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ABSTRACT

A series of highly dispersed H0203-Yb203/SiO2 nanocomposites was synthesized using a liquid-
phase method and examined using Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction
(XRD), nitrogen adsorption—desorption, transmission electron microscopy (TEM), Scanning Electron
Microscopy (SEM), and photon correlation spectroscopy (PCS). X-ray fluorescence spectrometry (XRF)
confirmed a similar amount of weight percentage of Ho, Yb and Si oxides in the prepared samples.
Samples HoYDbSil (H0203:Yb203:SiO2 = 0.5:10:89.5, wt. %), HoYbSi2 (H0203:Yb203:SiO2 = 1:10:89,
wt. %) and HoYbSi3 (H0203:Yb203:Si02 = 2:10:88, wt. %) calcined at 550 °C are amorphous. TEM and
SEM analysis confirm a sphere-like morphology with a quite homogeneous size and shape. As compared
with the initial silica, the agglomerated particles of nanocomposites in the aqueous medium are in the
range from 200 to 850 nm according to PCS data. The effect of anionic polyacrylic acid (PAA)
adsorption on fumed silica (SiO2) and H0203—Yh203/SiO2 nanocomposite surfaces on suspension stability
was studied. The turbidymetry method was used to monitor the initial silica and triple nanooxides

suspensions stability as a function of time.
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Introduction

Nowadays, rare earth oxides (REOs) have attracted notable attention to many research communities due
to their versatilities and potential applications in energy efficiency, heterogeneous catalysis, coating,
antibacterial agent, computer devices, rechargeable batteries, laser, superconductors, as well as chemicals
and biosensors (Magdalane et al. 2017; Magdalane et al. 2018; Adachi and Imanaka 1998; Dooley et al.
2011; Adachi and Imanaka 2001; Zheng et al. 2002; Joung et al. 2011). Among various REQs, the
holmium (Ho203) and ytterbium (Yb20s3) oxides have become the center of attention for their unique
chemical, electrical, optical, antibacterial, photocatalytic and electronics properties which made them
suitable for the fabrication of dye-sensitized solar cell, antibacterial agent, photocatalysts, gas sensor,
supercapacitors, optoelectronic devices and other applications (Zheng et al. 2014; Zinatloo-Ajabshir et al.
2017; Munawar et al. 2020; Guo et al. 2017; Park et al. 2016; Mekhemer 2004; Ghanashyam et al. 1999;
Haumesser et al. 2002). Fumed silica (SiO>) is one of the most widely used available inert supports with
high specific surface area and thermal stability as well as excellent chemical resistance (Reddy et al.
2009; Sulym et al. 2016a; Sulym et al. 2016b). Moreover, SiO: is one of the most popular adsorbents with
the well-defined solid-liquid interface (Parida et al. 2006). In addition, the grain size and morphological
features of nanostructured systems may remarkably affect their usages. In this way, size and shape-
controlled production of nanostructures, in particular, binary or ternary metal oxides, has become the
center of attention of notable research efforts, lately (Zinatloo-Ajabshir et al. 2017; Vishwanathan et al.
2004; Bunjerd et al. 2007; Gao et al. 2008; Sulym et al. 2015; Goncharuk et al. 2019). So far, no
experimental research has been done to understand the surface structure of the H0203-Yb203/SiO>
nanocomposites as well as evaluate the electrophoretic parameters of their suspensions.

In this paper, we focused on studies of structural, morphological and electrokinetic features of
highly dispersed Ho203-Yb203/SiO, nanocomposites. Silica-supported Ho.03-Yb,03 ternary oxides
were prepared using a liquid-phase method and investigated by means of FTIR, XRD, low temperature
nitrogen adsorption—desorption technique, SEM, TEM and XRF techniques. The turbidimetric method
was used for the stability and aggregation kinetic studies of the initial silica and mixed oxides suspensions
without and with the polymer (poly(acrylic acid)-PAA with the anionic character). Additionally, the
influence of changes in phase composition and surface structure on some electrophoretic parameters
(particle size distribution, zeta potential) of H0203—-Yhb203/SiO. nanocomposites was determined using

photon correlation spectroscopy.

Experimental

Materials
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Initial fumed silica Aerosil® 300 (Degussa, Sger = 255 m?/g), holmium(lll) and ytterbium(llI)
nitrate pentahydrates (99.9 %, Aldrich) were used as base materials to prepare oxide composites.
Poly(acrylic acid) - PAA (Fluka, polydispersity index = 1.2) with an weight average molecular weight
equal to 2 000 Da was used in the study.

Preparation procedures
H0203-Yb203/Si0> nanocomposites (Table 1) were prepared using a liquid-phase method and

subjected to thermal treatments at 550 °C (Fig. 1).

Table 1 Some characteristics of initial silica and Ho.O3—Yhb,03/SiO2 nanocomposites

Samples composition Cxrr (Wt. %)
Samples ID _
(oxide wt. %) Ho,03 Yb,03 SiO2
SiO, SiO2 - - 100
HOYbSi1  Ho205(0.5)Yb,03(10)Si0;  0.556+0.025  12.4+0.3 87
HoYbSi2  Ho203(1)Yb:03(10)Si0;  1.099+0.043  12.8+0.3 86
HoYbSi3  H0205(2)Yb20s(10)Si0;  2.19+#0.006  12.4+0.3 85

For the synthesis aqueous salt solutions of Ho(NOs)s (0.2/0.4/0.8 g) and Yb(NOs3)s (4.68 g) were
added to 15 g of fumed silica powder (previously calcined at 500 °C) at room temperature. The mixtures
were stirred (300 rpm) in the beaker using a propeller stirrer for a half-hour (Fig. 1). Water was removed
from the mixtures in a rotary evaporator. The solid was then dried and calcined at 550 °C for 1 hour in a
muffle furnace. The content of grafted Ho,O3 was varied from 0.5 to 2 wt. % whereas Yb203 content was
held constant at 10 wt. %. The samples were marked as HoYbSil, HoYDbSi2 and HoYbSi3, respectively
(Table 1). Initial silica Aerosil® 300 was used as a control sample.

— = ==—qpr 2 - -

Stirring, 30 min Rotary evaporation Ho,0,-Yb,0,/Si0O,
nanocomposite after calcination

Fig. 1 The preparation of silica-supported holmium—ytterbium nanocomposites
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Methods

X-ray diffraction (XRD) patterns were recorded at room temperature using a DRON-3M
diffractometer (Burevestnik, St.-Petersburg, Russia) with Cu K, (4 = 0.15418 nm) radiation and a Ni filter
in the 26 range from 10° to 70°.

To analyze the textural characteristics of initial SiO2 and Ho2.03—Yb203/SiO2 nanocomposites, low-
temperature (77.4 K) nitrogen adsorption—desorption isotherms were recorded using an automatic gas
adsorption analyzer ASAP 2405N (Micromeritics Instrument Corp., USA) after outgassing the samples at
110 °C for 2 hours in a vacuum chamber. The values of the specific surface area (Sget) were calculated
according to the standard BET method (Gregg and Sing 1982). The total pore volume V, was evaluated
by converting the volume of adsorbed nitrogen at p/po = 0.98 — 0.99 (p and po denote the equilibrium
pressure and saturation pressures of nitrogen at 77.4 K, respectively) to the volume of liquid nitrogen per
gram of adsorbent. The nitrogen desorption data were used to compute the pore size distributions (PSDs,
differential fv ~ dVp/dR and fs ~ dS/dR) using a self-consistent regularization (SCR) procedure under non-
negativity condition (fv> 0 at any pore radius R) at a fixed regularization parameter « = 0.01 with a
complex pore model with voids (V) between spherical nonporous nanoparticles packed in random
aggregates (V/SCR model) (Gun’ko et al. 2009; Gun’ko 2014). The differential PSDs with respect to pore
volume fy ~ dV/dR, [fvdR ~ V, were re-calculated to incremental PSD (IPSD) at ®v(Ri) = (fv(Ri+1)
+fv(Ri))(Ri+1 —Ri)/2 at 2 Dv(Ri) = Vp). The fv and fs functions were also used to calculate contributions of
micropores (Vmicro and Smicro at 0.35 nm < R < 1 nm), mesopores (Vmeso and Smeso at 1 nm < R < 25 nm),
and macropores (Vmacro and Smacro at 25 nm < R < 100 nm).

The chemical composition of the nanocomposites was determined by X-ray fluorescence
spectrometry (XRF) (Axios mAX, PANalytical, Netherlands).

Fourier transform infrared (FTIR) spectra of powdered samples (grinded with dry KBr at the mass
ratio 1 : 9) over the 4000 — 400 cm range were recorded using a Thermo Nicolet FTIR spectrometer
with a diffuse reflectance mode. The integral intensity of the peaks at 3748 and 1861 cm™! (l374s and l1gea,
respectively) was calculated from the FTIR spectra to estimate the accessible surface area of silica in all
samples.

The particulate morphology was analyzed using field emission Scanning Electron Microscopy
(SEM) employing a QuantaTM 3D FEG (FEI Company, USA) apparatus operating at a voltage of 30 kV.
Powdered samples were placed on circular aluminum stubs with double sticky carbon tape and then
covered with Pd/Au (EM SCDO005, Leica).

Transmission electron microscope (TEM) images were captured using a JEOL 1200 EX microscope
with a 120 kV acceleration voltage using Gatan Digital Micrograph software. Samples were prepared by

pipetting 5 pl of the sample onto carbon-coated copper TEM grids, which were allowed to dry at room
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temperature. Size analysis was performed using image analysis software Imagel. For each sample > 200
particles were measured to get an average diameter and standard deviation.

Analysis of the particle-size distribution (PSD) for the aqueous suspensions of different fine oxides
were carried out using a Zetasizer 3000 (Malvern Instruments) apparatus based on photon correlation
spectroscopy (PCS, A = 633 nm, ® = 90°, software version 1.3). The aqueous suspensions of oxides 0.1
wt. % were prepared using an ultrasonic disperser for 5 min (Sonicator Misonix Inc., power 500 W and
frequency 22 kHz) prior to the measurements. One result was the average of three measurements. The
measurement error did not exceed 5 %.

The electrokinetic (zeta potential determination), mean aggregates (flocks) size and stability
measurements were performed in the supporting electrolyte solution — NaCl with concentration 0.001
mole/L and in the poly(acrylic acid) presence with concentration 100 mg/L. The examined systems were
as follows: SiO>-NaCl; SiO,-NaCl-PAA; HoYbSil-NaCl; HoYbSil-NaCI-PAA; HoYbSi2-NaCl;
HoYDbSi2-NaCl-PAA; HoYbSi3-NaCl andHoYbSi3-NaCI-PAA. All measurements were carried out at 25
°C in the natural suspension pH changing in the range of 3.85-5.42. This polymer has a weak anionic
character due to the presence of carboxyl groups in their macromolecules. The pKa value of PAA was
about 4.5 (Chibowski et al. 2003) — at pH 4.5 the degree of polymer dissociation is 0.5. At pH 3 and 5 the
degree of PAA dissociation was equal to 0.03 and 0.76, respectively. Solid suspensions (without and with
PAA) for the electrophoretic mobility measurements were prepared to add 0.003 g of the silica or
appropriate composite to 20 mL of NaCl or NaCI+PAA solutions. The suspension was sonicated for 3
min (ultrasonicator XL 2020, Misonix). After this time the suspension was divided into two parts. The
first one was subjected to mean aggregates (flocks) size determination and the second one - to
electrophoretic mobility determination. Both parameters were measured using the Zetasizer Nano ZS with
the universal dip cell. The zeta potential was calculated with the special computer program using the
Henry equation (Hunter 1981):
=225 1 (a)

3 (1)

where: Ue — electrophoretic mobility,e — dielectric constant, go — electric permeability of vacuum, { — zeta

U

potential, n — viscosity, f(ka) — Henry function.

The stability measurements of the solid suspensions in the absence and presence of PAA were
performed using the apparatus Turbiscan Lab®P" with cooling module TLAb cooler. The suspension was
prepared to add 0.2 g of the solid to 20 mL of NaCl or NaCI+PAA solutions. Changes in the suspension
stability were monitored for 15 hrs (single scans were collected every 15 min). The results were presented
in the form of intensities of light transmission (at the angle of 0° in relation to the direction of starting
light beam with wavelength 880 nm) and backscattering (the light scattered at the angle of 135° in
relation to the direction of starting light beam) as a function of time. The transmission and backscattering

data enable calculation of the stability coefficient TSI (Turbiscan Stability Index), the aggregates size
5
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(flocks) and the velocity of their migration (Snabre and Mills 1994). The values of aggregates sizes
obtained by the use of Zetasizer and Turbiscan were compared. The stability parameters were calculated

using the programs TLab EXPERT 1.13 and Turbiscan Easy Soft from the dependencies:

(Xi — Xgs )z

n-1

M-

TSI =/

)

ﬂ.

where: X; — average backscattering for each minute of measurement, Xgs — average Xi, N — number of scans
(repetitions of single measurement during the total time of the experiment),

and:

2

{“ (1—¢>3}

where: v — particles migration velocity, pc — continuous phase density, pp — particle density, d — particle

V(g,d)=

mean diameter, v — continuous phase dynamic viscosity, ¢ — volume fraction of dispersed solid.
The TSI coefficient value varies in the range from 0 to 100, and the value close to 100 is obtained

for extremely unstable systems.

Results and discussion

The XRD patterns showed that all samples remained amorphous after their heating at 550 °C
(Fig. 2). A broad halo centered at about 22° refers to the non-crystalline phase of silica. A shoulder at 32°
on the XRPD patterns of the HoYbSi samples can generate diffuse scattering from the amorphous
components such as Ho203 and Yb20Os.

Semi-quantitative chemical analysis performed using XRF revealed similar compositions of mixed
oxides in respect to Ho, Yb and Si (Table 1).

4 HoYbSi3
3 HoYbSi2
SiO,
~ 1000+
S
< 800
iy
£ 6001
5
g 4004
200+

Two theta (degr.)
Fig. 2 XRD patterns of initial SiO, (1) and the triple nanooxides (2-4) calcined at 550 °C
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The nitrogen adsorption-desorption isotherms obtained for initial silica and composites (Figure 3a)
demonstrate sigmoidal-shaped behavior with a narrow hysteresis loop of the H3 type in the p/po range
between 0.8 and 1.0. This indicates the formation of aggregates with initially non-porous particles, which
are characterized by textural porosity. The shape of the isotherms for all the nanocomposites corresponds
to type Il according to IUPAC classification (Gregg and Sing 1982; Gun’ko 2014). The incremental pore
(voids between particles in aggregates) size distribution functions (Figure 3b) show that the textural
characteristics change after the modification (See Table 2).

Table 2 Textural characteristics of initial and silica-supported holmium-ytterbium nanocomposites?

Sample SBET, Smicro, Smeso, Smacro,  Vmicro, Vmeso, Vmacro,  Vp,  Rpyv
mig m?g m?g m?g cmdg cmig cmig cmig nm
SiO, 256 4 252 0.0 0.002 0581 0.012 059 6
HoYbSil 212 9 111 92 0.004 0550 0.69 125 35
HoYbSi2 208 9 153 46 0.004 0501 0.745 125 25
HoYbSi3 200 10 133 57 0.004 0.453 0.813 1.27 27

@Note. Specific surface area in total (Sger), of nanopores (Smicro), Mmesopores (Smeso), Macropores
(Smacro) and respective specific pore volumes (Vp, Vmicro, Vimeso, Vmacro). Rpv represents the average pore
radius determined from the differential pore size distributions with respect to the pore volume

The specific surface area (Table 2, Sget) does not demonstrate a significant reduction after grafting
of Ho.03-Yh,03. However, the total pore volume (Vp) increases for the triple nanooxides is doubled
compared to the initial silica. It is seen that the pore average radii in HoYbSi samples are five times
greater than that of unmodified SiO.. This was confirmed by changes in the IPSD (Fig. 3b). Furthermore,
the analysis of the results suggests existence of predominantly mesoporosity of aggregates for initial SiO2

and meso/macroporosity for composites (Fig. 3b; Table 2).

a 900 . .
2001 i—O—Slozbs ;~o—slozbs !2
= 2 —=—HoYbSil —=— HoYbSil e
& 7001 3—s—Hovbsi2 1 8—d—HavEsD 1’14
£ 6001 4% HoYbSi3 | 4% HoYbSi3 i i
5 500- _ E
£ 4004 }
£ 300 3
3 bt :
2 B
'<cts 00 8
100 ‘
0 : : . :
00 02 04 0. ; . 1 10 100
‘D/p0 Pore radius (nm)

Fig. 3 Nitrogen adsorption—desorption isotherms (a) and incremental pore size distributions (b) for
initial silica (curve 1), the triple nanooxides (curves 2-4) calcined at 550 °C
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Figure 4 shows FTIR spectra of initial and silica-supported holmium-ytterbium nanocomposites in
the wavenumber range from 4000 to 1500 cm™!. The broad bands of high intensity at 3000 — 3750 cm™
centred at around 3400 cm™! attributed to the stretching mode of the O—H bonds of surface absorbed
water and hydroxyl groups (Kapridaki et al. 2013). The peak located at 1634 cm™! represents the bending
vibrations of absorbed water (Ren et al. 2013). A reliable method for estimating the ratio of the free
surface with free OH groups to silica volume is the normalizing of the integrated intensity of the 3748
cm ! band (I374s, i.e., a fraction of a free surface with free OH groups) to the integrated intensity of a band
at 1861 cm™! (ligs1) corresponding to the Si—O stretching vibrations and correlates to the total amount of
silica in a sample (Maggi et al. 1998). It can be seen that the normalized integrated intensity (ls7ss/l1s61)
decreases for all triple oxides (Fig. 4, curves 2 - 4) in comparison to the initial silica. We may assume that
H0203-Yh.03 oxides do not cover the whole surface of fumed silica.

4 HoYDbSi3
3 HoYbSi2
2——HoYDbSil

1——sio,

Absorbance
>

=
(9]
I

0.0+

4000 3500 3000 2500 2000 1500
Wavenumber (cm'l)

Fig. 4 FTIR spectra of initial SiO2 (1) and the triple nanooxides (2-4) calcined at 550 °C

Figure 5 shows SEM micrographs of the initial SiO2 and synthesized nanocomposites. As can be
seen from the photographs, the primarily amorphous structure is observed after calcination at 550 °C for
all samples, moreover, nanocomposites (Fig. 5b,c,d) look like less aggregated than initial silica (Fig. 5a).
SEM images and particle size distributions (PSD) show that samples are uniform with size in the range of
8 — 28 nm for initial SiO (Fig. 5e) and 14 — 26 nm for nanocomposites (Fig. 5f,g,h), as well as spherical
tendency is observed.

TEM images of silica-supported holmium—ytterbium nanocomposites (Figures 6b,c,d) show the
formation of Ho0.03-Yb.O3 particles (dark structures) at the silica surface (light structures). The

aggregated structures of grafted oxides varying between 4 and 12 nm in size are well observed for
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HoYbSi1-3 (Figs. 6f,g,h). The average particle sizes for the triple nanooxides are 6 — 9 nm (Figs. 6f,g,h),
while the primary particle size is 6 nm (Fig. 6e). Nanocomposites look more compacted than initial silica.

|
=4
3
o
8 12 16 20 24 28
Particle size (nm)
€
)
&)
14 16 18 20 22 24 26
Particle size (nm)
g /:\
=
&)

14 16 18 20 22 24

Particle size (nm)

Count

14 16 18 20 22 24 26
Particle size (nm)

Fig. 5 SEM images (left) and PSD (right) for initial SiO> (a, €), HoYbsil(b, f), HoYbSi2 (c, g) and
HoYbSi3 (d, h) samples calcined at 550 °C

It is known that the particle size will always be smaller once measured in TEM compared to SEM

(resolution matter). SEM has used for imaging the surface of the nanoparticle on a submicroscopic scale.

9



In contrast, the use of TEM is to image the internal structure of the nanoparticle on a nanometer scale.
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g. 6 TEM images (left) and PSD (right) for initial SiO. (a, €), HoYbSil(b, f), HoYbSi2 (c, g) and
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Dispersion of the initial silica and triple nanooxides in aqueous was controlled by photon
correlation spectroscopy (PCS). As can be seen from the PSD, nanocomposites exhibit polymodal
distribution and a tendency to form larger agglomerates of particles (Figs. 7bcd) in comparison to initial
SiO» (Fig. 7a). The increase of PSD in aqueous suspensions can be associated with a change in particle
size during the formation of a new phase of H020s—Yh203 during the synthesis, as well as with the
influence of changes in the surface structure of the oxide composites on the aggregation processes in an

aqueous medium.
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Fig. 7 The PSD for initial SiO2 (a), HoYbSil(b), HoYbSi2 (c) and HoYbSi3 (d) samples calcined at
550 °C

Table 3 presents the values of stability coefficients obtained for examined suspensions without and
with PAA. The TSIs were calculated for each system after 5 min, 1 h and 24 hrs from the beginning of the
experiment. Additionally, Figure 8 presents the destabilization kinetics for all examined suspensions

expressed as: (a) transmission — T and (b) TSI changes, during the 24 hours of stability measurement.

11
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Table 3 TSI stability coefficients obtained after 15 min, 1 h and 24 hrs from the beginning of the

experiment for the examined suspensions without and with PAA

sample TSI _ TSI TSI

(after 15 min) (after 1 h) (after 24 hrs)
SiO2-NaCl 2.0 5.2 13.8
SiO2-NaCIl-PAA 2.6 5.8 14.8
HoYbSil-NaCl 28.3 46.5 63.6
HoYbSil-NaCl-PAA 22.2 47.2 63.0
HoYbSi2-NaCl 9.6 324 55.3
HoYbSi2-NaCl-PAA 27.5 42.8 59.7
HoYbSi3-NaCl 21.0 45.9 64.1
HoYbSi3-NaCl-PAA 17.4 43.1 63.5

Analysis of the data in Table 3 indicates that initial silica suspension was characterized by the highest

stability — TSI assumes the lowest value among all systems. In the case of nanocomposites (HoYbSil,

HoYbSi2 and HoYbSi3) their stability decreases considerably and TSI values change in the range 55.3-

64.1. The addition of anionic polymer minimally influences the stability conditions of the examined

systems. Moreover, for all studied suspensions their stability decreased during the turbidimetric

experiments (TSI values decrease as a function of time).

D 70 -
a ]
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4 —&— HoYbSil-NaCIl-PAA
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6 —@— HoYbSi2-NaCl-PAA
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Fig. 8 The destabilization kinetics for all examined suspensions expressed as: (a) transmission T and (b)

TSI changes, during the 24 hours of stability measurement

Changes in the electrokinetic potential zeta of the solid particles (initial silica and its composites)

dispersed in supporting electrolyte solution without and with the polymer, as well as mean aggregate

diameters (obtained from measurements performed by the use of Zetasizer) are presented in Table 4.

12
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Table 4 Zeta potential of solid particles and mean aggregate sizes for the examined suspensions without
and with PAA

Zeta potential Diameter [um

Sample V] (zetasiZ([aLrl) :
SiO2-NaCl -10.7 0.28
SiO2-NaCl-PAA -39.9 0.47
HoYbSil-NaCl -16.7 0.52
HoYbSil-NaCI-PAA -48.4 0.66
HoYbSi2-NaCl -29.3 0.65
HoYDbSi2-NaCl-PAA -51.1 0.74
HoYbSi3-NaCl -40.6 0.75
HoYbSi3-NaCI-PAA -65.0 0.88

The smallest aggregates (0.28 um) are formed in the suspension containing initial silica particles, which
was characterized by the highest stability. In such a case the electrostatic repulsion between negatively
charged particles (£=-10.7 mV) assures a relatively stable system. Similar behaviour was observed
previously and described in our paper (Wisniewska et al. 2013a; Terpitowski et al. 2015). On the other
hand silica-supported holmium-ytterbium nanocomposites form considerably greater aggregates and their
electrokinetic potential assumes more negative values in comparison to the initial silica suspension. The
polymer addition influences minimally mean aggregate diameters but causes a significant increase in the
absolute values of the electrokinetic potential. Despite this, the composite/PAA systems remain unstable.
It should be noted that in colloidal systems containing solid particles covered with ionic polymer layers
not only electric effects but also steric ones are important for final system stability. In such a case the
effective suspension destabilization can take place (even at high values of electrokinetic potential). Rather
slight changes in aggregate sizes in the polymer presence suggest that the system destabilization is
primarily due to the high specific gravity of the nanocomposites, and to a lesser extent — due to the
presence of PAA adsorption layers. Additionally, the relatively low molecular weight of PAA equal to
2000 Da, makes it insufficient for the formation of polymer bridges between the solid particles and the
effective flocculation process (which would result in a significant increase in the size of the formed
aggregates) (Wisniewska et al. 2013b; Wisniewska et al. 2014).

The rates of particle migration and their mean sizes in the examined systems obtained from

turbidimetric data are placed in Table 5 and Figure 9.

Table 5 Rate of migration and mean aggregate sizes for the examined suspensions without and with PAA

Sample Rate of migration Diameter [um]
P [Um/min] (turbiscan)
SiO2-NaCl 2.78 0.23
SiO2-NaCIl-PAA 14.19 0.52

13
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HoYbSil-NaCl 11.22 0.46

HoYbSil-NaCI-PAA 10.07 0.44
HoYbSi2-NaCl 12.84 0.49
HoYbSi2-NaCI-PAA 13.04 0.50
HoYbSi3-NaCl 12.69 0.49
HoYbSi3-NaCI-PAA 11.78 0.47
] —— Si0 NaCl
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Fig. 9 Changes in aggregate diameters (d) as a function of time (during the 24 hours of stability

measurement) for all examined suspensions

The dynamic of particle migration is directly connected with the system stability conditions. The higher
the TSI coefficients are, the higher values of solid particle migration rates are observed. Moreover, the
mean aggregate diameters obtained from turbidimetric data (Table 5) are noticeably lower than those
obtained from electrokinetic data (Table 4), although the trend of changes is similar. This difference can
result from various phenomena and theories used for measurements and calculations applying by both

methods.

Conclusions

Novel ternary H0203-Yb203/SiO> nanocomposites were successfully prepared using a liquid-phase
method and subjected to thermal treatment at 550 °C. The initial SiO2 was used for comparison purposes.
The XRD patterns show that the samples HoYbSil (H0203:Yb203:SiO2 = 0.5:10:89.5, wt. %), HoYDbSi2
(H0203:Yb203:Si0O2 = 1:10:89, wt. %) and HoYbSi3 (H0203:Yb203:SiO2 = 2:10:88, wt. %) calcined at
550 °C are amorphous in nature. FTIR results indicate that the coverage of the surface of fumed silica
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with Ho.03—Yh2O3 oxides is partial since a fraction of free surface silanols is observed. It was shown that
the nanocomposites have a high specific surface area (200 — 212 m?/g), but slightly less than the Sger of
the initial silica (256 m?/g). The IPSD functions indicate that the textural characteristics change after the
modification of the silica by Ho and Yb oxides. The existence of predominantly mesoporosity of
aggregates for initial silica and predominantly meso/macroporosity for Ho0203-Yb203/SiO>
nanocomposites was found. The SEM and TEM results confirm the formation of aggregates of spherical
structure with almost uniform distribution. The particle size distributions for all triple nanooxides in the
aqueous suspensions are polymodal with characteristic PSD peaks while for individual silica it is
monomodal. Silica modification with Ho203-Yb,03 significantly changes the zeta potential and mean
aggregate sizes of the examined suspensions without and with PAA. The turbidimetric results as a form
of transmission and backscattering curves, as well as calculated stability parameters (TSI, aggregate
diameter, rate of migration) indicate that initial silica suspension was characterized by the highest stability
in comparison to nanocomposites HoYbSil-3. Moreover, the addition of anionic polymer minimally
influences the stability conditions of the studies systems. The prepared nanocomposites are promising
materials for application in optoelectronic areas.
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