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Effects of steric and hydrophobic
forces on the rheological properties

of ZrO, suspensions

Abstract The effect of pH on the flow
behavior of ZrO, suspensions
containing polyacrylic and octanoic
acids was evaluated. In the flocculated
pH regime, the flow behavior is highly
shearthinning and can be described
by a power-law model. The shear-
thinning behavior increases with
increasing degree of flocculation.
Maximum shearthinning was
observed at the zero zeta potential
condition. Hydrophobic interaction
arising from adsorbed octanoic acid
was found to enhance the shear-

thinning behavior. No such enhance-
ment was observed for adsorbed
polyacrylic acid. It was also
illustrated that the viscosity—pH
behavior is a mirror image of the yield
stress—pH behavior. A quantitative
particle-pair interactions model
incorporating steric and hydrophobic
interactions was proposed to explain
the effects of polyacrylic and octanoic
acids on the maximum yield stress.
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introduction

Polymeric dispersants and flocculants, and flotation
agents or surfactants are often added to aqueous suspen-
sions in order to achieve the desired properties for process-
ing. These additives alter the surface properties of the
particle through adsorption. Commercial dispersants are
often highly charged low molecular weight anionic poly-
electrolytes such as polyacrylates [1-4] and polyphos-
phates [5]. These additives, often in a salt form, impart
a high surface charge upon adsorption. Addition of these
(partially) neutralized polyelectrolytes increases the pH of
the suspensions where their dispersing action is most effec-
tive. Polymeric flocculants are generally of high molecular
weight. They can be ionic or nonionic. These additives
bridge the particles creating large flocs. Bridging floccula-
tion is most effective at low polymer concentrations or
surface coverages. For a better understanding of polymer
bridging in particulate system reference should be made to
an review article by Dickinson and Ericksson [6]. Flota-

yield stress — hydrophobic — steric - pH

tion agents are chemicals containing a hydrophilic head
group and a hydrophobic tail such as surfactants.

The effect of dispersants on aqueous suspension rheol-
ogy is a well-studied subject [ 1-4]. The main function of
a dispersant is to reduce the viscosity of a suspension by
transforming a net attractive interparticle interaction to
a repulsive one. Dispersion is attributed to the well-under-
stood charge stabilization mechanism. However, in the
flocculated pH regime, the action of dispersants on the
interparticle force is not well studied and understood.
Only recently adsorbed dispersants were found to weaken
the interparticle attractive force by steric interaction [ 5, 7].
The effect of polymer bridging on the suspension rheology
has also been studied quite extensively by Otsubo et al.
[8-10]. The floc structure formed by polymer bridging is
usually irreproducible and changes continuously in a shear
field. As a result, the rheological properties of bridged floc
suspensions are not particularly reproducible. The effect of
surfactants on suspension rheology is the least understood
topic. A “new” and relatively large attractive force arising
from adsorbed surfactants was recently measured between
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the mica sheets [11] and between particles in suspensions
[12-14].

We [7, 15] reported the effect of polyacrylic acid (PAA)
on the maximum yield stress, located at zero zeta poten-
tial, of colloidal ZrO, suspensions. The yield stress is
a measure of the strength of the attractive interparticle
force. PAA was found to reduce the maximum yield stress
and the extent of reduction increases with increasing PAA
concentration and with decreasing PAA molecular weight.
This reduction was attributed to the formation of a steric
barrier by the adsorbed PAA which keeps the interacting
particles further apart. High molecular weight PAA is less
effective because of polymer bridging.

The “new” attractive force arising from adsorbed sur-
factant which is commonly referred to as the hydrophobic
force. It has a much larger magnitude and range than the
van der Waals. As a result, adsorbed surfactant increases
the maximum yield stress of ZrO, suspensions [12-14] by
as much as sixfold [14]. The origin of the hydrophobic
force is still a major topic of debate. This force has been
variously attributed to entropic [16,17] and hydro-
dynamic [18] effects, and interactions between charged
patches [19].

In this study the flow and yield stress properties of
flocculated ZrO, suspensions containing an adsorbed dis-
persant and surfactant are presented and discussed.

Materials and methods

The ZrOQ, powder, from Z-Tech (ICI Advanced Ceramics
Australia), has a BET surface area of 15.1 m?/g and
an isoelectric point at pH 7.0 [5]. The particle size
distribution based on number was measured with a
LS130 Coulter Counter. It has a Dg, of 0.282 um, D54 of
0.148 ym and D, of 0.106 um (or Dy of 0.58 um, Ds,
of 0.25 um and Dy, of 0.13 um based on volume). The
solid density of the ZrO, is approximately 5880 kg/m?>.
The chemical additives used were PAA and octanoic
acid. The PAA of molecular weight 2000 was supplied
by Aldrich Chemical Co. The octanoic acid,
CH,(CH,)sCOOH, was provided by Eastman Kodak Or-
ganic Chemicals.

The following procedure was adopted in the prepara-
tion of a ZrO, suspension with an additive. The polyac-
rylic or octanoic acid was dissolved first in a known
amount of “Milli-Q” water at an alkaline pH. An appro-
priate amount of ZrO, was then added to the solution.
The suspension was sonicated for a period of 1 min with
a 0.75 in horn of a Branson B-30 sonifier. The sonifier was
operated at 50-60% of the maximum power output of
350 W. The prepared suspension was allowed to rest for at
least a day.

Concentrated nitric acid (1-15.8 M) was used to
change the suspension pH so as to minimize the extent of
dilution. Localized flocculation was observed to occur in
the vicinity of the acid or alkaline droplets. These droplets
were redispersed by sonication. After each pH change the
suspension was rested for at least 2 h and then stirred
vigorously with a spatula before conducting the yield
stress measurement. The pH was measured with an Orion
720A pH meter. The flow behavior was determined using
a cone-and-plate Bohlin viscometer and the yield stress
was measured with a vane rheometer [20].

Results and discussion

The effect of PAA on the yield stress—-pH behavior of
a 57wt% ZrO, suspension is shown in Fig. 1. The
concentration of added PAA ranged 0.0-1.0dwb%
(gPAA/100 gZrO,). Yield stress data for 0.0, 0.2, 0.5 and
1.0 dwb% PAA are given elsewhere [7]. The reduction in
maximum yield stress by PAA has already been discussed
in an earlier paper [7]. All suspensions have an average
ionic strength of 0.05 M KNQOj; calculated based on the
amount of KOH and HNOj; added at the maximum yield
stress.

Figure 1 shows the yield stress curve for no PAA is
nearly an ideal parabola. Complete dispersion occurs at
pH less than 5.0 and more than 10.0. The yield stress curve
for PAA is less parabolic because of an apparent absence
of a low pH dispersed region. Only at the lowest PAA
concentration of 0.05 dwb% was a low-pH dispersed re-
gion observed. Even then, dispersion starts at a much
lower pH of 3.0 despite both (compared with no PAA)
having nearly the same pH of maximum yield stress.

Adsorbed PAA also shifts the start of the high-pH
dispersed region to a lower pH. The degree of shift in-
creases with PAA concentration. At 0.5 dwb% PAA com-
plete dispersion starts at pH 5.5 where the underlying
surface charge is positive. Adsorption of 0.5 dwb% PAA is
sufficient to neutralize all the positive charges and with
some negatively charged carboxylic group left over.

The absence of a low-pH dispersion region is at-
tributed to two factors. Firstly, the carboxylate group does
not transform into a positively charged species even at
a very low pH level. Hence, adsorbed PAA does not
enhance the positive surface charge of the ZrO,. Secondly
adsorbed PAA also reduces the concentration of positive
charge sites. As a result, the ZrO, particles cannot acquire
enough positive charges for complete dispersion at low pH
levels except at very low PAA concentrations.

At high PAA concentrations, the ZrQ, particle’s sur-
face property is governed by the surface property of the
adsorbed PAA. As a result, the pH of zero zeta potential or



Y .-K. Leong

871

Effects of steric and hydrophobic forces on ZrO, suspensions

500 -
polyacrylic acid (PAA) 87wt Zro,
400 Mw=2000
_ %dwb PAA
©
o
v 300
(/2]
3
| =
7 200
O
0
> 100
0

Fig. 1 Effect of polyacrylic acid on the yield stress—pH behavior of
a 57 wt% ZrO, suspension

maximum yield stress approaches the apparent isoelectric
point of carboxylate at pH 2.0 at high PAA concentra-
tions. For example, the suspension with 1.0 dwb% PAA
which has a monolayer surface coverage of 18 A?/acrylic
acid unit (the monolayer coverage for a surfactant is
25 A%/molecule [21]), has a pH of maximum yield stress
of 3.0.

Figure 2a shows a logarithmic plot of viscosity versus
shear rate for a 57 wt% ZrO, suspension illustrating the
effect of pH. Between pH 4.6 and 9.4, the flow behavior is
highly shearthinning as indicated by a sharp decrease in
viscosity with increasing shear rate. Like the maximum
yield stress, the maximum viscosity (at any given shear
rate) is located at pH 7.0. Figure 2b is a similar plot of
viscosity versus shear rate for a 57 wt% ZrO, suspension
containing 1.0dwb% polyacrylate. A low molecular
weight ammonium polyacrylate was used. At pH 7.5 and
6.8, the flow behavior is slightly shearthinning. The shear-
thinning behavior becomes increasingly more pronounced
at lower pH levels. The viscosity is maximum at pH 3.0.

For both suspensions, the relationship between the log
of viscosity and the log of shear rate is clearly linearly in
the flocculated pH region. A power-law model,

p=Kjyt, (1)

therefore described the flow behavior where y is the viscos-
ity, K the consistency index and n the shear rate exponent.
A low exponent value implies a very shearthinning fluid.
The dependence of n on pH for suspensions with none and
1.0 dwb% polyacrylate is shown in Fig. 3. In both cases,
n decreases with increasing yield stress or degree of floc-
culation. A minimum value was observed at the maximum
yield stress, i.e. at pH 7.0 for no additive and 3.0 for
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Fig. 2A Effect of pH on the viscosity-shear rate behavior of
a 57 wt% ZrO,; B Effect of pH on the viscosity—shear rate behavior
of a 57 wt% ZrO, suspension containing 1.0 dwb% polyacrylate

1.0 dwb% polyacrylate. However, there is no significant
difference between the two minima.

The effect of 0.1 dwb% octanoic acid on the yield
stress—pH behavior of a 41.5wt% ZrO, suspension is
shown in Fig. 4. Data for no additive were also presented.
Octanoic acid clearly increases the maximum yield stress
from 100 to 170 Pa. A clear indication that octanoic acid
adsorption has taken placed is the shift of the pH of
maximum yield stress to a lower value. At 0.1 dwb%
octanoic acid, the maximum yield stress is located at pH
6.0 which is also the pH of zero zeta potential [14].

The viscosity—shear rate data for a 41.6 wt% (0.11
volume fraction) ZrQ, suspension obtained at various
fixed pH levels are shown in Fig. 5a. Newtonian flow
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Fig. 4 Plot of yield stress versus pH for 41.5 wt% ZrO, suspension.
Open circle: no octanoic acid; Full circle: 0.1 dwb% octanoic acid

behavior was observed at pH more than 10.0 and less than
4.0. The suspension displays a very pronounced shear-
thinning behavior at pH between 5.2 and 9.3. The logarith-
mic decrease in viscosity with shear rate is highly linear
and hence can be described by the power-law model.

The viscosity-shear rate data for a 41.4 wt% ZrO,
suspension containing 0.1 dwb% octanoic acid are shown
in Fig. 5b. The suspension displays Newtonian behavior at
pH 9.3 and very shearthinning behavior at pH 8.8 and less.
Again the power-law model describes the flow behavior
adequately in the flocculated pH regime.

Fig. 5A Effect of pH on the viscosity—shear rate behavior for
a 41.6 wt% ZrO, suspension; B Effect of pH on the viscosity—shear
rate behavior for a 41.4 wt% ZrQO, suspension containing 0.1 dwb%
octanoic acid

The high-pH dispersed region occurs at a lower pH of
9.3 for the suspension with 0.1 dwb% octanoic acid. This is
due to octanoic acid adsorption at pH above 9.3. Like
PAA, adsorbed octanoic acid increases the total negative
charge on the ZrQ, particles. The low-pH dispersed region
is however absent even at pH as low as 2.2. There are two
reasons. Firstly, the adsorbed octanoic acid does not in-
crease the total positive charge. And secondly the strong
hydrophobic attractive force extending over several hun-
dred nanometers [22, 23] ensured attraction at large inter-
particle separation. In contrast, the suspension with no
octanoic acid is already dispersed at pH 4.0.
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Fig. 6 Plot of shear rate exponent versus pH for a 41.5 wt% ZrO,
suspension. Full circle; no octanoic acid; Open diamond: 0.1 dwb%
octanoic acid

The dependence of shear rate exponent on pH for none
and 0.1 dwb% octanoic acid is shown in Fig. 6. The
exponent for octanoic acid is consistently smaller. The
value falls in the range of between 0.05 and 0.12. With no
octanoic acid the value is between 0.15 and 0.21. Octanoic
acid, therefore, enhances the shearthinning characteristics
of the suspension. A minimum value was observed at pH
between 4.0 and 6.0 for 0.1 dwb% octanoic acid where the
suspension is most flocculated. For no octanoic acid, the
exact location of the pH of the minimum exponent is less
obvious as the data were too erratic. Only a linear rela-
tionship can be drawn. The minimum has been shown for
a higher ZrO, concentration to occur at pH 7.0 (see Fig. 3).

A comparison of the viscosity-pH plot for the two
suspensions is shown in Fig. 7. The viscosity was evaluated
at a shear rate of 100s™ ', The viscosity—-pH curve is
almost a mirror image of the yield stress—pH. The
maximum viscosity is 43% larger in the presence of oc-
tanoic acid. It is 1.0 Pas compared with 0.7 Pas for no
octanoic acid. However, the maximum yield stress increase
was 70%.

There are three forces of interaction between a ZrO,
particle pair containing adsorbed polyacrylic acid. These
are the van der Waals, steric and electrostatic. With oc-
tanoic acid there is an additional force, the hydrophobic.
The total interaction energy V is assumed equal to the
sum of the energy of each force component:

VT = Vvdw + Velec + Vs(eric + Vhp ’ (2)

where V4. is the van der Waals, V. the electrostatic,
V geric the steric component and Vi, the hydrophobic force
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Fig. 7 Plot of viscosity versus pH for a 41.5 wt% ZrO, suspension.
Open circle: no octanoic acid; Full circle: 0.1 dwb% octanoic acid

component. The well-known expression for the van der
Waals interaction energy is

RA

H’ ¥

Vvdw = -

where R is the particle radius, A the effective Hamaker
constant and H the surface-to-surface separation. For elec-
trostatic interaction energy it is

Vg = 2nRecopoe o | 4

where , the surface potential, ¢, the permittivity in free
space and ¢ the relative permittivity of the medium. Eq. 4 is
only valid for low surface potential, iy, < 50 mV {17]. As
the hydrophobic force is made up of a short and a long-
range component [22, 23], the interaction energy can be
represented by

Vip=—[C1e™ ™™ + Ce™ 5], )

where C; and C, are the constants, and A, and A, are the
characteristic decay length of the short- and long-range
components respectively. 4; and 4, are of the order of 25
and 250 A, respectively. The expression often assumed for
Vsteric is

K

|4 ric = Tym °
weie = 173 ©

where K is a constant and m the exponent. The value of
m ranges from 3.4 for particle with grafted polymer of
different chain length [24] to 20 for a PMMA microgel
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Fig. 8 Total and individual component interaction energy as a func-
tion of interparticle separation

spheres [25]. Values of K and m were chosen such that
Vieric 18 infinite when the adsorbed layers on the interac-
ting particles are touching. This energy should decrease
rapidly to zero once particle—particle contact is lost.
Figure 8 shows a plot of the total interaction energy
Vi (= Viaw + Viaene + Vup) versus interparticle separation
H at zero zeta potential condition. It is a qualitative
description of particle pair interaction in the suspension
containing 0.1 dwb% octanoic acid at the maximum yield
stress or viscosity. V.4, and Vy, were also plotted for
comparison. All essential features of steric, van der Waals
and hydrophobic interaction energies are clearly shown.
For V... purely empirical values were chosen for the two
constants K and m such that a steric barrier thickness of
0.6 nm (assumed to represent the thickness of adsorbed
octanoic acid layer) was obtained. More realistic values for

the particle size (74 nm = number-average radius) and
effective Hamaker constant (6.0 x 1072° J) were used to
calculate V,4,. We used the result of Israelachvili and
Pashley [11], where one exponential term was used to
describe the hydrophobic interaction potential Vy,.
A realistic decay length of 10 nm was used and the con-
stant C was chosen such that as H approaches the min-
imum separation of 0.3 nm [5] for no adsorbed additive,
Vi is about twice Vg4, .. similar to the maximum yield
stress ratio with and without 0.1 dwb% octanoic acid of
1.7. A hard-wall steric repulsion is clearly seenat H < 12 A
in Fig. 8. At H > 12 A, the steric repulsive energy becomes
unimportant. Another feature shows the magnitude of
Vup being larger than V4, at H > 0.3 nm.

In the absence of an adsorbing additives, only the van
der Waals interaction energy needs to be overcome to
breakdown the network structure. The van der Waals
energy is about 325kT at the minimum separation of
H = 0.3 nm [5, 26]. With octanoic acid V1 shows a deeper
energy well of about 600 kT at H = 1.2 nm because of the
additional hydrophobic interaction potential. This deeper
energy well represents the larger yield stress and viscosity
obtained in the presence of octanoic acid. The lower yield
stress and viscosity obtained in the presence of PAA is also
represented by the result in Fig. 8. Adsorbed PAA at
1 dwb% produced a steric barrier thickness of 0.5 nm
{5,7], ie. H=10nm. From the van der Waals energy
curve, the interaction energy is only 90 kT at H = 1.0 nm.

Conclusions

The shearthinning behavior increases with increasing de-
gree of flocculation. Hydrophobic forces enhance the
shearthinning behavior of ZrO, suspensions. No enhance-
ment was observed with steric forces.
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