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Effect of polyethylene oxide on the viscosity
of dispersions of charged silica particles:
interplay between rheology, adsorption,

and surface charge

Abstract In this study a systematic
investigation on the adsorption of
polyethylene oxide (PEO) onto the
surface of silica particles and the
viscosity behavior of concentrated
dispersions of silica particles with
adsorbed PEO has been performed.
The variation of shear viscosity with
the adsorbed layer density, concen-
tration of free polymer in the
solution (depletion forces), polymer
molecular weight, and adsorbed
layer thickness at different salt con-
centrations (range of the electro-
static repulsion between particles) is
presented and discussed.
Adsorption and rheological stud-
ies were performed on suspensions
of silica particles dispersed in solu-
tions of 107> M and 10™* M NaNO;
containing PEO of molecular
weights 7,500 and 18,500 of different
concentrations. Adsorption
measurements gave evidence of a
primary plateau in the adsorption
density of 7,500 MW PEO at an
electrolyte concentration of 107 M
NaNOs. Results indicate that the
range of the electrostatic repulsion

between the suspended particles
affects both adsorption density of
the polymer onto the surface of the
particles and the viscosity behavior
of the system. The adsorbed layer
thickness was estimated from the
values of zeta potential in the pres-
ence and absence of the polymer and
was found to decrease with decreas-
ing the range of the electrostatic
repulsive forces between the parti-
cles. Experimental results show that
even though there is a direct relation
between the viscosity of the suspen-
sion and the adsorption density of
the polymer onto the surface of the
particles, variation of viscosity with
adsorption density, equilibrium
concentration of the polymer, and
range of the electrostatic repulsion
cannot be explained just in term of
the effective volume fraction of the
particles and needs to be further
investigated.

Key words Suspensions viscosity -
Polymer adsorption - Rheology -
Highly concentrated silica
suspensions - Steric stabilization

Introduction

Stabilization of colloidal suspensions by the adsorbed
polymers is of considerable importance in the prepara-
tion and processing of concentrated colloidal disper-
sions. These materials find applications as coatings,
cosmetics, clays and ceramics, electronic pastes, food,
paper, paints, sludges, and effluents. In preparation of

these systems, solids are dispersed in the suspending
fluid as fine particulates and remain separated from
each other through electrostatic, steric, or electrosteric
stabilization. Even though the role of polymers and
polyelectrolytes in controlling the stability-flocculation
behavior of colloidal suspensions has been widely
known for many years, most of the past research has
been performed on dilute systems. During the past forty
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years, theories have been developed to describe the
adsorption and conformation of polymers at the solid-
liquid interface and also, theories have been developed
to explain particle-particle interactions in the presence
of polymers [l, 2]. Several important factors such as
Brownian motion of the particles, particle size, particle
size distribution, particle shape, volume fraction of the
particles, the viscosity of the suspending media, and the
range of particle-particle interactions govern the sus-
pension properties [3, 4]. The calculations as well as
experimental studies show that the effect of interparticle
forces on suspension properties becomes increasingly
important as the particle size is decreased [3]. Control of
the range of interparticle interactions is of significant
importance in terms of stability, flow properties, and
packing of sub-micron-sized particles. In order to
improve the material properties to minimize the inho-
mogeneities in the packing of particles and the distribu-
tion of the pores, interparticle forces in the suspension
should be manipulated during processing and forming
[5, 6]. In addition to Brownian and hydrodynamic
interactions, there are several other types of interactions
between the suspended particles that determine the
stability and state of a colloidal dispersion. These are:
van der Waals attractive forces, electrostatic repulsive
forces, steric (due to the adsorbed polymers) and
electrosteric (polyelectrolytes) forces, depletion forces
(due to the presence of free polymers), and structural
(hydration) forces (short range). The combination of
van der Waals attractive forces and steric forces form
the basis for the theory of steric stabilization [7].

Fine particles tend to attract each other due to van
der Waals attractive forces. Brownian motion of the
particles resists this force tending to keep the particles in
the dispersed state. However, if the former dominates,
particles will aggregate into flocs and trap the suspend-
ing fluid, leading to a high viscosity sample. Van der
Waals attractive forces can be neutralized through the
addition of like charges, and adsorbing or grafting
polymer molecules onto the surface of the particles. In
the first case, stabilization occurs due to electrostatic
repulsion, while in the second case, stabilization occurs
due to steric repulsive forces.

Dispersion stabilization
Electrostatic stabilization

Aqueous colloidal dispersions may be stabilized against
adhesion and flocculation of the particles through
electrostatic repulsion due to the adsorption of the ions
at the particle surface. In electrostatically stabilized
dispersions, each particle is surrounded by a layer of
ionized surface groups and the associated diffuse part of
the ionic cloud of counterions. Competition between van

der Waals attractive forces and electrostatic repulsive
forces between the suspended particles plays the most
important role in the stability of the system. Based on
the DLVO theory, the total potential energy of interac-
tion for electrostatically stabilized suspensions can be
defined as:

Ve=Va+Vy, (1)

where Vr is the total potential energy of interaction, Vg
is electrostatic potential, and V4 is the London-van der
Waals attraction potential [8-10]. All suspensions are

subjected to London-van der Waals attractive forces. In
the absence of electrostatic repulsion, the particles will
stick together due to these forces and if the magnitude of
the attraction is high, flocs or aggregates will be formed.
Between two spheres of the same size, these forces can be
expressed as:
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where A is the Hamaker constant, a is the radius of the
particle, and h is the center-to-center separation distance
[11, 12].

When the particles come close together, the ionic
concentration between the particles rises due to the
overlap of the ionic cloud around the particles and
causes repulsion. The electrostatic potential between two
spherical particles in a 1:1 electrolyte can be expressed
as:
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where ¢ is the relative permittivity of the dispersion
medium, &o is the permittivity of free space, z is the
counter ion valence, e is the electron charge, k is the
Boltzmann constant, and T is the absolute temperature.
For a symmetrical electrolyte the screening efficiency
(reciprocal Debye length), x, is given by [13]:
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where I is the ionic strength.

For dispersions of silica particles (860 nm in diam-
eter), at electrolyte concentrations of 10™* M and
10-2 M NaNO; (using A=1.2x107°7J, and surface
potential o =-60 mV), calculations indicate that the
repulsive energy at contact is very high (e.g., >30 kT)
for both systems. This is enough to ensure the stability
of the system and, under these conditions, the disper-
sions are stabilized by soft, long-range interparticle
repulsive forces. As the electrolyte concentration is
increased, the ionic cloud around the particles will
be compressed resulting in a decrease in the range of
the repulsive forces between the particles. There is an
indication of a secondary minimum at 107> M NaNOj

z2e?

(4)
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and the depth of the minima will increase as the salt
concentration is increased further. This may cause
aggregation of the particles in the secondary minima.
The size and strength of the aggregates depends on the
depth of the minima (magnitude of the attraction). In
the second system, the depth of the secondary minima is
about (—2)kT and there is the possibility for the particles
to form very weak aggregates which will break down
under shearing motion.

The role of particle-particle interactions between
suspended particles on stability and flow behavior of
concentrated dispersions becomes more pronounced at
higher volume fractions of the particles due to a decrease
in surface-surface separation in the system. At a fixed
volume fraction of the particles, this effect becomes
increasingly important for suspensions of finer particles
due to the increase in the surface area per unit volume of
solids in the dispersion [14-16].

Steric stabilization

Steric stabilization can be achieved through the addition
of the soluble polymers to the suspending media. The
polymer molecules can either physically adsorb or
chemically bond to the surface of the particles [3, 7, 17—
19]. The effect of the added polymer on properties
of dispersions varies with polymer molecular weight,
polymer conformation, chemistry of functional groups,
surface coverage, temperature, and concentration of the
solvent. The stability of sterically stabilized suspensions is
determined by polymer-solvent interaction parameter y
known as the Flory constant [20], which is defined as [21]:

1=y ai(1-9) | (5)

where AH =enthalpy of dilution, and 0 is the theta
temperature defined as (32)7 with AS being as entropy
of dilution. For a sterically stabilized suspension to be
stable, y must be less than 0.5. When y > 0.5, floccu-
lation will occur in the suspension, and y=0.5 corre-
sponds to 0 conditions [7, 21, 22]. In sterically stabilized
suspensions, the total potential energy of interaction
between two polymer-coated particles is defined as:

Vo = Vo +Va+ Vs, (6)

where Vj is steric repulsion. Both V. and V4 have to be
modified due to the presence of the adsorbed polymer
layer [23]. V is equal to the changes in Gibbs free energy
as the polymer-coated particles are brought close
together. The steric interaction between two polymer-
coated, spherical particles can be approximated as [7]:

Vs = Vs,mix + Vs,ela (7)

Vi mix 1S the result of the interpenetration and therefore
mixing of the polymer segments (osmotic contribution)

when the adsorbed layers approach to a distance smaller
than twice that of the polymer layer thickness. The
following approximation is given for Vg ,ix by Napper
[7]:
2naxTv’T2 /1
s,mix — — PP <§ - X) Smix, (8)

where v; is the solvent molar volume, v, is the polymer
molar volume, I', is the adsorbed amount of polymer
(number of chains per unit area), and S,;;;, is a geometric
function that depends on the form of the segment
concentration profile in the adsorbed layer normal to the
interface. When particles come within the compression
domain, an elastic contribution must be added to
the steric interaction. The second term, Vg, in Eq. 7
represents this contribution which is defined as [7]:

Vs,el = 27‘ECZKTFPS@1,
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where S is a geometric function that depends on the
segment concentration profile in the adsorbed layer
normal to the interface. Napper [7, 17] has derived
analytical expressions for S,;x and S for various forms
of the segment concentration profiles.

Eqations 8 and 9 indicate that interaction potential
in sterically stabilized suspensions is affected by the
adsorbed layer thickness and polymer molecular weight.
It was observed by Sonntag et al. [24] that the thickness
of the adsorbed layer increases with increasing polymer
molecular weight. They have also shown that the effect
of polymer molecular weight on interaction energy
between the suspended particles may vary with polymer
molecular weight depending upon the separation dis-
tance between the suspended particles. While at large
separation distances, the interaction potential increases
with increasing polymer molecular weight, at small
separation distances, interaction potential is higher for
lower molecular weight polymers and there is a steeper
rise in energy-distance curve for samples stabilized with
a lower molecular weight polymer. This was attributed
to the increase in average volume fraction of segments in
the adsorbed layer with decreasing polymer molecular
weight. More energy is needed for the two particles to
approach each other as the segment concentration is
increased.

Sterically stabilized suspensions show different be-
havior depending upon the thickness of the adsorbed
polymer layer. Particles can be treated as hard spheres
when the layer is thin and small relative to the particle
radius, whereas soft sphere behavior is expected for
particles coated with thick polymer layers [25]. It is
important to note that when the polymer dosage is low,
surface coverage will be incomplete (partial coverage)
providing weak flocculation through polymer bridging
of particles [3]. Also, the presence of free polymer chains
in the system can cause depletion flocculation [26] that
is accompanied by an increase in the viscosity of the
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suspension. Using a combination of rheology and small
angle neutron scattering techniques, Kawaguchi et al.
[27] have shown that non-adsorbed polystyrene chains
(PS) induce changes in the structure and the rheological
properties of suspensions of fumed silica particles which
form gel-like network structures in the suspending fluid.

Most of the past data on rheological properties of
sterically stabilized silica are limited to low volume
fractions of the particles [25, 28-31]. In addition, in most
of these studies, one cannot find all necessary information
such as adsorbed layer density and adsorbed layer
thickness in a single paper to relate rheological properties
of suspensions to physical and chemical characteristics of
the system [32, 33]. In this study a systematic investigation
on the adsorption of polyethylene oxide (PEO) onto the
surface of silica particles and the viscosity behavior of
highly concentrated aqueous suspensions of silica parti-
cles with adsorbed PEO has been performed. In order to
relate the viscosity of the system to the adsorbed layer
density of the polymer, adsorption studies were per-
formed on the same samples prepared for rheological
experiments. The variation of the shear viscosity with the
adsorbed layer density, concentration of the free polymer
in the solution (depletion forces), polymer molecular
weight, and adsorbed layer thickness at different salt
concentrations is discussed. Adsorbed layer thickness was
estimated from the values of zeta potential in the presence
and absence of the polymer.

Materials and methods

The silica samples used in this study were of 0.20 um, and 0.86 um
in dlameter (dso value) with specific surface areas of 14.62 m?2/g,
and 3.26 m?/g, respectively. The purity and density of the powders
were 99.9% and 2.1 g/em®, respectively. Silica samples were
provided by Geltech Corporation and were used as received.
Polyethylene oxide (PEO) of molecular weights 7,500 and 18,500
was procured from Polysciences Inc. and was used as received.
Polymer stock solutlons were prepdred at concentrations of up to
10,000 ppm in 107> M and 10™* M NaNO3 solutions and stirred
for 16 hours using a magnetic stirrer in order to achieve complete
dissolution. The solutions were covered in order to avoid
decomposition of the polymer due to exposure to ultraviolet
radiation. All experiments were conducted in ultra-pure water of
specific conductivity less than 1 gohm/cm.

Silica slurries were prepared by gradually adding silica powder
to the electrolyte or electrolyte-polymer solutions. Depending upon
the volume fraction of silica used, polymer dosage, and salt
concentratlon the PEO stock solution was diluted with 102 M or
10™* M NaNO; solution to the desired concentration. The required
mass of dry silica was then slowly added to the PEO solution while
mixing the sample by shaking and vibration. After addition of
silica, the suspensions were vigorously shaken by hand and then the
pH of the samples was adjusted to 9.5 using NaOH (Fisher brand)
solution. After the pH adjustments, samples were sonicated for
at least 30 minutes in order to break up any aggregates. The
suspensions were then agitated using a Burrell Model 75 Wrist
Shaker for a period of 16-20 hours in order for equilibrium to be
reached. During equilibration, the pH of the suspensions was
checked periodically and readjusted if required.

The viscosities of the samples were determined using a Paar
Physica UDS 200 rheometer with a cone-and-plate geometry. All
experiments were performed at 25 °C and the sample temperature
was controlled to within £0.1 °C using water as the heat transfer
fluid. In all experiments, a cone of radius 4.30 cm with a cone angle
of 0.5° (a gap size of 25 um) was used. The possibility of
sedimentation of the particles and water evaporation from the
samples during experiments were examined by performing viscosity
measurements as a function of time at a fixed shear rate. Also
a cone of radius 3.75 cm with a cone angle of 1.0° (a gap size of
50 um) was used to check for other possible errors. The results did
not change over the time period of experiments and the viscosity
values measured with two different cones agreed within experi-
mental error (£3%).

Adsorption of PEO onto the surface of silica particles was
determined using a depletion method. After equilibration, the
samples were centrifuged for 10 minutes at 15,000 rpm and
the supernatant was carefully withdrawn. Supernatant was left in
the refrigerator overnight to assure sedimentation of the remaining
particles in the solution. The residual PEO concentration was
then determined using a Tekmar-Dorhmann Phoenix 8000 Total
Organic Carbon (TOC) analyzer.

Electrokinetic studies were performed on two sets of suspen-
sions of 200 nm (diameter) silica particles (0.1% vol) prepared in
solutions of PEO-7500 of different polymer concentrations at two
different electrolyte concentrations, 107> M and 10™* M NaNO3,
respectively. Zeta potential measurements were carried out using a
Brookhaven ZetaPlus instrument. A small portion of the sample
was injected into the cell of the instrument and multiple measure-
ments of the electrophoretic mobility of the particles were made at
room temperature.

When a charged particle in an electrolyte solution is placed in an
electric field, the particle will move toward the oppositely charged
electrode. The electrophoretic mobility of the particle may be
defined as [34]:

zsz)gru S

b= =5 k)
where (i, is the electrophoretic mobility, ¢ and ¢, are the dielectric
constants of the free space and medium, { is the zeta potential
of the particle, 1 is the viscosity of the fluid, and f; is the shape
function. This function changes from 1 (Hiickel limit) for small
values of ka, to 1.5 (Smoluchowski limit) for large xa values
(ka > 100). Values of fi(xa) to be used in Eq. 10 are given by
Hunter [34]. For silica partlcles with an ayerage radius of 100 nm in
electrolyte solutions of 1072 M and 107* M NaNOs;, values of ka
will be equal to 33 and 3.3, respectively. The corresponding values
for fi(xa) given by Hunter [34] are equal to 1.39 and 1.1,
respectively. Using a Brookhaven ZetaPlus instrument, the oper-
ator has the option to choose either Smoluchowski’s model or
Hiickel’s equation to determine the zeta potential of the sample
under consideration. Depending upon the magnitude of ka, the
actual zeta potential may differ from the measured values and
proper correction has to be made to reduce the corresponding
errors. In this work, Hiickel’s equation was chosen for the default
calculation of the zeta pOtCntldl of PEO coated silica particles in
solutions of 107> M and 10™* M NaNOj respectively. These values
were then divided by 1.39 and 1.1, respectively, to determine the
actual zeta potential of the samples at electrolyte concentrations of
102 M and 10™* M NaNOs, respectively.

When neutral polymers are adsorbed onto the surface of a
particle, the shear plane will shift away from the particle surface
(depending upon the adsorbed layer thickness) with respect to its
position in the absence of the adsorbed polymer [34]. The work of
Koopal and Lyklema [35] on the adsorption of polyvinyl alcohol
(PVA) onto the surface of Agl indicates that the zeta potential
changes by increasing the adsorbed layer density and the initial
effect of the polymer is to move the isoelectric point (IEP) to more

(10)
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positive values. The values of the zeta potential can be used to
determine the adsorbed layer thickness of the polymer using the
following equation [34]:

tanh (L{%) = tanh <%w]f> exp(—k(A = 9)),

where z is the valence of the counterion, e is the elementary charge,
Y is the potential measured in the absence of polymer, ¢ is the
thickness of the stern layer, and A is the thickness of the adsorbed
layer. With the assumption that s is equal to the measured value
of zeta potential in the absence of polymer, it is possible to estimate
the thickness of the adsorbed layer from the values of zeta potential
using Eq. 11.

(1)

Results and discussion
Shear flow properties

The steady shear viscosities of 55% vol suspensions of
silica particles (0.86 um in diameter) suspended in
an aqueous solution of 0.01 M NaNO; containing
7,500 MW PEO of different concentrations are shown
in Fig. 1 which represents the viscosity as a function of
shear rate at different levels of polymer dosage. As can
be observed, all samples exhibit shear thinning behavior
at intermediate shear rates and Newtonian behavior at
shear rate levels higher than 300 s™'. It appears that over
the range of polymer concentrations studied, the degree
of shear thinning behavior is approximately the same for
all samples prepared using different dosages of PEO
indicating the same degree of stability for the systems
under consideration. Even though there is no indication
of shear thickening behavior at 55% vol over the shear
rate and polymer concentration ranges studied this may
not be the case at higher polymer concentrations. The
effect of polymer dosage on the viscosity of the
suspension is more significant at lower shear rates which
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Fig. 1 Variation of viscosity with shear rate and polymer dosage for
0.86 um size silica particles dispersed in a solution of 1072 M NaNO,
and PEO (MW =7,500) at 55% volume (25 °C and pH =9.5)

is due to the fact that, at low deformation rates,
interparticle forces are dominant and control the
viscosity behavior of the system.

Effect of polymer dosage and adsorption density
of the polymer

The effect of PEO 7,500 dosage on shear viscosity of
aqueous suspensions of 0.86 um (diameter) SiO, parti-
cles at 55% vol (1072 M NaNOs at a pH value of 9.5) is
shown in Fig. 2 which represents plots of viscosity as a
function of polymer dosage at shear rate levels of 1 57/,
10 s™', 100 s™", and 1000 s™". It can be observed that
the viscosity of the suspension initially decreases to a
minimum with increasing polymer dosage and then
starts to increase with further addition of polymer to
the suspension. There is a secondary minimum in the
viscosity of the system at higher polymer concentrations.
Even though one may attribute the change in viscosity
to the effect of polymer on the stability and phase
separation of the suspension, more research has to be
performed before a definite conclusion can be made. It
can be seen from Fig. 2 that the variation of viscosity
with polymer dosage is more significant at lower levels of
shear rate. While there is a considerable improvement in
the fluidity of the system through the adsorption of the
polymer onto the surface of the particles, it appears that
the applied deformation rate also plays a very important
role on the level of viscosity reduction.

To study the role of adsorption density of the
polymer on rheological properties of silica suspensions,
the adsorption of polyethylene oxide (PEO) of molecular
weight 7,500 onto the surface of silica particles was
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Fig. 2 Variation of viscosity with PEO concentration for 0.86 um size
silica particles dispersed in a solution of 107> M NaNO; and PEO
(MW =7,500) at 55% volume at four levels of shear rate (25 °C and
pH=9.5)
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investigated. The adsorption isotherm is reported in
Fig. 3 which is a composite plot for the viscosity (at
1 s!) and adsorption density of 7,500 molecular weight
PEO onto 55% vol silica suspensions (0.86 yum in
diameter) as a function of equilibrium concentration of
the polymer in the suspending fluid. It is observed from
this figure that a primary plateau is reached at an
adsorption density of about 0.34 mg/m> Adsorption
density increases with further increase in PEO concen-
tration until nearly a second plateau is reached at an
adsorption density of 0.68 mg/m?> which corresponds to
an approximate PEO dosage of 2.8 mg/(g solids).
Similar behavior has been reported in the literature
[36] for the adsorption of a hydroxy-terminated PEG of
molecular weight 400 onto the surface of a macroporous
silica gel with a mean porosity diameter of 300 nm and
the particle size ranges between 40 and 100 um. These
authors observed similar behavior in their adsorption
studies of low molecular weight PEO and suggested that
once a critical surface concentration is reached, the
affinity of the terminal hydroxy groups for the silica
surface may allow the polymer molecule to partly “stand
up”, thereby allowing for the adsorption of more PEO
onto the surface of the particles. Also, it is possible that
the partial polydispersity of the polymer may cause
this kind of behavior. It can be observed from Fig. 3
that the first minimum in viscosity corresponds to the
start of first plateau in adsorption density and the
second minimum in viscosity corresponds to the start of
second plateau in adsorption density of the polymer on
the particle surface.

The stability of colloidal particles suspended in a
polymer solution is affected by both adsorption of the
polymer onto the surface of the particles and also the
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Fig. 3 Variation of viscosity (suspensions of 0.86 um silica particles at
55% volume) and adsorption density of PEO 7,500 onto the surface
of the particles with equilibrium concentration of the polymer
(1072 M NaNOs, 25 °C, pH=9.5)

concentration of free polymer chains in the solution. In
spite of the importance of the role of free polymers
on the viscosity behavior and stability of colloidal
suspensions, the subject has not received considerable
attention, particularly at high volume fraction of the
particles. Several investigators [27, 37-42] have shown
that free polymers at sufficiently high concentrations can
induce flocculation in a stable suspension. Feigin and
Napper [41] and Clark and Lal [43] observed that, above
a critical concentration of the free polymer, stability will
be imparted in the system if the concentration of the free
polymer chains is further increased. In a concentrated
suspension, if the spacing between the particles is less
than the mean size of the polymer chains, the probability
for the polymer chains entering the space between the
particles is small and the fluid between the particles is
essentially pure solvent. Free energy of the system will
decrease as a result of the approach of colloidal particles
which will cause the solvent molecules to be pushed
out into the bulk medium. Once the particles have
approached sufficiently close to exclude the polymer
chains, closer approach occurs spontaneously causing
flocculation of the particles [7].

Increase in the viscosity of silica suspensions with the
adsorbed PEO molecules can be explained with changes
in the concentration of the free polymer chains in
the suspending media. When the first plateau in the
adsorption isotherm is reached, most of the added
polymer will stay in the solution increasing the concen-
tration of the free polymer chains in the suspending
media. This causes an increase in the magnitude of the
depletion forces in the system which is accompanied by
an increase in the viscosity of the dispersion. Above
a critical concentration of the polymer, more polymer
molecules will be adsorbed on the surface of the
particles, increasing the magnitude of the steric repulsive
forces; thus decreasing the viscosity of the suspension.
The viscosity of the suspension will reach a minimum
when the surface of the particles is fully covered with
polymer molecules, which corresponds to the start of
second plateau in adsorption isotherm. Further addition
of the polymer to the system will cause an increase in the
concentration of the free polymer in the suspending fluid
and hence increasing the viscosity of the suspension due
to increase in the magnitude of the depletion forces in
the system.

Effect of polymer molecular weight

The viscosity of silica suspensions was found to vary
with polymer molecular weight as indicated in Fig. 4
which is a comparison between the viscosity of suspen-
sions of 0.86 um silica particles stabilized with PEO of
molecular weights 7,500 and 18,500, respectively. Plots
in Fig. 4 represent the viscosity (at 1000 s-!) as a
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Fig. 4 Variation of viscosity with PEO molecular weight for
suspensions of 0.86 um size silica particles dispersed in a solution of
10-2M NaNO; at 55% volume (suspension pH=9.5, 1000 s™',
25 °C)

function of equilibrium concentration of the polymers in
the supernatant. The viscosity response of the suspen-
sion to the equilibrium concentration of the polymer (or
polymer dosage) varies with polymer molecular weight.
While there is a significant decrease in the viscosity
of the samples stabilized with PEO 7,500 at a critical
concentration of the polymer, this behavior was not
observed for the samples prepared with PEO 18,500.
The viscosity of the samples decreased slightly with
increasing polymer concentration and then increased
monotonically as the PEO 18,500 dosage was increased.
It is apparent from the rheological data that PEO 7,500
is a more effective dispersant than PEO 18,500, which
can be concluded from the significant decrease in the
viscosity of the suspension stabilized with PEO 7,500.
We point out that the viscosity of the suspending media
was determined (using glass capillary) at different
polymer concentrations used in this work and indicated
no significant change with polymer dosage. From the
results of our earlier studies [32], it appears that the
viscosity response of a suspension to polymer dosage
and polymer molecular weight depends on the state of
the colloidal dispersion (e.g., range of the electrostatic
repulsion and stability of the system).

Role of ionic strength on polymer adsorption
and viscosity

In a concentrated suspension each particle interacts with
many neighbors and this occurs when the separation
between the particles is comparable with the screening
length. Barker and Henderson [44, 45] have developed a
perturbation theory for the Helmholtz potential and its
derivatives for classical fluids with spherically symmetric

interaction potentials of short range. Based on their
theory, it can be concluded that in an electrostatically
stabilized suspension, the neighboring particles are
effectively excluded from a region of radius a.g (a is
the radius of the core particle) around it:

1 [ -V
aeﬁ-:a—i—z/z {1 —exp{ k]}(r):| }d}”,

The effective volume fraction of the particles, ¢, which
takes into account the volume of both particles and the
ionic clouds around the particles, can be calculated from
the following equation.

boy = (aeff ) 3’

a

(12)

(13)

In sterically stabilized suspensions, the adsorbed poly-
mer creates a coating on the surface of the particle with a
non-negligible thickness and, therefore, the particles
have an effective radius, a.y, that is larger than the
radius of the core particles. Techniques such as neutron
scattering, osmometry, and glass capillary viscometery
can be used to determine the thickness of the adsorbed
barrier. The adsorbed layer thickness may also be
estimated from the data on zeta potential in the absence
and presence of polymer.

Fig. 5 represents the viscosity data for suspensions
of 0.86 um (diameter) silica particles at 55% vol
(suspension pH =9.5, 1000 s™', 25 °C) as a function of
equilibrium concentration of PEO-7500 at electrolyte
concentrations of 107> M and 107* M NaNO;. At an
electrolyte concentration of 10™* M NaNOs, the viscos-
ity of the suspension decreases through the addition of
polymer, reaches a minimum, and then remains almost
constant over a wide range of equilibrium concentration
of the polymer. Different behavior is observed for the
viscosity of the system of 107> M NaNO;. In this

0.06
1 ® 102MNaNO3
005 = 4 10" M NaNO3
A
2 0.04 | AL A
= 0031, o e .
[ ] P o o
002 *°
0.01 — —
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Fig. 5 Variation of viscosity of suspensions of 0.86 um silica particles
at 55% volume with equilibrium concentration of the polymer and
salt concentration (1000 s™', 25 °C, pH=9.5)
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system, the viscosity decreases through the addition of
polymer, reaches a minimum at a critical concentration
of the polymer, increases with further increase in
polymer concentration, goes through a maximum, and
then decreases to a secondary minimum at a second
critical concentration of the polymer used. It appears
from the data that there is an increase in the viscosity of
both systems with further increase in the concentration
of the polymer in the system. Final increase in viscosity
occurs at equilibrium concentrations of the polymer
corresponding to saturation adsorption (plateau) on
adsorption isotherms.

It can be observed from Fig. 5 that there is a
significant decrease in the viscosity of electrostatically
stabilized (without PEO) suspensions as the salt con-
centration is increased from 107 M NaNO; to 1072 M
NaNOs;. The effect of electrolyte concentration (range of
the electrostatic repulsion) on the viscosity of electro-
statically stabilized suspensions can be explained in
terms of effective volume fraction of the particles. At low
electrolyte concentrations, the effective volume fraction
of the particles is larger due to long-range interparticle
interactions. As the electrolyte concentration is in-
creased, there will be a decrease in the effective volume
fraction of the particles due to the compression of the
double layers around the particles and, therefore, one
may expect a decrease in the viscosity of the system. The
range of the repulsive forces between the suspended
particles is a decreasing function of electrolyte concen-
tration and hence, above a critical concentration of the
added salt, the van der Waals attractive forces become
dominant which is accompanied by an increase in the
viscosity of the suspension due to the formation of
aggregates in the system. The above explanation is
confirmed by experimental observations of Kaji et al.
[46] and Zaman et al. [32] on the effect of electrolyte
concentration on the viscosity of colloidal dispersions.

Comparison of the viscosities of the two systems at
different equilibrium concentrations of the polymer
indicates that the variation of viscosity with equilibrium
concentration of the polymer and range of the electro-
static repulsive forces cannot be explained just in term of
the effective volume fraction of the particles. The two
systems do not exhibit similar trends in viscosity as the
adsorption density of the polymer (or equilibrium
concentration of the polymer) is increased. In the
absence of polymer, the decrease in viscosity with
increase in electrolyte concentration can be attributed
to the decrease in the range of electrostatic repulsive
forces which is accompanied by a decrease in effective
volume fraction of the particles.

Fig. 6 represents the zeta potential as a function of
the adsorption density of the polymer at two different
salt concentrations. When a non-ionic polymer such as
PEO is added to the dispersion of charge-stabilized
particles, the electrical double layer around the particles
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Fig. 6 Variation of zeta potential with the adsorption density of PEO
MW 7,500 onto the surface of silica particles at two different salt
concentrations (0.20 um silica particles, pH=9.5, 25 °C)

and, therefore, the zeta potential may be altered due to
the adsorption of polymer molecules onto the surface of
the particles. The zeta potential may be influenced by the
change in the adsorption characteristics of the ions due
to the presence of the polymer and/or shifting the
position of the shear plane away from the surface of
the particles. It can be observed from Fig. 6 that over
the entire range of the adsorption density of the
polymer, the zeta potential values indicate a strong
negative charge on the surface of the particles. Results
indicate that the magnitude of the zeta potential
decreases as particles are gradually covered by the
polymer. The lowest value of the zeta potential for each
system corresponds to the plateau value of the adsorp-
tion isotherm. Also, it can be observed that there is
a significant decrease in the magnitude of the zeta
potential as the salt concentration is increased which is
due to the compression of the double layer around the
particles with increasing salt concentration.

The adsorption isotherms at two different salt
concentrations for SiO,-PEO system (2% vol suspen-
sions of silica particles of 200 nm in diameter, suspen-
sion pH=9.5, PEO of molecular weight 7500) are
shown in Fig. 7. Results given in this figure indicate that
the adsorption density of the polymer for the system of
107* M NaNOs concentration is larger than the system
of 1072 M NaNOj; concentration. Similar behavior was
observed for the adsorption of PEO-7500 onto the
surface of silica particles of 1.5 um in diameter at two
electrolyte concentrations. Studies performed by Cos-
grove [47] on the adsorption of PPS polyelectrolyte
(polystyrene sulfonate) onto the surface of polystyrene
particles at different salt concentrations of 0.1 M, 0.5 M,
and 1.0 M NacCl indicate an increase in the adsorption
density of PPS polyelectrolyte with increasing ionic
strength. It is generally believed that increasing the salt
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Fig. 7 Adsorption of 7,500 MW PEO onto 0.20 um (diameter) silica
particles at two different salt concentrations (pH =9.5, 25 °C)

concentration will screen out the electrostatic repulsion
between the polyelectrolyte chains and hence lead to an
increase in the adsorption density of the polymer.
However, the results of the current study indicate this
may not be the case for neutral polymers. It may be
concluded that, over the range of salt concentrations at
which the suspension is stable, the tendency of polymer
molecules to migrate to the surface of the particles
decreases due to compression of the double layers with
increasing salt concentration. This causes a decrease in
the adsorption density of the polymer onto the surface
of the particles.

The adsorbed layer thickness of the polymer, which
determines the range of the steric barrier, was estimated
at two different salt concentrations using Eq. 11 and
knowing the zeta potential in the presence and absence
of the polymer. The use of this equation implies that the
electrokinetic potential variation is only due to the shift
of the shear plane, without any charge variation in the
vicinity of the surface. This was verified by measuring
the pH of the suspension during the adsorption process
where no pH change was detected. The adsorbed layer
thickness with the adsorption density of the polymer at
two salt concentrations of 107> M and 10™* M NaNO;
are shown in Fig. 8. There is a significant decrease in the
adsorbed layer thickness as the salt concentration is
increased. It can be observed that while there is a
continuous increase in the adsorbed layer thickness with
the adsorption density of the polymer at an electrolyte
concentration of 10-4 M NaNOs;, the behavior is quiet
different at the electrolyte concentration of 107> M
NaNOs;. In the second system, three regions can be
observed for the adsorbed layer thickness as a function
of the adsorbed layer density. A sharp initial increase in
the adsorbed layer thickness in the first region (up to
0.1 mg/m?), a gradual increase (almost a plateau) in the
second region (up to 0.4 mg/m?), and another increase in
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Fig. 8 Adsorbed layer thickness as a function of the adsorbed layer
density of PEO on the surface of 0.20 um silica particles suspended in
solutions of 107> M NaNO; and 107 M NaNO; containing PEO
7,500 MW (pH =9.5, 25 °C)

the adsorbed layer thickness in the third region. While
the adsorbed layer thickness for the system of 107 M
electrolyte concentration is 12.48 nm at an adsorption
density of 0.82 mg/m?, this value is equal to 3.26 nm at
an adsorption density of 0.73 mg/m? for the system of
1072 M electrolyte concentration, indicating that the
adsorbed layer is very dense in the later case. Even
though one may attribute these differences to the effect
of the range and magnitude of the electrostatic repulsive
forces on the conformation (distribution of tails, loops,
and trains) of the polymer on the surface of the particles,
more research has still to be performed before a definite
conclusion can be made. We would like to mention that
the adsorbed layer thickness for the system of 1074 M
electrolyte concentration was estimated to be nearly
equal to 11 nm using the viscosity data at low volume
fraction of the particles obtained with a glass capillary
viscometer. In addition, the adsorbed layer thickness of
PEO was determined using the relationship developed
by Killmann et al. [48] for the adsorption of PEO of
a given molecular weight on silica. The adsorbed layer
thickness was determined to be 1.86 nm and 1.17 nm
for 7,500 MW PEO dosages of 2.5 mg/(g solids) and
0.4 mg/(g solids), respectively. This approach does not
take into account the effect of the range of electrostatic
repulsion on the adsorbed layer thickness of the
polymer. The results of the current study indicate that,
in sterically stabilized suspensions, the adsorbed layer
thickness decreases with increasing electrolyte concen-
tration. Therefore, it is expected that sterically stabilized
systems exhibit a higher fluidity at higher electrolyte
concentrations (over the range of ionic strength at which
the system is electrostatically stable) as is the case in this
study. The unusual viscosity behavior at higher salt
concentrations may be attributed to the effect of the
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range of electrostatic repulsive force on the conforma-
tion of the polymer. Change in electrolyte concentration
may affect the distribution of tails, loops, and trains of
the polymer on the surface of the particles depending
upon the equilibrium concentration of the polymer. As a
result of the change in conformation of the polymer with
electrolyte concentration, there may be a significant
change in the viscosity of the system. Results indicate
that controlling particle size, volume fraction of the
particles, and thickness of the adsorbed layer can control
the viscosity of sterically stabilized suspensions.

Summary and Conclusions

In this paper, a systematic study of the effect of
adsorption of non-ionic PEO onto the surface of silica
particles on electrokinetic and rheological properties of
aqueous silica suspensions (at 25 °C) has been described.
When polymers are added to electrostatically stabilized
suspensions, the range of the electrostatic repulsion
between the suspended particles affects not only the
adsorption density of the polymer, but more significant-
ly also the adsorbed layer thickness which affects the
viscosity behavior of stable systems at different salt
concentrations. While, at low salt concentration, the
adsorbed layer density of the polymer increases mono-
tonically until a plateau is reached, it appears from the
data that for systems of shorter-range electrostatic
repulsive forces, there is a primary plateau in the
adsorption isotherm before the final plateau is reached.
This is reflected in the viscosity behavior of such
a system as the viscosity of the suspension goes through
a minimum with addition of polymer to the system,
increases with further increase in polymer dosage, and
then goes through a second minimum at higher polymer
concentrations. The first minimum in viscosity corre-
sponds to the start of first plateau in adsorption density
and the second minimum in viscosity corresponds to the

start of second plateau in adsorption density of the
polymer on the particle surface. Results indicate that not
only the adsorbed layer thickness but also the concen-
tration of free polymer in the suspending media play a
significant role on the viscosity of the system. When a
plateau in the adsorption isotherm is reached, most of
the added polymer will stay in the solution increasing the
concentration of the free polymer chains in the suspend-
ing media; thus increasing the magnitude of the
depletion forces which is accompanied by an increase
in the viscosity of the dispersion.

The adsorbed layer thickness was estimated from
the values of the zeta potential in the presence and
absence of the polymer at electrolyte concentrations of
102M and 107* M NaNO; and it was found that
there is a significant reduction in the adsorbed layer
thickness as the salt concentration 1is increased.
Comparison of the viscosity of silica suspensions at
two salt concentrations indicates that, in addition to
the adsorbed layer density and range of the electro-
static repulsive forces, the conformation of the poly-
mer on the surface of the particles probably has a
significant role on the viscosity of the system. How-
ever, more investigation has to be performed to clarify
the role of the conformation of the polymer onto the
surface of the particles on the viscosity of sterically
stabilized colloidal dispersions.

Results of this work provide useful information on
the roles of electrostatic, steric, and depletion forces on
suspension properties that can be applied to develop
robust dispersant schemes for engineered slurries.
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