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The effects of graphene oxide (GO) on the yield stress-pH of a-Al2O3 (alumina) suspensions were investigated. For
micron-sized platelet alumina suspensions, micron-sized GO additive increased the maximum yield stress by as much as
six-folds. This was attributed to GO-mediated bridging interactions between the platelet particles. This type of bridging
interactions was much less effective with submicron-sized, spherical, and irregular shape alumina. Adsorption of the an-
ionic GO reflected by the shift of pH of zero zeta potential to a lower pH is particularly high for platelet alumina. The
1.0 dwb % GO concentration added is sufficient to reinforce each platelet particle–particle bond, assisted by a directed
GO–platelet interaction configuration. This is, however, not true with submicron-sized particles as the particle concen-
tration increases sharply with the inverse of the particle diameter to power of 3. Moreover, a GO sheet can adsorb sev-
eral submicron-sized particles and this does not produce the right interaction configuration. VC 2013 American Institute

of Chemical Engineers AIChE J, 59: 3633–3641, 2013
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Introduction

The use of yield stress parameter to characterize the inter-
particle forces in suspension has revealed fundamental
understandings on the relationship between intermolecular
and intramolecular forces and the molecular structure of
adsorbed additives. This is because these molecular forces
affect differently the strength of attraction between particles
in three-dimensional (3-D) flocculated network. In the past
20 years, our group has focused on understanding the rela-
tionship between adsorbed additives molecular properties
such as structure, architecture, functional group types, loca-
tion and quantity, and the nature and strength of the surface
forces in suspensions. Now, we are extending this study to
interparticle forces arising from “large” flat molecules with
edge-located charged functional groups, that is, graphene ox-
ide (GO), in suspensions of a-Al2O3 (alumina) with different
shaped particles; irregular, spherical, and platelet.

Graphene, a large single-layer graphite molecule, has
attracted considerable interest in the research sphere
recently1–4 due to its excellent electrical conductive, thermal,
adsorbent, structural, and mechanical properties.5–7 Its

potential applications are very wide ranging. It has been
studied as resonator, solar cell, supercapacitor, battery, cata-
lysts support, hydrogen storage and adsorbent, and composite
materials.8–14 GO is an oxidized form of graphene while still
retaining its sheet structure. GO is a continuous sheet of
interlinking benzene rings with components of oxygenated
functional groups located on the basal face and edge. GO is,
therefore, relatively hydrophilic and will interact well with
water. Studies revealed that functional groups such as polar
carbonyl, hydroxyl, and epoxide groups are present and
located on the edges and basal plane of the GO sheet.15–17

Some research groups believed that carboxylic acid groups
are also present but are located only at the edges of the
sheet.17 Galande et al.18 reported that due to the carboxylate
group, there is a presence of high negative density at the
edge of the GO sheet using computer-modeled structure and
fluorescence spectroscopy determinations. These functional
groups, however, interrupt the conjugation of sp2 network in
the interlinked benzene rings segment19 and hence GO is
considered as a poor electric conductor.20 The conductivity
of GO is lower (6 3 1026 Scm21) than that of graphite
(6.7 3 102 Scm21).21

Recently, electroresponsive of GO-based composites, for
example GO/polyaniline,21 GO/titania (TiO2),22 and GO/
polystyrene,23 showed that dispersed GO-based composite
particles in silicone oil form chain-like structures under
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external electric field. Zhang et al.23 reported the presence of
a yield stress at the zero-shear rate limit for these suspen-
sions under an applied electric field. This yield stress was
found to vary linearly with the square of electrical field
strength. In this study, we evaluate the surface forces arising
from adsorbed GO in aqueous alumina suspensions (no elec-
tric field is applied) at the pH of maximum yield stress and
correlate these surface forces with the GO structure and mor-
phology of the alumina particles. Usually, the pH of maxi-
mum yield stress is located at the pH of zero zeta
potential.24–26 At this point, only the van der Waals attrac-
tive force is responsible for the strength of particle–
particle attraction in the 3-D network structure provided that
no adsorbed additive is present.26 Otherwise, one or more of
the non-DLVO (Derjaguin-Landau-Verwey-Overbeek) forces

such as steric, bridging, and hydrogen bond, will also be
present depending on the molecular properties of the addi-
tives.24,25,27 So, by evaluating the change in the maximum
yield stress in suspension with GO-mediated particle interac-
tions, we can deduce the prevailing non-DLVO forces oper-
ating. The nature and strength of the surface forces
interacting between particles control suspension properties
and behavior in the products and in processing such as in
flow, mixing, sedimentation, flotation, aggregation, and
others. Hence, there is a continual search of additives with
the ideal molecular properties to optimize suspension proc-
essing and behavior and this report is one such study.

Materials and Methods

GO powders were prepared via a modified Hummers28

method from pristine graphite powders [flake, �20 lm, 100
mesh (�75% min), Sigma-Aldrich]. Graphite powders, rea-
gent KMnO4 (Sigma-Aldrich), and reagent NaNO3 (Junsei,
Japan) were added gradually to H2SO4 (98%, DC Chemical,
Korea). The mixture was stirred vigorously for 3 h until
graphite oxide was yielded. The graphite oxide was treated
with a 30% H2O2 solution until its color turned into vivid
brown indicating the formation of fully oxidized graphite.
The as-obtained graphite oxide slurry was exfoliated to gen-
erate GO sheets by sonication at 60�C, for 1 h using an ul-
trasonic generator (28 kHz, 600 W, Kyungil Ultrasonic,
Korea). Finally, the mixture was separated by centrifugation,
washed copiously with 5% HCl, and deionized water until it
reached pH 7; and dried in a vacuum oven at 60�C for 24 h.
According to Malvern Mastersizer, the prepared GO has an
equivalent spherical particle size of 27.85 lm. The GO
sheets are relatively hydrophilic. It was found that water
molecules are strongly hydrogen bonded to the epoxide and
hydroxyl groups on its basal plane.17

Three different shape of a-Al2O3 (alumina) powders were
used; irregular, spherical, and platelet. The irregular-shaped
powder known as AKP30 was purchased from Sumitomo
Chemical Company (Japan). The spherical powder AO802
was provided from Admatech (Japan) with a mean-particle
size specification of 0.7 lm. The platelet powder known by
its trade name of Alusion, was sourced from Advanced Nano-
technology Limited, now known as Antaria (Perth, Australia).
This powder is commonly used in cosmetics as it produces a
soft-focus optical effect.27 The scanning electron microscope
(SEM) images of these powders obtained via a Zeiss 1555
VP-FESEM SEM are shown in Figure 1. Properties of these
powders such as particle-size distribution (d10, d50, and d90),
BET surface area, density, and isoelectric point are tabulated
in Table 1. The median size, d50, of AKP30 and AO802 are
submicron-sized, that is, 0.34 and 0.4 lm, respectively,

Figure 1. SEM images of (a) irregular AKP30, (b) spheri-
cal AO802, and (c) platelet Alusion alumina
powders used in this study.

Table 1. Morphology of Alumina AKP30, AO802, and

Alusion Used in This Study

Alumina–
AKP30

Alumina–
AO802

Alumina–
Alusion

d10 0.13 lm 0.15 lm 4.78 lm
d50 0.34 lm 0.40 lm 9.43 lm
d90 2.96 lm 1.26 lm 15.43 lm
BET surface area 6.4 m2 m2 g21 4.9 m2 m2 g21 1.8 m2 m2 g21

Average particle
density

3920 kgm23 3650 kgm23 3970 kgm23

Isoelectric point
(pI)

�9 �8.5 7-–8
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whereas the platelet Alusion alumina is an order of magni-
tude larger. The Alusion particles are micron-sized like the
GO, that is, 9.43 lm for the median size. At a given solids
concentration, the particle concentration will be much larger
for the finest particle suspensions. The isoelectric point
(IEP) of the three powders varied over a narrow pH range of
7–9 with the Alusion alumina suspension having the lowest
value. With the submicron-sized AKP30 and AO802 pow-
ders, multiple particles adsorption on GO sheet is likely as in
the case of SiO2

20 and TiO2.22 When the particle size is
larger than the GO sheet, it is possible to have a few GO
sheets adsorbed on a particle.23 The size of Alusion platelet
sheet is, however, slightly smaller than the GO sheet.

Yield stress and zeta potential measurements were con-
ducted on alumina suspensions, with and without the pres-
ence of GO. For the yield stress measurement, concentrated
alumina slurry containing 55 wt % solids was prepared. GO
powder was first suspended in distilled water by bath sonifi-
cation for 24 h. Then, a few drops of concentrated NaOH
(�5 M) were added to increase the pH to �8, followed by
alumina powder. The mixture was vigorously stirred until
homogenous slurry was obtained. The slurry was left to rest
for �5 min. During the measurement, concentrated HNO3

(5 M) was used to decrease the pH of the slurry. Only con-
centrated NaOH or HNO3 (�5 M) was used in the experi-
ment to avoid dilution. At each pH interval, the sample was
agitated with a spatula prior to measurements of pH and
yield stress.

For the zeta potential measurement, the aforementioned
steps were repeated for preparation of dilute alumina slurry
of 5 wt % solids. The mixture was sonicated (Branson Digi-
tal sonifier, 50% amplitude), left to rest for �5 min and its
zeta potential was measured with a ZetaProbe (Colloidal
Dynamic) as a function of pH. Like the yield stress measure-
ments, the direction of the zeta potential measurements was
from high to low pH using 0.5 M HNO3 solution to change
the pH automatically and in a control manner by the
machine.

Results and Discussion

Figures 2a, b showed the distinctive sheet structure of GO
identified by SEM with an applied voltage of 15 kV at a
work distance of 15 mm (SEM, S-4300, Hitachi, Japan) and
by transmission electron microscope (TEM; Philips CM200).
According to Figure 2b, the lateral dimension of GO used in
this study is �1.2 lm. The crystal structure of GO was iden-
tified by x-ray diffraction (XRD) (DMAX-2500, Rigaku) in
Figure 2c displaying a typical peak21,23,29 at 2h 5 10.88�.
Figure 2D showed the molecular structural model of GO.30

During the preparation of GO suspension, GO powder was
added to the distilled water forming a dark color liquid as
shown in Figure 3. This color liquid was similar to what has
been reported by others.17,31 No particulate material was
visible which indicates that the GO sheets were fine in size
and well-dispersed. The ease of complete dispersion is

Figure 2. The morphology of GO analyzed using (a) SEM image (b) TEM image, (c) its XRD spectrum, and (d) the
structural model of GO.30
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consistent with the hydrophilic properties of GO. Others had
reported similar ease of dispersibility of GO in water via
sonication and even simple stirring.31 The GO-water mixture
was quite acidic with a pH of 2.73 and 2.76 at 0.5 dwb % (g
GO per 100 g alumina-without the alumina particle) and
2.35 and 2.47 at 1.0 dwb % concentration. The higher acid-
ity of the suspension at high GO concentration indicates the
presence of a relatively strong acidic group such as
ACOOH. The presence of ACOOH group in GO is still in
dispute among members of this research community.17 The
pH values obtained in this study are much lower than that
reported by Galande et al.,18 which is 5.2 but the GO con-
centration employed was unspecified.

In a very recent paper, Konkena and Vasudevan32 reported
the data for zeta potential, concentration of ionized groups,
and charge density in the pH range of 2–11 for GO prepared
by the same Hummers’ method employed here. GO was
found to be negatively charged through the whole pH range.
The negative charge density at pH 2 remained quite signifi-
cant, slightly more than 20% of that at pH 11, the fully
charged state. The ionized group concentration is also rela-
tively high, 10% of that at pH 11 and 12. The magnitude of
the negative zeta potential decreased with decreasing pH;
254.3 mV at pH 10.3 to 215 mV at pH 2. A similar varia-
tion of the zeta potential with pH for fine and coarse GO
synthesized using the same method was reported by Wang
et al.33 The trend of the variation of the zeta potential with
pH is the same for both the fine and coarse GO. However,
the negative zeta potential for the fine GO is larger than the
coarse GO at any given pH. For example, at pH 2, the zeta
potential is 222 mV compared to 27mV for the coarse GO.
This larger negative zeta potential explained the greater sta-
bility of the fine GO sheets at pH 4 and the instability or
flocculation of the larger GO sheets at the same pH. The
larger negative zeta potential of the smaller GO was attrib-
uted to its larger edge charge density to sheet surface area
ratio.

For adsorbed additive-mediated particle–particle interac-
tions, the maximum yield stress of the suspension may
increase or decrease. An adsorbed additive is regarded as a
good steric agent if it brings about a very large reduction in
the maximum yield stress. Reduction by as much as 70% has
been reported.24,25 At the other extreme where it increases
the maximum yield stress by several folds, it is regarded as a
very good particle-bridging agent.34 Whether an additive is a

good steric or bridging agent is determined by its molecular
properties.27,34–37 Figures 4a–c show the yield stress-pH
behavior of the AKP30, AO802, and Alusion alumina suspen-
sions. For the pristine suspensions, that is, without added GO,
the maximum yield stress generally decreases with median
particle size, that is, AKP30>AO802>Alusion alumina sus-
pensions at the same solids concentration. The maximum
yield stress is 330, 110, and 32 Pa for AKP30, AO802, and
Alusion suspensions, respectively. The maximum yield stress
is located at pH 9, 8.5 and 8, respectively.

Figure 4. The effect of GO on yield stress-pH behavior
of (a) irregular AKP30, (b) spherical AO802,
and (c) platelet Alusion alumina suspensions.

Figure 3. GO suspension in distilled water obtained by
bath-sonication.
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In the presence of GO, the maximum yield stress of
AKP30 alumina suspension was reduced to 185 and 250 Pa
at 0.5 and 1.0 dwb %, respectively, as shown in Figure 4a.
This represents a 44 and 24% reduction. In contrast, the
maximum yield stress of AO802 alumina suspension was
increased to 130 and 140 Pa at the same concentrations rep-
resenting a 1.2-folds and 1.3-folds increase, respectively,
which can be seen in Figure 4b. The maximum yield stress
is located at pH 8 and 7.5 for 0.5 and 1.0 dwb % GO,
respectively. GO produced a much more dramatic increase

in the maximum yield stress for Alusion alumina suspension.
The increase was almost an order of magnitude higher as
shown in Figure 4c. Also, the suspension remained floccu-
lated over the entire pH range from 2 to 9 with and without
GO. The maximum yield stress was increased to 50 and
180 Pa at 0.5 and 1.0 dwb %, respectively. This reflects a
1.6-folds and 5.6-folds increase located at pH 6 and 5.5,
respectively.

The zeta potential characterizing the alumina surface prop-
erties in the suspensions with and without GO has been char-
acterized. Zeta potential is affected by pH and the extent of
the ionic additive adsorption. Adsorbed anionic additive such
as GO should typically shift the pH of zero zeta potential
(pHf 5 0) to a lower value.24,25 The extent of the shift is de-
pendent on the GO concentration and the amount of GO rel-
ative to the total particle surface area. For very high specific
surface area particles, a higher amount of adsorbed GO is
required for the same extent of shift. Figure 5 shows the
effect of GO concentration on the zeta potential-pH behavior
of the AKP30, AO802, and Alusion alumina suspensions.
The zeta potential-pH data of pure GO taken from Konkena
and Vasudevan32 were also plotted in Figure 5a clearly
showing its anionic characteristics. The pHf 5 0 shift by GO
is quite small for AKP30 as shown in Figure 5a. At 0.5 and
1.0 dwb % GO, the shift is only 0.2 and 0.4 pH unit for
AKP30 suspensions which is within the noise level of the
zeta potential measurement. However, at lower pH, the dif-
ference in the zeta potential is more pronounced and the zeta
potential is smaller in value indicating the presence of GO
adsorption. The pHf 5 0 shift is even more insignificant for
AO802 suspension by GO as shown in Figure 5b. At lower
pH, the zeta potential-pH curves began to deviate with the
higher GO content suspension displaying a lower positive
zeta potential. This again is an indication of the presence of
GO adsorption. This insignificant pHf 5 0 shift or minimal
reduction of zeta potential in the low pH region may implies
that either no GO or only a small amount of GO has been
adsorbed onto the alumina particles. Note that it is possible
for the degree of GO adsorption to be high but its total nega-
tive charge is small compared to the amount of positive
charge in the high specific surface area alumina particles. In
contrast, the shift in the pHf 5 0 and the reduction in the zeta
potential in the low pH region are more pronounced for the
platelet Alusion alumina suspensions as shown in Figure 5c.
At 0.5 dwb % GO, the shift is 0.8 pH unit. This is four times
the shift observed with AKP30 suspension. At 1.0 dwb %
GO, the shift is even greater, 4 pH units. The
platelet alumina particle is relatively large with a much
lower specific area as shown in Table 1. Its specific area is
more than three times smaller as compared to AKP30. This
means that a smaller amount of adsorbed GO should produce
a more pronounced pHf 5 0 shift. The large shift in pHf 5 0

may also indicate a high degree of GO adsorption. The onset
of GO adsorption appeared to be located at pH 6.5 from the
Figure 5c where the alumina particles begin to acquire a net
positive surface charge. This is accompanied by a reduction
in the zeta potential from 0 to 220 mV on GO adsorption.
Note that the isoelectric point of the Alusion suspension
shown in Figure 5c is located at pH �7 which is a pH unit
lower to another batch of Alusion suspension reported
earlier.27

The larger yield stress displayed by the finer suspensions
is due to the sharp increase in the particle number concentra-
tion at a given solids concentration. This concentration

Figure 5. The effect of GO concentrations on zeta
potential-pH behavior of (a) irregular AKP30,
(b) spherical AO802, and (c) platelet Alusion
alumina suspensions.

The zeta potential-pH data for pure GO shown in (a)

were sourced from Konkena and Vasudevan.32
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increases with the inverse of the particle size to the power of

3. Despite the van der Waal forces of attraction being

weaker for interaction between finer particles, the higher

concentration of particle–particle interactions more than

compensate for this negative impact resulting in a higher

maximum yield stress or viscosity. Leong et al.26 had shown

the importance of particle concentration on the maximum

yield stress at the isoelectric point for a range of oxide

suspensions.
The decrease and increase in the maximum yield stress of

AKP30 and AO802 alumina suspensions by GO indicates
the presence of GO adsorption despite the relatively weak
zeta potential results. We have observed similar weak zeta
potential results with other adsorbed additives such as ben-
zoic acid derivatives, with the second functional group being
another ACOOH or AOH group36,37 and bolaform com-
pounds with two –ACOOH groups.34 These additives, how-
ever, produced a very large effect on the maximum yield
stress of the suspensions.

The maximum yield stress reduction of AKP30 alumina
suspensions (Figure 4a) indicates that the particle network
strength is weakened by GO. This could occur via two
means; the added GO (1) disrupts the network structure and
(2) act as a steric barrier thereby weakening the van der
Waal interparticle attractive force by keeping the interacting
particles further apart. The particle-size distribution of these
AKP30 suspensions was, therefore, measured. It was found
that the size was much coarser in the presence of GO. The
d10, d50, and d90 were 0.18, 0.93, and 3.57 lm for suspension

with 0.5 dwb % GO and 0.32, 1.34, and 3.26 lm for suspen-

sion with 1.0 dwb % GO. The size distribution for the pristine

suspension is tabulated in Table 1, which showed a much

smaller d50 of 0.34 lm. The increase in the particle size is con-

sistent with a GO sheet having a few submicron alumina par-

ticles adsorbed on it like that reported earlier between GO and

SiO2
20 and TiO2.

22 These composite particles may disrupt the

network structure weakening it instead.
Meanwhile, the increase in the maximum yield stress of

both AO802 (Figure 4b) and Alusion (Figure 4c) alumina

suspensions by GO indicates the presence of an additional

attractive force such as bridging. Like AKP30, GO increased

the median size of the AO802 suspensions. The d50 is 1.97

and 1.80 lm for the suspension with 0.5 and 1.0 dwb % GO.

Unlike AKP30, the presence of these composite particles in

this case strengthened the network slightly. However, in the

case of Alusion suspension, the size distribution was not

affected by GO. The d10, d50, and d90 were 4.58, 9.61, and

16.49 lm for the platelet alumina suspension without GO,

4.67, 9.97, and 16.62 lm for the 0.5 dwb % GO and 4.36,

9.31, and 15.59 lm for the 1.0 dwb % GO. The

platelet alumina particles are as large as the GO sheets and

so it does not take much energy to separate the adsorbed GO

sheets from the particles. A simple mechanical stirring is

enough to hydrodynamically force them apart. At the pH of

maximum yield stress of 5.5 for the platelet alumina suspen-

sion with 0.5 dwb % GO, almost all the carboxylic acid

groups will be charged according to the average pKa value

of 4.8 for the carboxylic group. The relatively small rise in

the maximum yield stress at this pH suggests that not all the

particle–particle bonds in the flocculated network were medi-

ated by adsorbed GO probably due to insufficient GO being

available. The very large increase of 5.6-folds by 1.0 dwb %

GO suggests that every particle–particle bond in the network

being reinforced by adsorbed GO.

Between pH 2 and 5.5, the yield stress of Alusion alumina
suspensions in the presence of GO is still higher than the
pristine suspension. The yield stress showed a decreasing
trend from pH 5–2. This means that particle bridging contri-
bution to the yield stress by adsorbed GO diminished with
decreasing pH and this is expected. Konkena and Vasudevan
showed that the charge density, concentration of ionized
groups, and the magnitude of the negative zeta potential
decreases with decreasing pH. At pH 2, the charge density is
only 20% of the total charge density. As the strength of par-
ticle bridging bond is directly linked to the number of charge
groups on the GO edge being bonded to the oppositely
charged particle surface groups, a smaller concentration of
charged group or ionized group, 10% at pH 2, would, there-
fore, lead to generally weaker particle-bridging interaction.
This explained the decreasing yield stress from pH 5.5–2.
Wang et al.33 reported that smaller GO sheets is more stable
at low pH 4 where the larger GO will precipitate out. Our
previous studies with weak acidic additives such as citric
acid showed that once adsorbed it remains adsorbed even at
very low pH35 despite its solution state charge being net
neutral. In all our previous studies with anionic additives,
the suspensions were prepared at an alkaline pH and the so
the adsorption commenced at a relatively high pH and
became very significant at pH below the isoelectric point of
the particles. For the large GO sheets that were displaced
into the solution due to the lack of edge charges for surface
anchoring, flocculation between the sheets can occur. How-
ever, the van der Waals force responsible for the flocculation
is expected to be relatively weak because of its relatively
low carbon atom density and the larger sheet separation dis-
tance due to its surface epoxide groups keeping the sheet
further apart. Even attraction between graphene sheets is rel-
atively weak as reflected by its ease of separation such as
via the scotch tape method.

There are many possible configurations of the GO-medi-

ated bridging interactions between alumina platelets. The

carboxylic groups located only at the edges of the GO sheets

could bind two platelet alumina particles in a face–face,

edge–face, or edge–edge configuration in the network struc-

ture. Figure 6 shows a schematic diagram of (a) edge–face

and (b) edge–edge GO-mediated bridging. The separation

distance between interacting particles by GO sheets can be

quite large, that is, the length or the width of the sheet. In

this case, the van der Waals interaction between the particles

should be relatively weak. The network structure in the sus-

pension must, therefore, derived most of its strength from

this heterogeneous charge attraction between GO and

platelet alumina. A GO sheet will have four edges and so it

can acts as a source of network junction in the suspension.

A GO sheet junction will have several particles bind to its

edges via a mixture of edge and face attachments. Note that

the adsorption bond formed between the GO and alumina

surface is a negative–positive charge attraction.
As GO produced a very large increase in the yield stress

of Alusion alumina suspensions at all pH level, a plausible
GO-mediated bridging model explaining this behavior is
greatly warranted. However, the GO-mediated particle bridg-
ing interaction can only occur in the manner described in
Figure 6 if the edge charged groups are responsible for the
particle bridging. At pH above isoelectric point, greater than
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pH 7.5 for Alusion alumina, the particle charge is net nega-
tive, and so the extent GO adsorption is smaller and hence a
weaker bridging effect was observed. At pH below the IEP,
pH< 7, the charge density is positive and increases with
decreasing pH. GO adsorption should be high and bridging
effects should become more important. As a result, we
observed a large maximum yield stress at pH � 5. At very
low pH, the negative edge charge density of GO decreased
producing a much weaker particle-bridging interaction de-
spite a much larger positive charge density of alumina par-
ticles. Because the particle bridging is due to heterogeneous
charge attraction, it is possible that the yield stress-DLVO
force model being obeyed by these suspensions.

One of the yield stress-DLVO force models used to
explain particle–particle interactions is given by Eq. 138,39

sy �
/2

a

A

12D2
o

2
C

Do
f2

� �
(1)

where sy is the yield stress, Do the separation distance
between two particles, / the solids volume fraction, a the

particle size, A the Hamaker constant of the particle in
water, and f the zeta potential. C 5 2pewln((1 2 jDo)21)
where ew is the permittivity of water and j the inverse of the
debye layer thickness. If the model is obeyed, then the yield
stress should decrease linearly with the square of the zeta
potential where for many suspensions this has been the
case.39–41 Generally, the yield stress of most suspensions
does not scale to /2. In the presence of adsorbed additive,
the minimum separation distance between two interacting
particles in the flocculated state will be increased by the
adsorbed layer. This means a weaker van der Waals force
which is typically reflected by a reduction in the yield stress.
In the case where additive layer thickness is not constant,
this model is not obeyed.42 The yield stress vs. zeta potential
square plots for AKP30, AO802, and Alusion are shown in
Figure 7. The pairing of the yield stress and zeta potential
was made at the same surface chemistry condition, that is,
making the pH of maximum yield stress equal to the pH of
pI. This was applied to the AO802 suspensions only as the
difference in the two pHs were quite significant, by about 1
pH unit, but not too large to be a real effect.

According to Figure 7a, there is a linear relationship for
AKP30 suspensions with and without GO. The suspensions
with 0.5 and 1.0 dwb % GO can be represented by the same
linear relationship with an intercept value for the zeta poten-
tial of 41 mV. This relationship is, however, not obeyed in
the very low yield stress region. The linear relationship
obtained for the suspension without GO is less accurate due
to a relatively large degree of scatter in the data but is
regarded as acceptable. The intercept value of the zeta
potential squared axis is larger than that previously
reported41 giving a zeta potential value ranging from 45 to
55 mV. This value is higher than that with GO meaning that
a weaker network structure is formed by GO at the pH of
zero zeta potential.41 For the AO802 alumina suspensions
with and without GO, linear relationships as shown in
Figure 7b appeared to also describe the yield stress and zeta
potential squared data. The fit, like the AKP 30, is bad for
data in the low yield stress region. It appeared that the inter-
cept value is higher for the 1.0 dwb % GO (�35mV) com-
pared to that of (�33mV) for the 0.5 dwb % GO but the
difference is too small to allow for definitive correlation
between bridging strength and intercept zeta potential value.
Also, the intercept value for the suspension without GO is
similar in value ranging from 30 to 35 mV.

For the Alusion alumina with and without GO, a linear
relationship with negative slope was also observed for 0.5
dwb % GO and that without GO as shown in Figure 7c. An
intercept value for the zeta potential of � 40 and �51 mV
was obtained for that without GO and with 0.5 dwb % GO.
For the 1.0 dwb % GO in Alusion alumina suspension, the
data used in the fit were obtained in both the positive and
negative charge region. However, there is only one point in
the positive charge region due to its low pH of zero zeta
potential of 2.5. The yield stress data appeared to show a
maximum at 300 mV2 or zeta potential of 215 mV (see
Figure 5c). For effective particle bridging, all the carboxylic
acid groups on the GO sheet must be charged and the plate-
let particles must have sufficient positive charges. This could
explain why the maximum yield stress is located at pH 5.5
instead of 2.5 the pH of zero zeta potential (see Figure 5c).
At pH 5.5, the carboxylic acid group is usually in the disso-
ciated state. So at this pH, a given GO sheet will have suffi-
cient charges to bridge one or more platelet Alusion alumina

Figure 6. Proposed bridging interaction between the
carboxylate groups located on the edge of
the GO sheets and particles via (a) edge–
face, or (b) edge–edge interaction.
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particles. The magnitude of the zeta potential is an indication
of the strength of the repulsive interaction between the inter-
acting particles. A zeta potential with a magnitude of 15 mV
is an indication of a relatively weak repulsive interaction.
Without an additive mediating the particle–particle interac-
tion, the van der Waals attractive would have dominated the
interaction with the suspension being flocculated. The maxi-
mum yield stress occurring at a zeta potential of 215 mV

suggests that the number of positively charged sites on the
Alusion particles must be at optimum at this point allowing
effective bridging with the negatively charged GO sheets
producing a flocculated suspension of maximum gel strength.
The strong heterogeneous charged attraction between the GO
and Alusion particles must be in the right architectural con-
figurations to produce this large increase in the gel strength.

In summary, GO is very effective in increasing the
strength of the attractive force between micron-sized
platelet alumina particles via bridging. At a given solids con-
centration, the particle concentration will be far less than
submicron-sized alumina suspension requiring much less
amount of GO sheets to strengthen each particle–particle
bond. Moreover, we postulate that platelet morphology of
the alumina particles facilitate a much stronger interactions
between the carboxylate groups located on the edge of the
GO sheets and particles, that is, edge–face or edge–edge
interaction (Figure 6). With submicron-sized AKP30 and
AO802 alumina suspensions, the particle number concentra-
tion can be several orders of magnitude larger. There are not
enough GO sheets to strengthen each interparticle bond.
Moreover, a micron-sized GO sheet can have several par-
ticles adsorbed on it at the same time particularly at the
edges. This type of adsorbed configuration is not directed
toward increasing the interparticle attractive force of the
flocculated network. Hence, this was reflected by a smaller
increase or even a small decrease in the yield stress.

The structural feature of GO is still unclear and ambigu-
ous.17 There are several structural models of GO available in
the literatures.17 There are GO models where the ACOOH
group is not present.43 Some models showed the presence of
phenolic AOH group.17 The model proposed by Lerf et al.44

is most cited where a small amount of carboxylate groups
are present along the edges of the GO sheet. The presence of
this carboxylate group was indirectly supported by infrared
data. The yield stress result obtained here appeared to lend
further indirect support to this GO structural model with pe-
ripheral carboxylic acid groups (Figure 2d30). Moreover, the
very low pH of the GO dispersion is also an indication of
ACOOH being present in addition to the other acidic group,
the phenolic group. The ACOOH acid is usually a much
stronger acid with a pKa value of 5 compared to 10 for the
phenol AOH group. We believe that this report is the first
ever on GO acting as an effective bridging agent for a par-
ticular shape and size of the particles where the location of
the carboxylic groups on GO is essential for producing the
ideal bridging interaction observed.

Conclusions

Micron-sized GO sheets are very effective in increasing
the strength of the interparticle attractive forces of micron-
sized platelet alumina suspensions as reflected by the six-
folds increase in the maximum yield stress of 55 wt % solids
suspension at 1.0 dwb % GO. The attraction between the
GO and the platelet alumina particles must be in the right ar-
chitectural configurations to increase the strength of the floc-
culated network structure. This is, however, not true with
submicron irregular and spherical shape alumina suspensions.
Multiple particles adsorption on GO sheets does not nor-
mally produced a particle–particle interaction configuration
that enhances the network strength especially in an environ-
ment of deficient GO. Based on dissociation constant values
of ACOOH and phenol AOH, we believe this is the first

Figure 7. The plot of yield stress vs. square of zeta
potential for (a) irregular AKP30, (b) spherical
AO802, and (c) platelet Alusion alumina
suspensions.
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result ever reported that GO layer can acts as a bridging
agent caused by the interaction of the polar ACOOH group,
located in an ideal position to bridge with the nearest
particle.
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