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Abstract—Aggregative stability of a polydisperse zirconium oxide sol with average sizes of primary particles
and aggregates equal to 24 and 95 nm, respectively, has been studied within a wide range of sodium chloride
concentrations (3 X 1073—1 M) by turbidimetry and dynamic light scattering. The experiments have been per-
formed at pH 4.2 and 5.6, when sol particles are positively charged, and at pH 11, when they are negatively
charged. The regions of weak and intense slow coagulation, as well as the region of fast coagulation, have been
determined and characterized. It has been shown that, in most cases, the thresholds of the intense slow coag-
ulation determined from the concentration dependences of the optical density and the average particle size
coincide with each other within the experiment error. Assumptions have been brought out on the coagulation
mechanism and its changes upon the passages between the coagulation regions, as well as on the role of the
ratios between the particle sizes of separate fractions and their amounts in the sol.

DOI: 10.1134/S1061933X21050136

INTRODUCTION

The majority of real natural and industrial disperse
systems are known to be polydisperse. This circum-
stance is, to a considerable extent, reflected in the pro-
cesses of coagulation and heterocoagulation of sols
and suspensions. According to the classical ideas, the
limiting case of colloidal solution instability upon its
perikinetic coagulation is the process of fast coagula-
tion, when each collision results in strong bonding of
particles, while the process rate is governed only by
their Brownian motion [1—3]. After the threshold of
fast coagulation is reached, i.e., at an electrolyte con-
centration corresponding to the absence of the energy
barrier that prevents particles from aggregation, a fur-
ther increase in the electrolyte concentration has no
effect on the particle coagulation rate [1—3] (provided
that the matter does not concern ions that are specifi-
cally adsorbed under the conditions of superequivalent
adsorption leading to the sign reversal of the Stern
plane potential and the electrokinetic potential).
Smoluchowski performed the theoretical analysis of
the fast coagulation [1, 2]. According to his ideas,
when colloidal particles approach each other to some
distance R (radius of interparticle interaction), they
irreversibly aggregate; i.e., the notion of an infinitely
deep potential minimum with a vertical wall was intro-
duced instead of the consideration of the van der
Waals forces.

Several years after the formulation of the theory of
fast coagulation of monodisperse systems, Miiller
undertook an attempt to consider the fast coagulation
of polydisperse systems. He took into account the fact

that Smoluchowski’s assumption of the equally prob-
able collisions between particles of the same and dif-
ferent sizes was not quite justified [4, 5]. According to
Miiller, the probability of the collision between two
particles with different sizes and, especially, with
shapes greatly different from the spherical one is
markedly higher than that for particles with the same
size. This theoretical notion was confirmed, in partic-
ular, by experiments performed by Wiegner and Mar-
shall on studying the coagulation of sols of vanadium
pentoxide and benzopurpurin [6], in which the rate of
fast coagulation was 50 times higher than that calcu-
lated according to Smoluchowski. The combined
analysis of the Smoluchowski and Miiller theories has
shown that coagulation rate v in a two-component
disperse system containing initial particles of different
sizes (with radii ry; and ry,) must be higher than that
calculated by the Smoluchowski theory (vg,,) for a
monodisperse sol.

The coagulation of polydisperse systems was stud-
ied theoretically and experimentally in works by Fried-
lander [7—9], Reggy and Melik [10], and Lee [11, 12],
where it was also found that the coagulation rate in
polydisperse systems is higher than that in mono-
disperse ones. Lee [11, 12] showed that time variations
in the particle size distribution upon coagulation may
be described by a nonlinear integro-differential equa-
tion, which has no exact analytical solution. This
equation was analytically solved either under simpli-
fied assumptions of coagulation nuclei or in an asymp-
totic form. Lee described the size distributions of par-
ticles of a certain volume and time variations in the
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total particle number of a polydisperse sol on the basis
of the condition that the initial particle size distribu-
tion in a sol may be represented by a lognormal func-
tion [11].

The authors of the aforementioned theoretical
works assumed the irreversible character of the coagu-
lation; i.e., the consideration was based on the model
of the diffusion-limited cluster aggregation. In a
polydisperse system, this coagulation mechanism can
take place at rather high electrolyte concentrations. At
lower concentrations, there is a high probability that,
for relatively large particles, another model, i.e., the
reaction-limited cluster aggregation, will be realized.
These two models correspond to different interparticle
potentials, i.e., a deep primary energy minimum in the
absence of a barrier in the first case and the existence
of an energy barrier before such minimum in the sec-
ond case. This may, in turn, lead to the appearance of
several coagulation thresholds. Moreover, in real
polydisperse systems, the coagulation of an ensemble
of particles may be complicated by the fact that parti-
cles may form relatively weak (in some cases, easily
disintegrating) aggregates in the secondary or limited
primary minima in the dependences of interparticle
pair interaction energy on the interparticle distance.

The study and development of mathematical
methods for the solution of kinetic equations describ-
ing the evolution of the function of particle distribu-
tion over masses at a preset probability of their colli-
sion and aggregation are among the problems of the
macrokinetic theory of coagulation. At present, many
theoretical works are available devoted to the aggrega-
tion kinetics of particles, with works [10, 13—22]
deserving special attention.

Experimental studies of the coagulation kinetics of
colloidal systems with relatively low polydispersity
have shown that the coagulation has, as a rule, a step-
wise character. As electrolyte concentration and
observation time increase, the sol polydispersity
markedly grows [23—26]. Howeyver, it should be noted
that, in the literature, there are few works devoted to
detailed studying the stability of polydisperse systems,
in which the found threshold electrolyte concentra-
tions (i.e., the boundaries of different regions of coag-
ulation) are interpreted taking into account the dis-
crete character of the particle size spectrum. In this
connection, it is obvious that there is a need to develop
the ideas of coagulation in real polydisperse systems,
in particular, in sols obtained from air-dried nano-
powders. This is all the more important, because the
fields of the practical application of nanodispersions
are being actively developed.

Zirconium oxide is a material on which an increas-
ing attention is focused owing to its unique mechanical
properties. ZrO, may be used as an adsorbent, a cata-
lyst, and an ion exchanger. A great interest in nanoce-
ramics based on ZrO, is due to its high service charac-
teristics, such as mechanical strength, chemical and
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thermal stability, antibacterial activity, biocompatibil -
ity, etc. [27—31].

The goal of this work was to study in detail the sta-
bility and coagulation of ZrO, sols in NaCl solutions at
different pH values by turbidimetry and dynamic light
scattering with the aim of determining the effect of the
polydispersity of an initial sol on the features of its
coagulation.

EXPERIMENTAL

Zirconia hydrosol, stable to aggregation and sedi-
mentation in initial state and prepared from commer-
cial ZrO, nanopowder (Vecton, Russia), was chosen
as an object of the study. Its BET specific surface area
S, determined by measuring nitrogen thermal desorp-
tion with chromatographic registration was 44 m?/g.
Average size d,, of primary nanoparticles calculated by
equation

dO :6/p‘S;pa (1)

where p = 5.68 g/m? is zirconium oxide density, was
24 nm.

Initial ZrO, powder was purified three times by
electrodialysis, while drying the oxide between the
dialysis cycles (after water was completely evaporated
at a temperature of no higher than 80°C, zirconium
oxide was dried for 1 h initially at 120 and, then, at
200°C). The efficiency of this process was judged by
changes in the isoelectric point (IEP) of zirconium
oxide. The successive purification of commercial
ZrO, powder shifted its IEP in a 107> M sodium chlo-
ride solution (Fig. 1) from pH 6.5 for the powder puri-
fied one time to pH 6.1 for the twice purified oxide.
The third cycle of electrodialysis caused no noticeable
changes in both the electrokinetic potential and the
position of the IEP, thereby suggesting the complete
purification of the oxide surface. Thus, the IEP of the
studied ZrO, powder was at pH 6.1. This value was
within the range of the magnitudes reported in the lit-
erature for this oxide [32]. The triply purified powder
was used for subsequent studying the stability and
coagulation of zirconium oxide sols.

Zirconium oxide hydrosol stable with respect to
aggregation and sedimentation was prepared from its
aqueous suspension with a concentration of 0.01 wt %.
For this purpose, purified oxide powder was dispersed
in water for 3 hina RELTEK USB-7/100-TNM ultra-
sonic bath operating at a frequency of 60 kHz. Then,
the obtained 0.01% dispersion was left for a long time
(nearly 2 weeks), after that the upper fraction (most
finely dispersed) was taken and diluted with deionized
water. The optical density of the sol thus obtained was
0.378 £ 0.005.

The effects of pH (at its initial value equal to 5.6 in
the absence of additives of acid or alkali solutions
and at pH 4.2 and 11) and the concentration of NaCl
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Fig. 1. The pH dependences for electrophoretic mobility U, and electrokinetic potential ?;S of zirconium oxide particles purified

by electrodialysis in a 10~2 M NaCl solution.

(3 x 103—1 M) as a background electrolyte on the
aggregative stability of the diluted ZrO, hydrosol were
studied in this work. The aggregative stability of the
hydrosol was studied by turbidimetry, which is based
on measuring the time dependence of system optical
density D, and dynamic light scattering (DLS).

The turbidimetric measurements were performed
in a cell 5 cm long and 2 cm wide using a KFK -3-01
photoelectrocolorimeter operating at a wavelength of
380 nm, which corresponded to the absorption maxi-
mum. Deionized water was used as a reference. To
obtain dispersions with a necessary concentration of
the coagulant, equal volumes of the prepared stable sol
and an electrolyte solution with a doubled concentra-
tion or (in the absence of the electrolyte) deionized
water were mixed using a piston mixer. Mixing was
performed in counterflows in a T-shaped channel,
from which the mixture was passed immediately into
the measuring cell. The moment of mixing the sol and
electrolyte was taken as a reference point. The mea-
surements were carried out for 15 min. The obtained
data were used to plot the dependences of optical den-
sity D on time ¢. The pH value of the medium was var-
ied by adding different volumes of 0.1 M solutions of
HCI or NaOH to water or a background electrolyte
solution before they were added to a zirconium oxide
dispersion. At the zero salt concentration, the values
of the optical density remained unchanged during the
entire experiment time at all pH values.

After the measurements of the optical density at a
fixed electrolyte concentration were completed
(nearly 20 min after mixing the sol with the sodium

chloride solution), the sizes and electrokinetic poten-
tials of ZrO, particles were determined. The particle
size distributions (PSDs) and the average particle sizes
in the studied sols and electrophoretic mobilities U, of
the particles were determined at different pH values
and electrolyte concentrations using a Zetasizer Nano
ZS analyzer (Malvern Instruments, United Kingdom)
by DLS (detection angle of 173°) and laser Doppler
electrophoresis, respectively. The sol samples were
preliminarily thermostated for 2 min at 20°C in a
DTS1070 universal U-shaped cell equipped with inte-
grated gold-plated electrodes. The error in the mea-
surement of the U, values was +(0.1—0.2) m?/(V s).

Electrokinetic potential {5 was calculated by the Smo-
luchowski equation

s
¢ ="1v, )
€€,
where 1 is the dynamic viscosity of a medium and €
and g, are the dielectric permittivities of the medium
and vacuum, respectively.

In addition, the values of the electrophoretic
mobility experimentally found for the lowest values of
electrokinetic radius ka (where k is the Debye param-
eter and a is the primary particle radius equal to
12 nm) with allowance for the polarization of electri-
cal double layer were used to calculate the values of
electrokinetic potential {% within the framework of
the Overbeek—Boes—Wiersema model [33].

The optical density of the studied zirconium oxide
hydrosol obtained by two-fold dilution of a sol with an
optical density of 0.378 = 0.005 was 0.189 + 0.005. The
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Fig. 2. Electron micrographs of zirconium oxide hydrosol particles.

size and morphology of ZrO, sol particles were also
determined by scanning electron microscopy (SEM)
with a Zeiss Merlin instrument. The micrographs pre-
sented in Fig. 2 show that the sol was polydisperse and
contained both individual (primary) particles, whose
most probable size was close to d, = 24 nm, and their
(primary) aggregates having an almost spherical shape
and a prevailing size of 40—120 nm.

The results obtained by DLS agree with the SEM
data. The initial ZrO, sol, which is stable with respect
to sedimentation and aggregation, had a rather narrow
PSD (Fig. 3); its polydispersity index was Pdl = 0.13,

average size of primary aggregates dy;° determined
from the intensity distribution over sizes was 95 nm,
and the range of particle sizes was 32—220 nm. How-
ever, it should be noted that, in our case, DLS does not
provide information on particles smaller than 30 nm,
i.e., on the primary particles, which, according to

1, %
20

18-
16 -
14 L

1 — pH42
2— pH5.6 1
3— pHII1 2

-2 M| L Ll
10 100

d, nm

Fig. 3. Dependences of scattered light intensity on particle
size in initial ZrO, sol stable with respect to sedimentation
and aggregation at pH values of (1) 4.2, (2) 5.6, and (3) 11.
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SEM data, are present in the sol in a rather large
amount (Fig. 2). Moreover, it is worth noting that the
PSDs determined at the studied pH values are close to
each other.

Laser flow ultramicroscopy [34] was employed to
determine the number concentration of sol
particles detectable by this method, i.e., relatively
large aggregates. This concentration appeared to be
1.2 x 108 cm—3.

The solutions and dispersions were prepared using
deionized water with an electric conductivity of no
higher than 1.5 x 10~® Q' cm~' (Aqualab AL Plus
water-purification system). The pH values of the
media were measured with a SevenMulti pH meter
(Mettler Toledo).

RESULTS AND DISCUSSION

Figure 4 shows the turbidimetry data on the aggre-
gative stability of ZrO, sol in NaCl solutions at pH 5.6,
when the sol particles are positively charged. The anal-
ysis of the time dependences of the sol optical density
at its natural pH has shown that the pattern of
the D(¢) curves in an electrolyte concentration range
of 3 X 1073 M < Cnaer £ 2 X 1072 M is typical for the
slow coagulation (SC), while, at Cy,c > 2 X 1072 M, it
is characteristic of the fast coagulation (FC).

It has been shown [24] that, for polydisperse sols of
oxides, the intensity of the SC process may be different
depending electrolyte concentration, thereby causing
the appearance of the regions of weak and intense SC.
Taking into account this fact, the exact values of the
coagulation thresholds were determined by plotting
the dependences of hydrosol optical density on salt
solution concentration at a fixed observation time
(Fig. 5). The threshold of fast coagulation (Crc) was
determined at a short observation time (¢ = 0.5 min;
Fig. 5, curve I) by extrapolating the linear region of
the D—logC dependence, with the maximum values of
dD/dC being inherent in this region, to the line corre-
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Fig. 4. Dependences of the optical density of ZrO, hydrosol containing positively charged particles on observation time at natural

pH 5.6 and different NaCl concentrations.

sponding to constant values of the optical density at
high concentrations of the background electrolyte. At
the maximum observation time (¢ = 15 min; Fig. 5,
curve 2), the extrapolation of the linear region of the
D—logC dependence to the line of sol stability yielded
the exact value of the threshold of intense SC (Cigc).

The thresholds of the intense slow and fast coagu-
lation processes determined graphically at pH 5.6 have
appeared to be 8.5 X 1073 and 2.3 x 1072 M, respec-
tively (Fig. 5, Table 1). For the threshold of the weak
SC (Cwsc), We, using the available experimental data,
have managed to determine reliably only a range of
possible electrolyte concentrations: 3 x 1073 M <
Cwsc <6 % 1073 M. It should be noted that, at the nat-
ural pH value, the threshold NaCl concentrations are
rather low. The thresholds of ZrO, sol coagulation at
pH 4.2 and 11 were determined analogously, and the
results are presented in Table 1.

By analyzing the time dependences of ZrO, sol
optical density at pH 4.2, when the sol particles were
also charged positively, it was shown (Fig. 6) that the
system was stable at Cy,c; <3 X 1072 M, while SC and
FC occur at concentrations of 3 X 1072 M < Cy,cy <
1 x 10-' M and >10~! M, respectively. The threshold
of intense SC (Cgc) determined graphically was 6.8 X
102 M (Table 1).

We failed to determine exactly the thresholds of FC
and weak SC from the available experimental data:

Crc > 107" M and 3 X 1072 M < Cyge <5 X 1072 M.
Note that, the threshold NaCl concentrations at
pH 4.2 are almost an order of magnitude higher than
the corresponding values at the natural value of sol
pH. This seems to be related to a rise in the contribu-
tion of the repulsive ion-electrostatic forces to the total
pair interparticle interaction energy because of the
higher electrokinetic potential of the particles at
acidic pH values. Indeed, the analysis of the data on
the {-potential of zirconium oxide particles has indi-
cated that, at a constant electrolyte solution concen-
tration, the values of the electrokinetic potential at
pH 4.2 are higher than those at pH 5.6 (Fig. 7).

The analysis of the time dependences for the opti-
cal density of the ZrO, sol at pH 11, when the sol par-
ticles are charged negatively, has shown (Fig. 8) that
the system is stable at Cy,o < 1072 M, while, at a
sodium chloride concentration of 2 x 102 M, SC is
already observed, and, at Cy,c, =5 X 1072 M, FC takes
place.

Itis seen in Fig. 9 (curve 2) that, for the sol of neg-
atively charged particles, the region of the weak SC is
either absent or observed in a very narrow concentra-
tion range of 1072 < Cygc < 2 X 1072 M. The thresholds
graphically determined for intense SC and FC are
2x 1072 and 5.0 x 10~2 M, respectively (Fig. 9,
Table 1). The threshold NaCl concentrations at pH 11
are higher than those at the natural pH (see Table 1)
because of the difference in the absolute values of the
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Fig. 5. Dependences of optical density of ZrO, hydrosol
containing positively charged particles on NaCl concen-
tration at (/) 0.5 and (2) 15 min of observation and natural
pH 5.6: (I) region of stability, (II) region of weak slow
coagulation, (IIT) region of intense slow coagulation, and
(IV) region of fast coagulation.

{-potentials of zirconium oxide particles. It should be
noted that, in spite of the higher absolute values of the
CW-potential for particles in the alkaline pH region
than those in the acidic region, the ZrO, sol is mark-
edly more stable at pH 4.2 in almost the entire concen-
tration range (Fig. 7).

The dependences of the average particle size on
sodium chloride concentration determined by DLS 20
min after the addition of the electrolyte solution to the
710, sol are shown in Figs. 10—12. Note that, in some
cases, two peaks arose in the PSD curves, especially in
the region of intense SC. In the plots, the values cor-
responding to them are connected by the dashed lines,
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Fig. 6. Dependences of optical density of ZrO, hydrosol
containing positively charged particles on observation time
at pH 4.2 and different NaCl concentrations: (/) 1072,
(22x1072,(33x 1072, (9 5x 1072, (5) 8 x 1072, and
(6) 107" M.

and the percentages of the corresponding parameter
are presented for particles of a given size.

It follows from Figs. 10—12 that, as NaCl concen-
tration increases and the aggregative stability of the sol
is deteriorated, the average size of ZrO, particles
increases. Moreover, at pH 5.6 and 11 it increases to
close values of d, which are, on average, 10—20 times
larger than the size of the primary aggregates in the
initial sol.

Table 1. Experimental data on coagulation thresholds of ZrO, sols at different pH values of dispersion media

Cise; M Cgc, M
H Sign of particle Cwsc and Cigc (M)
p charge from D—logC curves from from from from
di—logC curves | dy— logC curves | dy—logC curves | D—logC curves
4.2 + 3% 1072< Cyge <5 % 1072, 6.9 x 1072 6.9 x 1072 8.1 %1072 >107!
Cisc = 6.8 x 1072
5.6 + 3X 1073 < Cyge<6x 1073, | 9.3 x 1073 9.5x 1073 9.7 x 1073 2.3 %1072
CISC =8.5X% 1073
11 - Cisc=2 % 1072 2.0 x 1072 2.2 %1072 2.7 x 1072 5.0 x 1072

COLLOID JOURNAL Vol.83 No.5 2021
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at different pH values: (1) 4.2, (2) 5.6, and (3) 11.

The thresholds of the intense SC were also graphi-
cally determined from the curves drawn through the
points corresponding to the larger average particle
sizes in the case of the bimodal PSD by an extrapola-
tion method analogous to that described above for the
D—logC dependence at ¢ 15 min. The results
obtained are presented in Table 1. Note that the anal-
ysis of the concentration dependences of the average
particle size at pH 11 (Figs. 10—12, curves 2) has
shown that the rate of variations in the particle size is,
seemingly, almost constant throughout the region of

D
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SC. Hence, intense SC alone occurs in this region in
accordance with the turbidimetry data (Fig. 9,
curve 2).

As follows from the data presented in Table 1, the
values of Cigc found from the concentration depen-
dences of the optical density and the average particle
size coincide within the determination error with the
exception of those obtained from the dy—logC depen-
dences at pH 4.2 and 11. In the latter case, the region
of the weak SC is actually absent, and, at pH 4.2
(Fig. 12, curve 3), the values of Cigc are somewhat
higher than those determined from the D(d,, dy)—logC
dependences, especially in the acidic pH region. This
may be related to the fact that, when an acid or alkali
solution is added, particle aggregates present in the
initially stable hydrosol at the natural pH are partly
disintegrated because of an increase in the absolute
value of the {-potential. In addition to a decrease in
the content of rather large aggregates, this leads to a
rise in the number concentration of small particles
(primary particles or aggregates with sizes smaller than
the average size at pH 5.6) and, hence, to a decrease in
the fraction of slowly coagulating small particles rela-
tive to their total amount in the dispersion. This is,
most probably, the reason for the close number PSDs
in the region of weak SC and in the initial part of the
region of intense SC. Moreover, variations in the rela-
tions between the numbers and sizes of particles in the
system may explain the appearance of the second peak
with a maximum at nearly 20 nm (primary particles),
which becomes “visible” in the intensity distribution

0.45 +
0.40 -
0.35 +
0.30 +
0.25 +
0.20 £

8

3
—0 re) ], 2
™ Without NaCl (pH, ., pH 11)
10 12 14 16
t, min

Fig. 8. Dependences of optical density of ZrO, hydrosol containing negatively charged particles on observation time at pH 11
and different NaCl concentrations: (1) 6 x 1073, (2) 1072, (3) 2 x 1072, (4) 3 x 1072, (5) 4 x 1072, (6) 5 x 1072, (7) 8 x 1072,

(810", and (9) 2 x 107! M.
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Fig. 9. Dependences of optical density of ZrO, hydrosol
containing negatively charged particles on NaCl concen-
tration at pH 11 and observation times of (/) 0.5 and
(2) 15 min.

over particle sizes (Fig. 13a, curve 1) for the
stable hydrosol at pH 11 and NaCl concentration of
6 < 103 M against the background of the peak
attributed to the primary aggregates. At the same time,
if the contribution of “small” particles to the scattered
light intensity amounts to 1% (Fig. 13a, curve 1), their
number concentration is 90.9% (Fig. 13c, curve I).
This proves that the initial sols with monomodal PSD
contain not only aggregates of primary particles, but
also the particles themselves, as is seen from the SEM
data (Fig. 2). The concentration of the primary parti-
cles, which are most often “invisible” for DLS, is
rather high and depends on dispersion pH. Seemingly,
it is this fact that explains the actual absence of the
region of weak SC at pH 11, when the absolute value of
the C-potential is maximal (Fig. 7), and, hence, the
fraction of the primary particles is highest in the initial
sol. Undoubtedly, the presence of “small” particles in
the initial stable hydrosol makes it necessary to take
into account their role when theoretically describing
the stability and coagulation of polydisperse systems.

The obtained experimental data enable us to
assume a possible mechanism of coagulation in a
polydisperse sol containing both primary particles and
aggregates thereof. To illustrate the evolution of the
particle sizes of the ZrO, hydrosol with an increase in
sodium chloride solution concentration, Fig. 13 pres-
ents the PSDs at the natural pH value.

The region of weak SC is characterized by low pro-
cess rate dD/dt; a slight growth in D as compared with
COLLOID JOURNAL Vol. 83
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Fig. 10. Dependences of average particle diameter d
determined for ZrO, hydrosol from scattered light inten-
sity distribution over particle sizes on NaCl concentration
at pH values of (1) 5.6, (2) 11, and (3) 4.2 and observation
time of 20 min.

that of the stable dispersion even at the maximal
observation time; a small increase in the PdI values
(within a range of 0.01—0.02); and a slight growth in
the average particle sizes, which is accompanied by a
small shift of PSD toward larger sizes, with a rise in
electrolyte concentration (Fig. 13, curve 3). All these
facts seem to indicate the onset of the coagulation of
“small” (primary) particles or their small aggregates
(corresponding to the lower limit of the PSD curve).

The region of intense SC is distinguished by a dras-
tic (as compared with the region of weak SC) increase
in the values of PdI (by 0.04—0.13), optical density and
average particle size (substantial shift of PSD toward
larger sizes (Fig. 13, curves 4, 5)); the appearance of a
bimodal PSD; and an almost linear growth of D and d
values corresponding to the fraction of large particles
in the case of the bimodal PSD with an increase in
electrolyte concentration (at # = const). All of the
aforementioned may indicate the coagulation of the
entire ensemble of sol particles, with the mechanism
and rate of coagulation depending on salt solution
concentration, particle sizes, and the contents of indi-
vidual fractions in an initial dispersion. Therewith, it
must be kept in mind that, even when the number con-
centration of large primary aggregates in a sol is very
low, their coagulation may cause rather pronounced
changes in the studied parameters of a system because
of their strong scattering ability (much stronger than
that of small particles). Moreover, it is of interest that,
in a number of cases, the optical density of the sol in
the region of intense SC exceeds that in the region of



554

dy, nm
1600 ~ 90.8 7
1200 - J H5.6
m, Op .
800/; 2e, o pHII
500 L 3 A, A pHA4.2
400
300 +
200 | I 5
: 43.6
Initial sol : )
100 - pHS6  Without NaCl 244, A Primary
H . ‘aggregate
Primary particle 3 n 0453 A%‘f‘ll
0 T T T kil T T T 1
-35 -30 -25 20 -15 -10 -0.5
logC [M]

Fig. 11. Dependences of average particle size dy, deter-
mined for ZrO, hydrosol from particle volume size distri-
bution on NaCl concentration at different pH values and
observation time of 20 min.

FC at long observation times (Figs. 4, 8). This is pos-
sibly explained by a difference in the structures of the
aggregates being formed: the fast coagulation is char-
acterized by the formation of looser aggregates, which,
therefore, have a weaker scattering ability, thereby
leading to lower D values at electrolyte concentrations
above the FC threshold.

It should also be noted that, in the region of intense
SC, coagulation of sols with bimodal PSDs was, in
some cases, accompanied by not only an increase in
the average aggregate size relative to that in the stable
dispersion, but also the appearance of a peak with a

maximum at d*** < d;* (Figs. 10—12, curves 1, 3) up
to sizes close to the primary particle size (Fig. 12,
curve 3). Seemingly, when the rate of SC is already
rather high and the average size of the particles of the
large fraction increases with a simultaneous decrease
in their number concentration, the relations between
the sizes and amounts of scattering particles in a sys-
tem drastically change, and smaller particles become
also “visible.” This indicates that the coagulation rate
of large particles in the considered systems is, most
probably, higher than that of small aggregates or pri-
mary particles; hence, the coagulation occurs via a
barrierless mechanism (in the secondary potential
minimum). However, it is necessary to calculate the
energy of the interparticle interaction within the
framework of the DLVO theory to confirm this
assumption. Note that the possibility of coagulation of
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Fig. 12. Dependences of average particle size dyy deter-
mined for ZrO, hydrosol from particle number size distri-
bution on NaCl at different pH values and observation
time of 20 min.

primary particles and aggregates with each other also
cannot be excluded in the region of SC.

The region of FC at different NaCl concentrations
is mainly characterized by close monomodal PSDs
(Fig. 13, curves 7, &), as well as close and markedly
higher (in our case, by nearly 2 times) values of PdI
and average particle sizes as compared with those in
the stable sol. As a consequence, the optical density
remains unchanged with variations in electrolyte con-
centration (Fig. 5, curve 2). However, at salt solution
concentrations close to threshold values Cgc, the
region of FC may additionally be characterized by
both a monomodal PSD with a maximum shifted
toward smaller sizes as compared with those at Cy,¢; >
Crc and a bimodal PSD, with the position of the peak
that characterizes the fraction of larger particles being
close to the position of the peak at Cy,c = Cgc
(Figs. 13a, 13b, curves 6—&; Figs. 10, 11, curves 1, 2).
Seemingly, this circumstance may be the reason for
somewhat higher values of the optical density of the
system at electrolyte concentrations close to Cgc than
those at Cy,c = Cgc, in the case of coagulation gone
rather far (Fig. 5, curve 2), while at short times 7, the
value of D is constant throughout the region of FC
(Fig. 5, curve I). The analysis of the observed regular-
ities has led us to assume that, in the initial region of
FC, sol particles fast coagulate via different mecha-
nisms, i.e., both barrier and barrierless mechanisms,
depending on their sizes. Note that the assumptions
brought out after the analysis of experimental data
may, undoubtedly, become more justified after the
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Fig. 13. Dependences of (a) scattered light intensity and (b) volume and (c) number of particles on their size in ZrO, sol at pH
values of (1, I') 11 and (2—6) 5.6 and different NaCl concentrations; ¢ = 20 min.

comparison of the obtained results with the calcula-
tions performed within the framework of the con-
temporary theories of the stability of colloidal sys-
tems.

COLLOID JOURNAL Vol.83 No.5 2021

CONCLUSIONS

The aggregative stability of polydisperse zirconium
dioxide sols containing both primary particles and
their aggregates has been studied by turbidimetry and
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dynamic light scattering in sodium chloride solutions
with concentrations of 3 x 10~3—1 M and different pH
values (4.2, 5.6, 11). The thresholds of intense slow
and fast coagulation have been determined graphi-
cally, and the concentration range corresponding to
the onset of weak slow coagulation has been found. It
has been shown that the sols are most stable at pH 4.2,
in spite of the higher absolute values of the {"-poten-
tial of particles at pH 11, while they are least stable at
the natural pH 5.6, which agrees with the results of
measuring the electrokinetic potential of ZrO, parti-
cles. In addition, it has been found that the initial ZrO,
sol with a monomodal PSD contains both aggregates
of primary particles and the primary particles them-
selves, with the concentration of the latter particles,
which are most often “invisible” by DLS, being rather
high and depending on dispersion pH.

General regularities have been revealed for the
stepwise coagulation of the polydisperse ZrO, sol. The
main specific features of each region of coagulation
have been generalized, and the roles of the relations
between the sizes and number concentrations of the
particles of the initial polydisperse sol in a realized
mechanism of coagulation and their influence on the
type of the formed aggregates have been emphasized.
It has been assumed that, in the region of weak SC,
coagulation most probably involves “small” ZrO, par-
ticles, i.e., primary particles or small aggregates
thereof (which correspond to the lower limit of sizes in
the PSD curve for the initial sol). In the region of
intense SC, which is characterized by the appearance
of a bimodal PSD, the entire ensemble of particles
seems to undergo coagulation.

The analysis of the experimental data has led us to
assume that, both in the region of intense SC and in
the initial region of FC, sol particles may coagulate via
different mechanismes, i.e., the barrier and barrierless
mechanisms, depending on particle sizes. In the
region of intense SC, the coagulation may proceed
both slowly and fast, with this circumstance being
reflected in the character of PSD. In the region of FC
at NaCl concentrations markedly higher than the
threshold one, the entire ensemble of sol particles fast
coagulates via the barrier mechanism.
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