Typical TEM images of Au NPs synthesized in batch and flow are shown
in Figure 3. It is quite evident that the product obtained in flow synthesis was similar in terms
of size, shape and particle size distribution as that obtained in batch. Capillary number
represents the relative effect of viscous forces vs. interfacial tension forces acting across an
inter-face between two immiscible liquids. The change in the flow regime induced rapid
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decrease in clogging time at higher Ca. The change in the flow regime induced rapid decrease
in clogging time at higher Ca. It is reported that for liquid—liquid slug flow, for 0.0001 < Ca <
0.01, medium size slugs deform due to the Laplace pressure difference alongside the length
of the slugs. Higher Ca corresponds to higher velocity in the capillary where the vortices

Flow synthesis

0.025 Batch synthesis

0.02
0.015

0.0-05 - ""
.Jv:,i

20 30 40 350 60 70 80 90 100 110
Size (nm)

Fractional size distiibution

Figure 3: TEM images for Au NPs for (a) batch and (b) flow synthesis (c) Size distribution
obtained from DCS. Temperature 85 °C, HTCT 0.5 mM, THAM =4 mM and TCD = 1.2 mM,
batch time 35 min and flow synthesis residence time 33 min.

become smaller in front and wider at the rear of the slug due to increase in shear forces and
deformation of the slugs. This vigorous motion at the rear end of slug leads to reduction in the
tendency of formation of the solid shells. In such a situation instead of shell formation,
associative growth followed by cluster formation of precipitated salt particles takes place in
the continuous aqueous phase leading to relatively faster clogging. In view of this, smaller Ca
would help to avoid induction of rapid clogging in the capillaries.

4.4 Insights of the transient features of nanoparticle formation

To understand the response to perturbations in flow synthesis of Au NPs, several transient
experiments in continuous flow mode were performed. These experiments were performed
either by inducing a pulse change or a step change in temperature or flow rate of the reactant
mixture. Details of the transient experiments performed are given in Table 2. Simulations were
also performed to predict the average particle size and conversion after these perturbations
and subsequently analyzing the transient behavior of process over wide range of conditions.

Table 2: HTCT, TCD and THAM concentrations, reactants and n-Hexanol streams flow rates
and residence times in the 4ml reactor (*increase in the flow rate by 60% by short step change
and **decrease in the flow rate by 60% by short step change)
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Sr. No. Concentrations Flow rates Residence | Temperatur
time(min) | e (°C)
HTCT TCD THAM VReactant VnHexanoI
(mM) (mM)
(mM) | (ml/min) (ml/min)
1 0.5 1.2 4 0.15 0.15 13.33 85 (| to RT)
2 0.5 1.2 4 0.15 0.15 13.33 90 (| to RT)
3* 0.5 1.2 4 0.24 0.24 8.333 85
(60%1)
4> 0.5 1.2 4 0.06 0.06 33.33 85
(60%)

4.4.1 Transient temperature change:

The experiment 1 (Table 2, Entry 1) was carried out at 85 °C at a flow rate of 0.3 ml/min. The
reaction was allowed to reach a steady state till 5 times residence time (= 5 x 13 min) and then
was shifted to room temperature for a few time. The particles evolved during this course of fall
in temperature were more polydispersed in nature as depicted by the particle images (Figure
4b and 4c). Subsequently, the temperature was increased to 85°C to study the dynamic
morphological behavior of AUNP’s. Inline UV-Vis spectrophotometer continuously monitored
the reaction dynamics as the product Au NPs solution passed through the flow cell. It was
observed that the system attained steady state after 84 min and UV absorbance was restored
to the value prior to first change in temperature. The particle size distribution was also found
to be similar to those obtained before decrease in temperature. Similar results were also
obtained for experiment performed at 90 °C, (Table 2, Entry 2).

1M nm

1 nm

.&
EN

(b)
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1M nm 1Mk nm

(c) (d)

Figure 4: TEM micrographs for AuNPs collected after regular intervals of time during the

progression of reaction with transient change from 85 °C to 35 °C: (a) 40 min, (b) 60 min,

(c) 80 min and (d) 100 min.
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Figure 6: Experimental vs simulated normalized UV absorbance profile at 450 nm for transient
experiment at 85 °C and reduction to room temperature.

Typical nature of response of flow synthesis to these perturbations can be assessed based
on inline UV data. Figure 5 shows the comparison of inline UV absorbance data with time at
two different temperatures of 85 °C and 90 °C, which shows almost similar nature of response
at both temperatures. Simulations were carried out for these two transient experiments to
predict UV absorbance as per Equation (2). A comparison between experimental and
theoretical UV absorbance is shown in Figure 6. The simulated profile showed trends similar
to the actual experimental data with an over estimation by 6.67% than the actual value, which
is not a very large deviation. This implied that the modified RC model is able to capture the
dynamic behavior of system correctly but only in terms of trend and transient response.
Difference was observed in terms of exact magnitude of the UV absorbance, i.e. concentration
of particles.

Several simulations were also performed for transient temperature change; viz. (i) Case 1:
flow synthesis of Au NP at 90 °C for 54 min followed by a step change in the bath temperature
to 25 °C for 20 min followed by immersing the reactor again in oil bath maintained at 90°C. In
this case, thermal conductivity effect was not considered. (ii) Case 2: Same as Case 1 except
that the heat transfer effect was considered. (iii) Case 3: Pulse change in temperature after
54 min by reducing temperature from 90 °C to 25 °C for only 0.1 minute followed by immersing
the reactor again in oil bath maintained at 90 °C. (iv) Case 4: feed A and B were separately
heated before mixing and bath temperature was give step change from 90 °C to 25 °C for 20
min. Figure 7 shows the results for various cases of transient temperature simulations.

When the thermal conductivity of the tube wall is not considered in the model, an immediate
fall in Au NPs size is observed when compared with the cases where thermal conductivity
effects were taken into account. Although the difference was small, we can conclude that
considering thermal resistances actually delays the effect of disturbance. Since incorporation
of heat transfer equations (for segmented flow in a PTFE tube) gave temperature profile close
to the actual temperature profile, in all subsequent simulations involving temperature change,
heat transfer equations were considered to have a more accurate depiction of the outlet
observations. As temperature is kept constant at 25°C for some time in both, Case 1 and
Case 2, the outlet concentration of Au precursor attains the same value as that at inlet
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Figure 7: Simulation results for transient temperature cases. (Left) Transient variation in the
exit concentration of HAuCI, precursor, (Right) Transient variation in the average Au NP’s
size. (HTCT = 0.5mM, TCD = 1.2mM and THAM = 4 mM, Residence time = 13.33 min.)

indicating almost negligible conversion. The same was evident from the average Au NPs size
which falls to zero. For pulse change in temperature, slight increase in Au NPs size is observed
before it reverts to the original value. This increase in the particle size showed that none of
the slugs of Au precursor attains the minimum temperature of 25 °C in the time period of pulse
change (0.1 min). In Case 3, most of the slugs are at quite higher temperature but lower than
90 °C. Reduction in the temperature over a short time reduces the nucleation rate and later
enhances the growth rate leading to slightly bigger size Au NP before returning to a steady
value as before. Thus, although for the short time period, the conversion is lower,
corresponding particle sizes at the outlet are larger. Importantly, the entire duration for which
the effect of a pulse change of 0.1 minute is seen at the reactor outlet is almost equal to
residence time, which is quite significant. Also for case 4, in which feed A and B were
separately heated before mixing and bath temperature was given a step change, the change
in outlet concentration was delayed as compared to case 1 to 3 in which feed were not
preheated. This is because as feed is preheated, actual drop in temperature of reaction mass
will not be immediate. This will largely depend on heat transfer coefficient which is very low
for current system due to laminar flow inside reactor. The final temperature obtained inside
the reactor in case 4 is higher than that obtained in case 1 and case 2. Due to this conversion
is higher and hence Au precursor exit concentration is lower in case 4. When experiments
were performed at these corresponding conditions, the observations were seen to be correct
and a slight red shift in the UV-vis spectra was observed for a very short time. With these
observations, it was further necessary to assess the effect of other transient effects on the
particle properties.

4.4.2 Transient flow rate change:

In order to study the effect of change in flow rate of reactants during reaction, three different
cases were simulated. These cases are: (i) Case 5- Increasing flow rate by 60% after 54 min
(i.e. after 4 residence times) for 1 min followed by reverting to the original value. (ii) Case 6:
repeat Case 4 by keeping the higher flow rate only for 0.1 min. and (iii) Case 7: Same as case
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6 but the only difference is change in flow rate was 100%. Figure 8 shows the results for
various cases of transient flow rate experiments.

2.60E-05
< 2.50E-05
£
[}
o
S 2.40E-05 Case 5
s 1 | | ----- Case 6
g230e05 [ | Case 7
5 !
3 .
d
% 2.20E-05
<
2.10E-05
0 30 60 90 120
Time (min)
(a)
56
558
E H
£ Case 5
~§ - T R B Case 6
w | e Case 7
©
a 55.4
z
=
<
55.2 J
55
0 30 60 90 120
Time (min) (b)

Figure 8: Simulation results for transient flow rate cases. (a) Simulated profile for HTCT
precursor exit concentration. (b) Simulated profile for average Au NPs size. (HTCT = 0.5mM,
TCD = 1.2mM and THAM = 4 mM, Initial residence time = 13.33 min, residence time during
perturbation: Case 4 = 8.33 min, case 5 = 8.33 min and case 6 = 6.67 min.)

Variations in the flow rate were seen to affect the reaction progress only marginally even for
100% increase. Although the effect of pulse change by 60% for 1 min on Au precursor exit
concentration is observed to be higher, effect on Au NPs size is negligible. On the other hand,
pulse change of even smaller duration 0.1min does not affect Au precursor outlet
concentration significantly. In any case, the effects of such a change were significant in terms
of their time foot print as even for a change for 0.1 minute, the actual time needed to reach
the steady state was more than one residence time.

Several simulations were carried out to understand the time needed for system to reach steady

state for different time steps for which changes were made. A linear relationship was observed
between them for all the three variables (Figure 9). However, the time required for attaining
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the steady state was highest for temperature change as compared to others. This is quite
obvious as temperature change affects every slug moving in the reactor and hence it affects
conversion even in slugs which are about to leave the reactor. On the other hand, recovery to
steady state was fastest in the case of change in inlet concentration. Since dispersion effects
were not considered, slugs already present in the reactor were not affected by any change in
inlet concentrations. Thus, one would expect the time required for attaining steady state would
be equal to the total time taken between initiation of change and the time when the system
attained its original conditions.
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Figure 9 . Time needed for system to reach steady state vs. time for which condition was
changed. (HTCT = 0.5mM, TCD = 1.2mM and THAM = 4 mM, Residence time = 13.33 min)
(Change in conditions is achieved gradually in 1 min for all cases).

It is also important to know how quickly changes are induced in the system and as a result
how system behaves. Figure 10 shows the response of Au NPs synthesis to a short-lived
change (1 min), but the rate of change was varied. Similar to the previous case, it was
observed that the change in temperature causes significant disturbance in the system and it
required long time recover. Even for a deviation in the system for as small as 1.2 min from
constant temperature (0.1 min cooling + 1 min steady temperature + 0.1 min heating to attain
original temperature), the system took almost 15 min to regain its original steady state.
Although in this case, scale of temperature change was higher (from 90 °C to 25 °C and again
back to 90 °C), we can say that even a short-lived and rapid change in temperature can
substantially affect the quality of Au NPs.
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Figure 10. Time needed for system to reach steady state vs. time in which change was
achieved. (HTCT = 0.5mM, TCD = 1.2mM and THAM = 4 mM, Residence time = 13.33 min)
(Change in conditions is for 1 min for all cases.).

4.4.3 Perturbation in the inlet concentration:

In order to study the effect of change in the inlet concentration, simulations were carried out
for different conditions for transient change in concentration with both pulse and step changes
once the system reaches steady state. These are given as Case 8-10, where in Case-8, after
60 minutes, the inlet Au precursor concentration was decreased by 40% and kept constant
subsequently, while in Case 9 it was increased by 40% and kept constant subsequently. In
Case 10, a pulse change of concentration was done by reducing concentration by 40% from
0.5 mM to 0.3 mM for only 1 minute after running the reactor for 60 min at steady state. The
outlet concentration as well as particle size were monitored to understand the actual time
needed to reach a subsequent steady state. Figure 11 shows the results for various cases of
transient inlet concentration experiments.
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Figure 11: Simulation results for transient inlet concentration cases. (a) Simulated profile for
HTCT precursor exit concentration. (b) Simulated profile for average Au NP’s size. (TCD =
1.2mM and THAM =4 mM, Residence time = 13.33 min, Initial HTCT concentration = 0.5mM,
HTCT concentration during perturbation: Case 7 = 0.3mM, Case 8 = 0.7mM and case 9= 0.3
mM)

The effect of transient change in inlet concentration is quite predictable. The change in inlet
concentration is reflected after a delay of residence time. Moreover, it does not affect the
reaction mixture which is already present in flow reactor prior to change and hence a gradual
shift to another steady state is observed. This is also observed for all the cases where sudden
change in exit concentration of Au precursor is observed at around 73 min. The pulse change
made for 1 minute was seen to remain effective for almost 4 minutes and the particle size
varied over 34 - 55 nm. This implies that continuously pulsating system will always give
continuous variation in the particle size and hence would result in a wide size distribution and
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the rate of pulsation will decide the nature of distribution (i.e. Gaussian or bimodal or
multimodal). In view of this, it is necessary to maintain fixed concentration as well as fixed flow
rate of the substrates, which is the key requirement of ensuring the desired nucleation as well
as growth rates. This also implies that using the right kind of pumping system with zero
pulsation or variation is an essential requirement for flow synthesis of nanoparticles, even in
segmented flow regime.

Further, the effects of these changes are seen to be a strong function of the duration of
variation as well as the rate of variation. Thus, making a flow synthesis faster to reduce the
foot print of a set-up is also more prone for showing pronounced effects of pulsation or
variation in the conditions. Overall, the effect of change in temperature in flow synthesis of Au
NPs is found to be the most profound, if gets coupled with concentration change, the overall
result will be quite different and would last for a significantly longer duration than that for which
change is made.

5 Conclusions

Transient effects of perturbations in flow synthesis of nanoparticles on the particle sizeis
presented for the first time. The flow synthesis of Au NPs was taken as a model system. An
inline UV-Vis spectrometer was used for recording the variation in the position of the highest
absorbance (A_SPR) and the intensity of absorbance (A_SPR) data before, during and after
a perturbation was set. Batch experiments were carried out by the citrate reduction method to
estimate the kinetic parameters in the Arrhenius form so as to account for the temperature
effects in transient experiments for reduction reaction, nucleation and growth phase.
Segmented flow was used for avoiding wall deposition.. The perturbations in flow synthesis
were induced either by giving pulse change or by giving a step change in the reactor
temperature or flow rate of the reactant mixture or concentration of the reactants when the
reactor was in a steady state.

A Modified Redox crystallisation (RC) model comprising of nucleation and growth components
incorporated in the design equation for non-isothermal PFR was used to calculate the temporal
evolution of average particle size and number of particles. Simulated UV-vis absorbance that
corresponds to the concentration of gold nanoparticles in the solution showed excellent match
with the experimental data, which implied that the modified RC model is able to capture the
dynamic behavior of the system correctly. Upon changing the flow rate of reactants, the
simulated profile showed only marginal effect on the reaction progress even for 100%
increase, however the effects of such a change were significant in terms of their time foot print
as for a change for 0.1 minute, the actual time needed to reach the steady state was more
than 10 times the perturbation time. The time needed for the system to reach steady state for
different time steps for which the flow rate was changed showed a linear relationship.
However, the time required for attaining the steady state was highest for temperature change
as compared to other parameters.

Quick change in the inlet concentration was seen to be reflected in terms of a gradual shift to
another steady state and with a significant change in the particle size. This observation is
critical as a continuously pulsating system will always give continuous variation in the particle
size and hence would result in a wide size distribution. The time required for the system to
regain its steady state was observed to depend on: (i) variable which is changed, (ii) how
quickly the change is made and (iii) duration for which the change is made. With the efforts
towards moving into automation and high throughput screening/synthesis of nanomaterials in
continuous flow mode, the results from this work clearly indicate that it is necessary to ensure
that deviations from the desired steady state operations are avoided or a feedback control
system and a transient waste collection system need to be implemented.
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26.
Highlights

e This is the first ever report on response to transient perturbations in flow synthesis of Au
NP.

o Experimentally obtained kinetics were used for developing mathematical model for
predicting dynamics.

¢ Inline UV-vis spectra helped monitor the real time response to perturbations in temperature
and flow rate.

¢ A small change in process variables for short duration needed significantly long time to
reach a steady new particle size.

o The effect of temperature variation was seen to have the slowest effect on reaching a new
steady state.
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