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INTRODUCTION

In this work, the results of the study of sol–gel pro�
cesses in the binary mixtures of colloidal silica and
water�soluble acrylamide polymers of the Magnaflok
brand (M�351 and M�3127) (Allied Colloids Limited,
England) are presented. Nanochemistry opens up new
opportunities for preparing composite materials from
particles of the organic and inorganic nature of a
core–shell type at least when using binary sols. Mixing
nanocomponents of organic and inorganic nature,
between which no covalent bonds are formed in an
aqueous media, is the simplest way for obtaining
hybrid nanocomposites. Mixed colloidal systems may
contain particles of a different chemical nature with
respect to their size and shape, magnitude and sign of
the surface charge, and other characteristics. The sta�
bility of such dispersions is of interest from both the
theoretical and applied points of view. The uniformity
of the distribution of the components in a dispersed
system depends on the aggregative stability and kinet�
ics of coagulation of the sol and determines the mor�
phology of the gels and properties of the materials.
These issues are important in the technologies for the
sol–gel synthesis of porous materials, as well as silicate
glass and coatings, because water�soluble polymers
often play the role of templates [1–4]. Processes
occurring at the early stages of the mixing of the com�
ponents of the system affect the properties of the final
materials (films, powders, suspensions, ceramics, etc.)
in many ways.

The extremely widespread application of silica
hydrosols (colloidal silica) is determined by the

polymeric structure of the particles and by the pres�
ence of a highly developed surface and functional
(silanol) groups, which provides high reactivity and
the possibility for the adsorption modification of
the surface of the particles. The fact that a large
variety of silica hydrosols are produced by interna�
tional manufacturers is motivating. In this work, the
choice of polymers is determined by the fact that
aqueous solutions of polyacrylamide and its copol�
ymers are most often used in the composition of
various compounds [5–10].

EXPERIMENTAL

Commercially available silica hydrosol of the
Ludox TM�40 brand (Grace Davison) was used in the
work. The concentration of the initial sol was
510.0 g/L and NaOH served as the stabilizer. The ionic
strength was provided using chemically�pure�grade
sodium chloride. Acrylic copolymers of the Magna�
flok brand (M�351 and M�3127) (Allied Colloids
Limited Acrylic, England) with various degrees of
hydrolysis and molecular masses were used in the
work. Magnaflok M�351 is an acrylamide homopoly�
mer with the structural formula

CH2 CH

CONH2
n .
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Magnaflok M�3127 is a partially hydrolyzed poly�
mer (copolymer of acrylamide and sodium acrylate)
with the structural formula

The commercial samples of the polymers were not
preliminarily treated. Their characteristics were deter�
mined via the methods of viscometry and potentio�
metric titration.

The macromolecules are negatively charged in neu�
tral and alkaline media due to the presence of the ion�
ized –COO–Na+ groups. All measurements were car�
ried out in the alkaline region of pH values (8.0–9.5).

The viscosity of the polymers, silica hydrosols, and
their mixtures was determined on a VPZh�2 capillary
viscometer with the diameter of the capillary of
0.86 mm at 25 ± 0.1°C. The relative error was less than
2.5%.

The time of gelation in the silica sol and binary
mixtures was determined via the visual method by the
loss in the fluidity [1].

The acid indices and hydrolysis rate of the poly�
mers (the molar percents of hydrolyzed amide groups
relative to their total concentration) were determined
via the method of potentiometric titration on a
pH�213 pH meter (Hanna) according to the standard
procedure [11]. Solutions of 0.1 M KOH were used
within pH values ranging from 2.5 to 9.0 at 20°C.

Dynamic light scattering was used for determining
the hydrodynamic radius of the particles in silica
hydrosols, polyacrylamide solutions, and their mix�
tures on a Zetatrac laser dynamic light scattering
instrument (Microtrac Co.) with the wavelength of the
impinging radiation of 780 nm and scattering angle of
180° at 25°C; the measurement time was 90 s. The
refractive index of the liquid phase corresponded to
the refraction of distilled water of 1.333 and was 1.49
for the particles of the M�351 polymer and 1.46, for
SiO2.

The size of the particles of silica sol determined via
the method of potentiometric titration (Sears method)
was 22.0 ± 0.6 nm [12].

The electrophoretic mobility of the sols was deter�
mined via the method of moving the boundary in a
U�shaped cell according to the standard procedure
[2]. The solution of NaCl, which corresponded to the
sol under study with respect to the electric conductiv�
ity and pH value, was used as the coupling fluid. Table
1 shows the examples of the electrokinetic potentials
of the sol particles calculated according to the Helm�
holtz–Smoluchowski equation, taking into account
the Wiersema–Loeb–Overbeck corrections for the
polarization of particles under electric field [13]. The
relative error did not exceed 5%.

CH2 CH

CONH2

CH CH

COONa
n

…

2

.

RESULTS AND DISCUSSION

It was demonstrated earlier that the viscosity of the
solutions of polyacrylamide of the Magnaflok M�351
brand grows almost linearly up to the concentration of
~0.4 g/L. In the case of the partially hydrolyzed poly�
mer (Magnaflok M�3127), this dependence is expo�
nential [8]. As shown in Fig. 1, the electrolyte has an
insignificant effect on the viscosity over the concentra�
tion of the solutions of polyacrylamide (Magnaflok
M�351) ranging from 1.0 to 2.5 g/L. The viscosity of
the solution of the M�3127 copolymer decreases nota�
bly and reaches the minimum value when the concen�
tration of sodium chloride increases above 0.2 M (see
Fig. 1, curve 5).

The effect of the electrolyte on the viscosity is
determined by the polyelectrolyte effect because the
molecules of hydrolyzed polyacrylamide contain
amide and carboxylic functional groups, thus forming
negatively charged macroions and low�molecular�
mass counterions. Adding an electrolyte to the solu�
tion of the polymer results in a decrease in the dissoci�
ation rate of the ionogenic groups, a change in the
conformation of macrocoils, their contraction, a

Table 1. The effect of the electrolyte on the electrokinetic
potential of silica hydrosol (  = 4.0 g/L)

Concentration of NaCl, M

0.01 0.05 0.1 0.15

–ζ potential, mV 36.0 36.0 24.0 12.0

Silica of the Ludox TM�40 brand.
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Fig. 1. The effect of NaCl on the apparent viscosity of the
solutions of the polymers at the concentration of M�351 of
(1) 1.0, (2) 1.5, (3) 2.0, and (4) 2.5 g/L and (5) at the con�
centration of M�3127 of 0.25 g/L.
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decrease in the hydrodynamic volume, and, hence, a
decrease in the viscosity of the system.

The viscometric studies were used to obtain the
hydrodynamic characteristics of the macromolecules
in the aqueous medium. The intrinsic viscosity [η] was
determined based on the Huggins equation [14]. For
suppressing the electroviscous effect, the measure�
ments of the viscosity were conducted in a 0.5 M solu�
tion of NaCl. The viscosity average molecular mass Mη

of the polymers was calculated according to the
Mark–Houwink–Kuhn equation [15, 16]:

at the values of the constants KM = 1.05 × 10–3 and α =
0.54 at 25°C [15]. The concentration range of the
polymers was chosen based on the rheological studies
on an Ubbelohde viscometer. In the presence of 0.5 M
NaCl, the solutions of M�351 and M�3127 polymers
belong to Newtonian fluids within the area of concen�
trations below 0.7 and 0.3 g/L, respectively. The sizes

[ ]η MK M α

η=

of the macrocoils d were estimated according to the
formula

where F is the Flory universal viscometric constant of
2.0 × 1024 mol–1. Since the constants of the Mark–
Houwink–Kuhn equation depend on multiple factors
(the molecular mass of polymers, hydrolysis rate, con�
centration of electrolyte, and temperature), the choice
of the constants affects the calculation of the visco�
metric parameters of the macrocoils to a considerable
extent, which is why the data obtained should be con�
sidered as relative (see Table 2).

The macrocoils of polyacrylamide are fairly con�
densed in the aqueous medium due to the formation of
intramolecular hydrogen bonds. The formation of
polymolecular layers of water on the peripheral seg�
ments of the macrocoils is accompanied by their lio�
philization. The presence of negatively charged anions
promotes the destruction of the system of hydrogen
bonds and expansion of the macrocoils of the poly�
mers. The sizes of the macrocoils of the studied poly�
mers increase with the growth in their molecular mass
and hydrolysis rate (the anionic character of the poly�
mer). The molecular mass of the M�3127 polymer is
higher approximately by a factor of eight than the cor�
responding value of M�351 low�hydrolyzed polyacry�
lamide, while the diameters of the macrocoils differ
more than threefold. The studied polymers differ not
only by their molecular masses but also by acid indices
and, respectively, the hydrolysis rate of the amide
groups, which is 0.04% for M�351 and 32.0%, for
M�3127. This means that the macromolecules of both
polymers contain carboxylic groups capable of disso�
ciating in an alkaline medium, which imparts a nega�
tive charge on the polymer chains. The low hydrolysis
rate indicates that Magnaflok M�351 is represented by
acrylamide homopolymers.

The differences in the hydrodynamic properties
manifest themselves through the particularities of the
change in the viscosity of the solutions of the polymers
in the case of the addition of an electrolyte.

Figure 2 presents the dependences of the viscosity
of the solutions of polyacrylamide (curve 1), silica sol
(curve 2), and the binary mixture (curves 3 and 4) on
the concentration of sodium chloride. The measure�
ments were performed over 1 h after adding the elec�
trolyte. In the absence of the electrolyte, the viscosity
of the initial solution of polyacrylamide is higher than
the viscosity of the sol (curves 1 and 2); however, the
viscosity of the binary mixture of the silica sol and
polyacrylamide (curve 3) is higher than the viscosity of
the initial sol (curve 2) but lower than the viscosity of
the solution of the polymer (curve 1). One can note the
decrease in the viscosity at low concentrations of NaCl
(curve 3) or in its absence (points on the y axis). At the
concentration of the electrolyte above 0.2 M, the vis�

η
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Table 2. Characteristics of polymers

Polyacryl�
amide

M�3127

Polyacryl�
amide
M�351

Hydrolysis rate, % 32.00 0.04

Acid index, mg/g 25200 700

Intrinsic viscosity [η], dL/g 10.5 3.4

Molecular mass M × 10–6, Da 25.1 3.4

Size of macrocoils d, nm 105 32
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Fig. 2. The effect of the concentration of NaCl on the
apparent viscosity of the solution of (1) M�351, (2) SiO2
sol, (3) freshly prepared M�351 polymer–sol binary mix�
ture, and (4) binary mixture after the three�week ageing.

 = 65.0 g/L and Cpolymer = 1.0 g/L.CSiO2
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cosity of the binary system grows sharply and a fluidity
loss occurs. After three days, the position of the viscos�
ity minimum shifts towards the smaller concentration
of the electrolyte (see Fig. 2, curve 4).

The kinetic dependences of the change in the tur�
bidity are obtained both for the initial concentrated sol
(see Fig. 3, curve 1) and for the mixtures of the sol with
the polymers (Fig. 3, curves 2 and 3) in the presence of
0.2 M sodium chloride.

The turbidity of the binary system changes imme�
diately after mixing the components of the system.
The changes in the viscosity and the growth in the tur�
bidity of the dispersed systems over time are signs of
the aggregation of the particles. It should be kept in
mind that the growth in the turbidity in the case of the
addition of the electrolyte is determined by the
decrease in the aggregative stability of alkaline sols as a
result of the ion exchange and dehydration of the sur�
face layer. However, in the presence of polymers, the
rate of the growth in the turbidity becomes lower than
the rate of turbidization of the initial silica sol. In addi�
tion, the gelation in sols containing polymers occurs
on reaching close values of turbidity, i.e., during the
formation of a critical mass of large particles in the sys�
tem. The obtained regularities can be explained by the
flocculation of silica particles in the polymer resulting
in the formation of polymer–silica associates. Such a
conclusion also follows from the data of the electro�
phoresis.

In the case of an increase in the concentration of
the polymer, the electrophoretic mobility of the parti�
cles in the binary system decreases (see Fig. 4). Here,
the viscosity of the solution of the M�351 polymer
within the specified range depends slightly on the con�

centration. Therefore, the decrease in the electro�
phoretic mobility can result from the flocculation and
shielding of the charge of the surface of silica particles
with the macromolecules. The macromolecules lyo�
philize the silica particles, which results in a slowdown
in the coagulation process and an increase in the time
of gelation (see Fig. 5).

Summarizing the data obtained, the following can
be noted. The studied systems are the mixtures of two
sols differing with respect to both the nature of the dis�
persed phase and character of the aggregative stability.
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Fig. 3. Kinetics of the change in the turbidity: (1) SiO2 sol,
(2) SiO2 sol + NaCl + M�351 polymer, and (3) SiO2 sol +

NaCl + M�3127 polymer.  = 258.6 g/L, CNaCl = 0.2 M,
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Fig. 4. The effect of the concentration of the sol on the
electrophoretic mobility in the presence of polyacryla�
mide. The concentration of M�351 is (1) 0, (2) 0.001, and
(3) 0.01 g/L.
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Silica hydrosols are highly lyophilized but, neverthe�
less, lyophobic (thermodynamically unstable) dis�
persed systems, whose aggregative stability is deter�
mined by the structure and properties of the surface
layers. In the presence of an electrolyte, the aggrega�
tive stability of the alkaline silica hydrosol decreases,
first of all, because of the compression of the electrical
double layer and a decrease in the value of the ζ poten�
tial (see Table 1).

The solutions of the polymers belong to a class of
lyophilic (thermodynamically stable) dispersed sys�
tems, whose heterogeneity is provided by the ability of
the macromolecules to be in the state of macrocoils,
the sizes and conformation of which change continu�
ously depending on the properties of the medium.

The formation of hybrid associates (floccules)
retaining the aggregative stability for a long time is
possible in binary sols.

As shown in Fig. 6, the curves of the average num�
ber of the particle distribution in the initial systems
have a monomodal character. The average value of the
hydrodynamic radius of the polyacrylamide macro�
coils is ~25 nm, while that of the silica particles is
~10 nm. Close results were also obtained for the vol�
ume average particle distribution (see Table 3). The
monomodal character of the particle distribution is
retained in the binary systems but the shift of the max�
imum towards a more highly dispersed sol can be
noted. This trend strengthens after the ageing of the
mixed system (see Fig. 6, curve 4) and indicates the
occurrence of flocculation.

In the presence of an electrolyte, the average radi�
uses of the particles in the binary system grow with the
increase in the ionic strength; here, the monomodal
distribution is only observed for the average number of
values (see Table 3). In the case of average volume val�
ues, three fractions with the average values of the radi�
uses of 52, 390, and 1540 nm are observed.

As shown in Table 3, the increase in the concentra�
tion of NaCl in the silica hydrosol results in an
increase in the average radiuses of the particles in the
binary system and has no effect on the radiuses of the
polyacrylamide macrocoils.

It is difficult to explain the regularities of the for�
mation of floccules in binary systems from the view�
point of the “bridge bond” theory or expelling mech�
anism [17]. The more so, as binary sols are nanodis�
persed systems, in which the sizes of the polymer
macrocoils are comparable to or severalfold large than
the size of silica particles.

It has been assumed earlier that heterocoagulation
is the limiting stage of the flocculation in binary sols
[9]. Heterocoagulation is provided by intramolecular
attraction forces under the conditions of a decrease in
the electrostatic repulsion of silica particles and mac�
romolecular coils. The addition of the electrolyte leads
to a change in the properties of the polymer solution
(to a reduction in the electroviscous effect and a
decrease in the viscosity of the polymer solution, con�
traction and compaction of the polymer macrocoils,
and a decrease in the dissociation rate of the ionogenic
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Table 3. Average hydrodynamic radius of the particles in SiO2 sols, solutions of polyacrylamide, and their mixtures

Composition

Average radiuses of the particles, nm

MV—volume average 
distribution

MN—number average 
distribution

M�351 (1.0 g/L) 25.1 ± 0.3 20.3 ± 0.4

M�351(1 g/L)+ NaCl (0.1 M) 24.6 ± 0.7 19 ± 1.0

Ludox TM�40 (65.0 g/L) 11.1 ± 0.1 8.90 ± 0.05

Ludox TM�40 (65.0 g/L) + NaCl (0.1 M) 24.1 ± 0.7 19.2 ± 0.1

Ludox TM�40 (65 g/L) + M�351 (1.0 g/L) 15.4 ± 0.2 12.10 ± 0.05

Ludox TM�40 (65 g/L) + M�351 (1.0 g/L) + NaCl (0.3 M) 52; 390; 1540 45 ± 5.0
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groups). At the same time, the aggregative stability of
the alkaline hydrosol decreases during the addition of
the electrolyte, which is associated with the ion
exchange process and dehydration of the surface layer.
All this promotes the heterocoagulation and formation
of hybrid polymer–silica associates (floccules). A sim�
ilar process was considered earlier in the colloidal sil�
ica–polystyrene latex systems [18–20]. Macromole�
cules lyophilize silica particles, which results in the
decrease in the rate of coagulation. The mobility of the
segments of the macromolecular coils promotes the
structural rearrangement of the floccules and encap�
sulation of silica nanoparticles into a nanodispersed
polymer matrix.

CONCLUSIONS

The colloidal nature of the solutions of polymers as
lyophilic sols should be taken into account when con�
sidering the properties of polymer�containing dis�
persed systems. Under certain conditions, heteroco�
agulation, resulting in the formation of hybrid parti�
cles, can be the limiting stage of the interaction
between macromolecules and particles of a different
nature.
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