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Abstract

Ceramic process need the preparation of very stable
suspensions with high solid loading and the tempera-
ture is a fundamental parameter in surface chemistry
and at various steps in the production process. The
in¯uence of the temperature on the stability of aqu-
eous alumina suspensions dispersed either with the
polymethacrylic acid sodium salt either with the
Tiron has been studied. The strong adsorption of the
two dispersants onto alumina surface is not a�ected
by the variation of the temperature but temperature
higher than 40�C strongly in¯uences the amplitude
of the repulsive potential created between the parti-
cules. By using the potentimetric data ®tting soft-
ware FITEQL 3.2, the electrokinetic properties of
the suspensions at 20�C are interpreted and viscosity
measurements show that a temperature of 60�C
improves the stability of the suspensions and permits
to concentrate it. # 1999 Elsevier Science Limited.
All rights reserved
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1 Introduction

For many applications in ceramic processing,
highly concentrated ceramic suspensions are
required to lead to high performance ®nal pro-
ducts. Well known parameters such as particle size,
solid loading, pH and ionic strength a�ect the
characteristics of the slurries but the stability of the
colloidal suspensions can be greatly improved by
adding dispersants. In aqueous media, organic
compounds as polyelectrolytes are widely used
because both steric and electrostatic mechanisms
can contribute to the stability of the suspensions.1,2

Several works3±5 have been dedicated to the in¯u-
ence of the pH and of the ionic strength on the
adsorption of the polymer onto the particle sur-
face. Electrostatic interactions between the particle
surface and the dispersant are driving the adsorp-
tion. These interactions results from the ionisation
of the polymer and from the polarity of the surface
charge of the particles, which depend itself in par-
ticular on the pH. Baklouti et al.6 related the
chemistry of the particles surface and of the poly-
mer to the mechanism of the powder dispersion
and used this approach to disperse �SiC powder in
water.
In water a high repulsive potential then a high

stability can be created by using a electrolyte.7 On
one hand, the ability of some of these electrolytes
to form chelate rings with ions of the particle sur-
face leads to a strong adsorption and on a second
hand, the ionised groups develop a surface charge
which induces a high repulsive potential. Some
work on ceramic processes such as the direct coa-
gulation casting (DCC)7 has been carried out with
an ammonium salt of citrate used as de¯oculant for
alumina powder in aqueous media. The in¯uence
of the chemical structure of this type of molecule
onto the stability of alumina suspensions has been
studied by Pirmin et al.8

All these studies contributed to a better under-
standing of the chemistry of surface and of the
interactions with dispersant molecules but few
concern the in¯uence of the temperature on the
stability of ceramic suspensions.9 Nevertheless it is
a fundamental parameter in surface chemistry and
at various steps in the production process. Sig-
ni®cant temperature variations may arise and can
change the characteristics of the slurry for exam-
ple, during milling and during the critical stage of
drying which can lead to cracking of the green
bodies and which may be better controlled with the
variation of the temperature. The temperature
in¯uences a lot of parameters in chemistry surface
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such as pH, viscosity of the solvent, chemistry of
organic additives or the surface potentials expres-
sed in the theoretical models.
The aim of this study is to determine the in¯u-

ence of the temperature on the adsorption and the
electrokinetic behaviour of aqueous alumina sus-
pensions dispersed either with a polyelectrolyte, the
polymethacrylic acid sodium salt (PMAANa) and
or with an electrolyte, the 4,5-dihydroxy-1,3-ben-
zenedisulfonic acid sodium salt monohydrate,
Tiron. The triple layer model (TLM) was used to
model the variations of the zeta potential of alu-
mina suspension at 20�C versus pH. Finally, the
electrokinetic properties of alumina suspensions at
20�C are interpreted and some hypothesis con-
cerning the in¯uence of the temperature onto these
properties are given using a potentiometric data
®tting software FITEQL 3.2.10

2 Experimental Procedure

2.1 Starting materials
The main features of the alumina powders used in
this study are summarized in Table 1.
The dispersants used were the 4,5-dihydroxy-1,3-

benzenedisulfonic acid sodium salt monohydrate,
Tiron (Aldrich) and the polymethacrylic acid sodium
salt (PMAANa), 30wt% solution in water, with an
average molecular weight of 9500 (GPC) (Aldrich).
The water used in all experiments was bidistilled.
The titrations of PMAANa and the adjustment of

the pH values of the suspensions were carried out with
solutions of standard analytical-grade, NaOH and
HCl [normadoseTM 1mol lÿ1 (�0.5%), Prolabo,
Germany]. Analytical grade NaCl used for adjust-
ing the ionic strength was supplied by Aldrich.

2.2 Preparation of the Suspensions
In order to obtain the chemical equilibrium of the
slurries for adsorption, viscosity and ESA measure-
ments, the alumina powder was previously deag-
glomerated in water with the dispersant by ultrasonic
treatment (pulsed, 3min, 600W, Vibra-cell ultrasonic
desintegrator VC 600, Sonic & Materials, USA). To
avoid overheating during this treatment, the ¯ask
containing the suspension is placed in a glass-bath.

Then, the suspensions were stirred for 12 h at a
®xed temperature by using a thermostatic bath.
The amount of dispersant added into the suspen-
sion was expressed as a percentage of the alumina
dry weight.
Adsorption Slurries were prepared with 60wt%

solid (A16SG) loading with di�erent amounts of
dispersant at a temperature of 10, 20, 40 and 60�C.
After 12 h, suspensions were centrifuged at high
speed during 5mn, then the supernatant removed
and analysed. The amount of dispersant adsorbed
onto the surface of the powder was calculated from
the di�erence between the amount added and that
remaining in the supernatant. We considered that the
short time of centrifugation at room temperature did
not in¯uence the quantity of dispersant adsorbed.
As Tiron is a sulphonic acid, then the sulphur

content in the supernatant was determined by che-
mical analysis and then the Tiron concentration
calculated.
The quantity of PMAANa was determined by

acidic titration.11 Ten millilitres of supernatant was
taken from every sample and diluted with 90ml of
water. The ionic strength was adjusted to obtain a
solution of 10ÿ2mol lÿ1 of NaCl and the pH at 10
to ensure that any PMAANa would be fully dis-
sociated. The titrations, carried out in N2-¯ux were
made with the HCl 0.5M solution as titrant using
the automatic titration unit which equips the
acoustosizer (ESA 8000 MATEC) and can deliver
a minimum volume of titrant equal to 1�l.
Standard solutions were prepared in the same

conditions (ionic strength and pH) to establish the
linear relationship between the amount of PMAANa
titrated and the mole equivalent of titrant. Titration
curves showed two in¯exion points (Fig. 1), the ®rst
corresponds to NaOH which had not dissociated the
polyelectrolyte and then in excess. The volume of
titrant measured between the two in¯exion points
corresponds to the quantity of PMAANa con-
tained in the standard solution. The calibration
results were ®tted to a straight line using linear
regression.
Furthermore the supernatant of an A16SG alu-

mina suspension (60wt%) without de¯oculant was
titrated and the curve showed also two in¯exion
points. The ®rst corresponds to NaOH which is
due to the impurities of the A16SG powder and the
second takes place at the same pH than the poly-
electrolyte and could be attributed to a weak acid
coming from the reaction of the powder in water.
This hypothesis seems to be realistic because the
curve relative to a supernatant of a pure AKP30
alumina suspension shows only one in¯exion point
which takes place at the same pH than the second
observed for the A16SG supernatant. This second
equivalent volume was function of the temperature.

Table 1. Powders used in the present work

ReferenceÐpurity
Ðsupplier

Speci®c surface
area N2 BET
2 h at 300�C
(m2 gÿ1)

Average grain
size (mm)

Sedigraph 5100
Micrometrics

A16SG>99.8%
Alcoa Pittsburgh USA

9 0.5

AKP30>99.99%
Sumitomo Japan

10 0.4
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Then for each temperature tested, a blank solution
was prepared in the same conditions (pH and ionic
strength) than supernatants and the amount of
HCl necessary to titrate the weak acid was
removed from the volume of HCl measured for
each supernatant which was used to establish the
adsorption isotherms.

3 Zeta Potential

Electrokinetic measurements provide information
on the magnitude of the electrostatic forces of
repulsion between ceramic particles. Zeta potential
values of the alumina particles in the suspensions
were measured using an Electrokinetic Sonic
Amplitude (ESA) measurement apparatus (Model
ESA8000 Matec, Northborough, MA, USA). This
technique and its operating principle were descri-
bed previously.12 The experiment consisted in fol-
lowing the evolution of the zeta potential of
suspensions prepared with or without dispersant
versus pH at 10, 20 and 40�C. Between each incre-
mental addition, the volume delivered is determined
automatically by the apparatus, 10 s were allowed for
equilibration. During all the experiments, the tem-
perature of the suspension was thermoregulated. The
ESA equipment was not able to operate at tempera-
ture higher than 40�C without damaging.
The zeta potential was calculated from the magni-

tude of the ESA signal by using the O'Brien formula13

but a lot of water characteristics depends on the tem-
perature, namely the velocity of sound, the density of
water, the dielectric permittivity, the kinematic visc-
osity and the viscosity. The relationship between these
parameters and the temperature have been established

from data of literature and then correct values were
used to calculate the zeta potential.
Concerning the measure of pH, a temperature

correction must be made when the sample tem-
perature was di�erent from the pH standardization
temperature (i.e. 25�C). The temperature correction
corresponds to a modi®cation of the slope of the
tension (mV) versus pH curve for the pH electrodes
with the following equation:

pH � pHi ÿ �T1=T2��pHi ÿ pH0� �1�

where pH is the correct sample pH, pH0, the pH
observed before the correction was applied, pHi,
the isopotential point of the pH electrodes, T1, the
standardization temperature (298K) and T2, the
sample temperature (K).

4 Results and Discussion

4.1 Adsorption
Figure 2 shows adsorption curves of the two tested
molecules on Al2O3 (A16SG) particles for di�erent
temperatures.
The adsorption curves relative to the Tiron

[Fig. 2(a)] show that the quantity chemisorbed
increases with the initial amount added whatever
the temperature. Furthermore, the amount of
Tiron adsorbed between 10 and 60�C slightly
increases with the amount of dispersant added (i.e.
about 0.02mg mÿ2 between 0.1 and 0.3wt% dis-
persant and 0.05mg mÿ2 between 0.4 to 0.6wt%).
Tiron chemisorbed in a larger quantity at 60�C.
For an initial addition of 0.15wt%, all the Tiron

was adsorbed, then this molecule should be strongly

Fig. 1. (a) Titration curve of 0.4 g of PMAANa commercial solution by HCl and (b) its corresponding ®rst derivative plot.
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adsorbed onto the particle surface but no well
de®ned plateau is observed on the isotherms. The
a�nity for the alumina surface of such a molecule
with two sulfonate groups ionised in a very large
range of pH and which confer to the dispersant a
negative charge should depend on the polarity of
the surface charge of alumina. Its adsorption can
be explained considering the ligand (L)-exchange
model, a process involving the following multi-step
reaction sequence:14

LH�aq� ! Lÿ�aq� �H��aq�
AlOH�s� �H��aq� ! AlOH�2 �s�
AlOH�2 �s� � Lÿ�aq� ! AlL�s� �H2O

In the case of a high concentration of protonated
hydroxyl groups at the surface of ceramic particles,

which occurs for acidic pH when the hydronium
ions adsorbed protonate them, the exchange
between the hydroxyl surface groups and the
deprotonated ligand easily occurs and leads to a
higher a�nity of the molecule for the surface.
No control of the pH of the suspensions was

performed either in function of the percentage of
Tiron either in function of the temperature.
Nevertheless, Tiron is a weak acid and should
likely decrease the pH of aqueous alumina slurries
which is about 9 when no Tiron is added. Further-
more, considering the suspensions (0.2wt% of
Tiron) used for the zeta potential experiments, the
value of the starting pH at 10�C is 9.2 and reaches
a value of 8.5 at 40�C. In our system, the increase
of the initial amounts of Tiron and of the tem-
perature both decrease the pH of the alumina sus-
pensions and then should in¯uence the amount of

Fig. 2. Adsorption isotherms of (a) Tiron and (b) PMAANa at (^) 10�C, (&) 20�C, (~) 40�C and (*) 60�C.
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Tiron chemisorbed. For each curve, the increase of
the quantity chemisorbed with the initial amount
introduced could be explained by a higher a�nity
of the Tiron for the alumina surface with the
decrease of pH.
The same tendency can be observed concerning

the adsorption of PMAANa on A16SG [Fig. 2(b)]
alumina but the increase of the quantity adsorbed
with the initial amount introduced is much slower
than for Tiron. At 20�C, 0.4wt% of PMAANa
introduced leads to 0.2mg mÿ2 adsorbed onto the
A16SG alumina surface, which is in agreement
with values reported in Ref. 11 and the tempera-
ture has no signi®cant e�ect on the quantity
adsorbed. At low temperature, the surface of the
alumina powder should be almost totally covered
by the polyelectrolyte producing the electrosteric
stabilisation of the suspension.
Previous studies6 showed that a high adsorption

of polyelectrolytes results from interactions between
the ionised groups developed on the polymers and
active sites at the oxide surface. By analogy with the
Tiron, a decrease of the pH of the suspensions
should be favourable for the adsorption of
PMAANa.
For these two dispersants, these results show

that for an amount of 0.2 and 0.4wt% of Tiron
and PMAANa respectively, the temperature does
not in¯uence the quantity adsorbed. The strong
adsorption of the Tiron and the PMAANa at low
temperature (i.e. 10�C) is not a�ected at higher
temperature (i.e. 60�C).

4.2 Zeta potential
The evolution of the zeta potential versus pH at 10,
20, 40�C was studied for suspensions (AKP30 and
A16SG) prepared with and without dispersant.
Each slurry was prepared containing a 3.5 vol%
solid loading and the ionic strength was adjusted
with NaCl. As the temperature in¯uences a lot of
physical and chemical parameters relative to the
solvent and the solubility of impurities, experi-
ments were performed with a high purity alumina
(AKP30) in order to complete these obtained with
the A16SG alumina. For the study without dis-
persant, two suspensions were prepared to obtain
the curve in the total range of pH; one from the
starting pH to pH 2 and the second from the
starting pH to pH 12.

4.3 Without dispersant
The variations of the zeta potential versus pH for
the 3 temperatures, 10, 20, 40�C are given in Fig. 3
and the main values used to analyse the data are
summarized in the Table 2(a) and (b). Ionic strength
was adjusted with 0.01M NaCl and was considered
constant between pH 2.5 and 12.

4.3.1 E�ect of pH at 20�C
In a ®rst time, the analysis is focused on the high
purity AKP30 powder at 20�C [Fig. 3(a)]. The
curve can be divided in three steps. From the
smaller negative value of potential (ÿ40mV) at
basic pH (11.5) up to pH 7, the zeta potential
increases linearly and is equal to zero at pH 9.
Then, in the range of pH from 7 to 5, the zeta
potential is constant with a value equal to
+25mV. Finally from pH 5, to the acidic pH 2,
the potential increases again to a maximal value of
+58mV.
4.3.1.1. The triple layer model (TLM). In

order to understand the mechanisms which govern
these three steps, a theoretical model was used to
®t experimental data. The model chosen was the
single site triple layer model (TLM)15 which is the
one of the most complete model used for describ-
ing the surface chemical reactions of oxide minerals
in aqueous media. Adsorption is assumed to occur
at speci®c sites on the mineral surface. All sites are
considered to be energetically equivalent. These
surface sites can also interact with solution con-
stituents such as electrolyte ions or organic mole-
cules. In the three plane model, three electrostatic
planes are present, enclosing two empty layers in
terms of charge, each with its own electrostatic
capacitance. The Stern layer region is divided into
two layers, H+ and OHÿ ions contribute to the
charge �0 and determine the potential 	0. Ions of
electrolyte which bind pairwise with oppositely
charged surface groups are located at the IHP and
are separate from the surface by a region of con-
stant capacity C1. These ions contribute to the
charge �� and determine the potential 	�. The IHP
is separated from the OHP by a region of constant
capacity C2. The potential at the OHP is 	d and an
outer di�use layer with charge �d neutralises the
overall charge ��0 � �d�. The shear plane, where
the zeta potential is assumed equivalent to 	d,
represents the frontier between the structured
water near the oxide surface and the free water.
Reactions relatives to the amphoteric surface

hydroxyls groups, which are uniformly distributed
over the oxide planar surface, with respective ther-
modynamic equilibrium constant used to describe
the system are:
(a)the protolysis reactions

AlOH�H��aq�()AlOH�2
K� � �AlOH�2 �=�AlOH��H���exp�F	0=RT�

�2�

AlOH()AlOÿ �H��aq�
Kÿ � �AlOÿ��H��=�AlOH��exp�ÿF	0=RT�

�3�
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H2O()H��aq� �OHÿ�aq�
Kw � �H���H���OHÿ��OHÿ�

�4�

The activity coe�cients H� and OHÿ are calcu-
lated according to the Davies equation and the
TLM is applicable to systems ranging from near
zero to ionic strengths up to 0.1M, the upper limit
of applicability of the Davies equation.16

(b) the electrolyte surface reactions

AlOH�Na��aq�()AlOÿ-Na� �H��aq�

KNa� � �AlOÿ-Na���H��=�AlOH��Na���
exp�F�	�ÿ	0�=RT�
AlOH� Clÿ�aq� �H��aq�()AlOH�2 ÿ Clÿ

�5�

KClÿ � �AlOH�2 ÿ Clÿ�=�AlOH��H���Clÿ��
exp�F�	0 ÿ	��=RT� �6�

The total concentration of surface sites Nt is an
estimation of the total number of exchangeable
hydrogen atoms on the alumina surface. The value
of Nt (mol lÿ1) is related to the sites density Ns

(sites nmÿ2) through:

Nt � NsSaC10
18=NA �7�

where Sa is the speci®c surface area (10m2 gÿ1), C
the concentration of alumina in the suspension
(136 g lÿ1) and NA, the Avogadro's number.
Charge balance requires that the sum of the
charges at the 0ÿ, �ÿ and dÿ planes be equal to

Fig. 3. Zeta potential data versus pH for (a) an AKP30 alumina suspension and (b) an A16SG at (^) 10�C, (&) 20�C and (~)
40�C (ionic strength ®xed at 10ÿ2mol lÿ1).
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zero and the relationships between the charge and
the potential are the following:

�d � ÿ�8"kTNAI�1=2sinh�F	d=2RT� �8�

where I is the ionic strength.

�0 � �	0 ÿ	��C1 �9�

�0 � �� � �	� ÿ	d�C2 � ÿ�d �10�

and the surface charge (Cmÿ2) and mass balance
equations relatives to this system are:

�0 � F=CSa��AlOH�2 � � �AlOH�2 ÿ Clÿ�
ÿ �AlOÿ� ÿ �AlOÿ ÿNa��� �11�

�� � F=CSa��AlOÿ ÿNa�� ÿ �AlOH�2 ÿ Clÿ� �12�

Nt � �AlOH� � �AlOH�2 � � �AlOÿ�
� �AlOH�2 ÿ Clÿ� � �AlOÿ ÿNa�� �13�

This model requires seven adjustable ®tting para-
meters including the two surface protolysis con-
stants K� and Kÿ [eqns (2) and (3)], the two
electrolyte surface binding constants KClÿ and
KNa� [eqns (5) and (6)], the total site concentration
Nt (eqn (13)) and the two capacitance parameters
C1 and C2 [eqns (9) and (10)].
4.3.1.2. The potentiometric data fitting software

FITEQL. In this study, the non linear least
squares ®tting program FITEQL 3.210 was used to
®nd optimum model parameters values. This pro-
gram optimises the values of adjustable parameters
by changing their value until the sum of the
squares of the residuals between the data and the
calculate values is minimised. This computer pro-
gram did not allow to ®t directly the experimental
zeta potential data and we were obliged to use

titration data, (i.e. the total concentration of acid
or base added versus pH) to get the values of
adjustable parameters. Using these calculated
values, theoretical curves were compared to the
experimental data. The model incorporates the
e�ect of background electrolyte concentration on
titration behavior directly in model calculations.
Unfortunately, the temperature is ®xed at 298K in
the algorithm and can not be changed, then only
data measured at 20�C were ®tted. In order to
compare the values of the adjustable parameters,
additional data were recorded at an ionic strength
®xed at 0.05mol lÿ1 because ionic strength strongly
in¯uences the zeta potential values (Fig. 4). For a
concentration of NaCl equal to 0.05mol lÿ1, the
zero point charge did not change anymore (0.05
unit of pH); this electrolyte is neutral around the
ZPC but the absolute value of zeta potential
decreases (Table 3). The di�use electrical double
layer around each particle is compressed by the
ions and the repulsive potential is reduced.
4.3.1.3. Procedure and results of the fits. Previous

works10 showed there are often many combina-
tions of the variables that can give good ®ts to a set
of titration data but in our study the combination
of the parameters should ®t zeta potential data too,
then the number of combinations became restric-
ted. Because of the large number of adjustable
parameters, several should be ®xed to get reason-
able values and in general, the algorithm con-
vergence occurs when ®tting data using only two
adjustable parameters. In the algorithm, among the
seven adjustable parameters, K�;Kÿ;KClÿ;KNa�
and Nt can be ®tted and the values of the capaci-
tances C1 and C2 are ®xed during the calculation.
The outer layer capacitance C2 was always set to

the typical value of 0.2 Fmÿ2 and the value of the
inner layer capacitance C1 was included in the
range 0.5 to 2Fmÿ1. Steps of 0.1 Fmÿ1 were used
and the value of C1 which leads to the best ®t was
kept.
Several experimental methods are used to deter-

mine Ns for oxides. In recent studies16 tritium

Table 2. Electrokinetic properties of (a) an aqueous alumina AKP30 suspension and (b) an aqueous alumina A16SG suspension.

Temperature (�C) Starting pH ZPC Zeta potential
at pH=6 (mV)

Zeta potential
at pH=8 (mV)

Zeta potential
at pH=10 (mV)

(a)

10 8.5 9.3 30 16 ÿ9
20 8 9.0 32 13 ÿ14
40 7.65 8.85 35 12 ÿ21

(b)

10 9.2 8.7 16 3 ÿ7
20 8.8 8.45 20 3 ÿ10
40 8.37 8.35 22 3 ÿ13
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exchange is considered to be the best experimental
estimate for Ns and this method gives a larger
value than these obtained by acid base titration
(i.e. 2 sites nmÿ2). Potentiometric acid base titra-
tion may underestimate site density because accu-
mulation of surface charge may prevent from
complete ionisation. For our calculations, a mini-
mum value of 10 sites nmÿ2 was retained.
Concerning the proton equilibrium constant, this

following constraint was used:

ZPC � �logK� ÿ logKÿ�=2 �14�

considering that the number of ionised sites at the
ZPC is very low and �pKa is greater than 2. A
theoretical prediction17 of single site surface pro-
tonation equilibrium constants for oxide in water
based on the Born solvation theory gives for alu-
mina a value of 5 for �pKa. Then, we have chosen
to test the two values 4 and 5. The procedure of the
®t was the following: for a given value of �pKa of
4 or 5, (K�=ZPC-�pKa/2 and K-=ZPC+�pKa/
2), calculations were carried out until ®nding rea-
sonable values of C1 and Nt which ®t in the best
way the experimental data. The electrolyte binding
constants are taken from the result of the ®t.

Table 4 summarizes the combinations of values
of Ns, C1, KClÿ and KNa� which give the best ®t for
both titration and zeta potential data in function of
pH from 5 to 11 for a given �pKa. Experimental
data and theoretical curves using these values are
compared in Fig. 5.
The values of V which is an indicator of the

goodness of the ®t are higher than those given
(<20) by the authors of FITEQL to consider a
reasonably good ®t. Indeed ®gures show that the
calculated curves are far from the experimental
data in particular for acid pH but the calculated
zeta potential values ®t better the experimental
data and this is the aim of this study. For the same
ionic strength, the value of 5 for �pKa leads to a
higher value of C1 and V but the calculated zeta
potential values are nearly identical to those
obtained for �pKa=4. The values of the electro-
lyte constants do not vary anymore whatever the
ionic strength, and the values of pKa are similar to
those obtained in previous works.16 The ionic
strength of 0.05mol lÿ1 leads to a higher density of
surface sites which can be due to the better screen
e�ect of the surface charge by speci®cally adsorbed
ions from electrolyte.
As a combination of reasonable values of the

adjustable parameters allows the ®t of zeta poten-
tial data, the interpretation of the evolution of the
curve at 20�C for the AKP30 alumina was based
on the TLM. From the ZPC to pH 7, which cor-
responds to the beginning of the plateau, the linear
variation of zeta potential is governed by the reac-
tion of hydroxyl groups protonation and the for-
mation of the ion pairs with the chloride ions. The
plateau, which is observed at pH 7 with a zeta
potential of 25mV indicates ionisation of a large

Fig. 4. Zeta potential data versus pH for an AKP30 alumina suspension at 20�C for a ionic strength of (^) 10ÿ2mol lÿ1 and (&)
510ÿ2mol lÿ1.

Table 3. Electrokinetic properties of AKP30 suspensions at
two ionic strengths

Ionic strength
(mol lÿ1)

ZPC Zeta potential
at pH 10 (mV)

Zeta potential
at pH 7 (mV)

0.01 8.95 ÿ18 ÿ28
0.05 8.9 ÿ8 ÿ17
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number of available hydroxyl surface groups. The
deprotonation of an identical number of surface
groups should lead to a plateau at basic pH but for
pH>ZPC, the deprotonation of hydroxyl groups
occurs and sodium pairs are formed. From the

value of ÿ25mV measured at the pH of 10.3, the
potential continues to decrease strongly and the
model ®t no longer experimental data. This sug-
gests that another phenomena should contribute to
increase the negative surface charge, maybe the
solubility of alumina. Evanko et al.18 showed that
alumina is stable at 20�C in the range of pH from 5
to 10 at 20�C. The same tendency is observed for
acidic pH lower than pH 5 where the model can
not account for the increase of the potential after
the plateau.

4.3.2 E�ect of the temperature
Considering the curves obtained at 10 and 40�C
[Fig. 3(a)], the temperature has a strong e�ect on
the variations of zeta potential versus pH. In the

Fig. 5. (a) Fit of titration data at an ionic strength of 0.01mol lÿ1: (Ð) �pKa=4; (- - -) �pKa=5; (&) experimental data. (b) Fit of
zeta potential data at an ionic strength of 0.01mol lÿ1: �pKa=4 or 5, calculated curves are superimposed; (&) experimental data.

(continued on next page)

Table 4. Results of ®ts

Ionic
strength
(mol lÿ1)

�pKa K+ Kÿ Ns

(sites nmÿ2)
C1

(Fmÿ1)
KClÿKNa+ V

0.01 4 6.95 10.95 10 1 8.4 9.1 150

0.01 5 6.95 10.95 10 1.2 8.2 9.2 240

0.05 4 6.9 10.9 14 1.2 8.5 8.9 285

0.05 5 6.9 10.9 14 1.4 8.3 9.0 374
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range of pH 7±11, the slope of the linear part
increases with the temperature. The increase of the
potential at acidic pH starts at a more basic pH at
high temperature (i.e. 5 at 40�C, 4.2 at 20�C and 3
at 10�C) then the length of the plateau is reduced.
The ZPC and the starting pH shift to acidic values
from 10±40�C and excluding the pH range 7±9.2
(ZPC at 10�C), the absolute values of the zeta
potential are slightly higher at high temperature.
As the computer program can not integrate varia-

tions of temperature, only some hypothesis from
results obtained at 20�C can only be done. The var-
iation of ZPC leads to a decrease of K� and Kÿ at
40�C and an increase of the two constants at 10�C if
�pKa remains constant. The variations of zeta
potential corresponding to the linear part

(7<pH<11) which are faster at 40�C indicate that
the protonation and deprotonation of the hydroxyl
groups are activated by the temperature. Concerning
the speci®c adsorption of electrolyte ions, NaCl is
neutral around the ZPC but for high potentials either
negative or positive, the corresponding counter ion
should be preferentially adsorbed. As temperature
a�ects the amplitude of the zeta potential, a large
number of ion pairs especially AlOÿNa+are formed
for basic pH at 40�C and then equilibrium constants
should be a�ected by the temperature. At pH 5.5
which corresponds approximately to the middle of
the plateau, there is a small di�erence of 7mV
between the higher (40�C) and the lower (10�C) value
of zeta potential, then the number of sites should
remain almost constant whatever the temperature.

Fig. 5. (continued) (c) Fit of titration data at an ionic strength of 0.05mol lÿ1: (Ð) �pKa=4; (- - -) �pKa=5; (&) experimental
data. (d) Fit of zeta potential data at an ionic strength of 0.05mol lÿ1: �pKa=4 or 5, calculated curves are superimposed; (&)

experimental data.
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On the other hand, an increase of temperature
should reduce the pH range of the alumina stability
and the contribution of the solubility of the oxide
to the positive surface charge at acidic pH may
likely explain the diminution of the length of the
plateau at high temperature.
Finally, the shear plane where the zeta potential

is measured and which characterises the limit
between the structured water near the surface and
the free water should move with variations of the
temperature. The layer of physically adsorbed
water is likely thinner at 40�C than at 20�C and the
shear plane approached the surface of particules,
leading to a higher zeta potential value. At 10�C
the shear plane moves away from the surface and
smaller values of zeta potential were measured.
Concerning the A16SG powder, the same analy-

sis can be made. As a function of pH and of tem-
perature, the zeta potential varies in the same way
for the AKP30 powder. Because of the decom-
position of the impurities in water, in particular
Na2O (0.06wt%), the surface charge at the start-
ing pH is negative and the ZPC smaller than 9
which leads to a more acidic surface for this
powder in water. At given pH and temperature, the
absolute values of zeta potential of A16SG are
lower than those of high purity AKP30 (Table 2).
This suggests that the number of available hydroxyl
groups was lower. Measurements of active sites by
isotopic exchange should be made to con®rm this
hypothesis.

4.4 With Dispersant

4.4.1 With Tiron dispersant
The two alumina powders were used to study the
e�ect of Tiron (0.2wt%) on the stability of the
slurries at 10, 20 and 40�C. Results are reported in
Fig. 6 and in Table 5(a) and (b). The curves repre-
sent the evolution of the zeta potential versus pH
from the starting pH to pH 2.
4.4.1.1. Effect of pH at 20�C. When Tiron is

added, the anion adsorbs onto the surface of alu-
mina and produces a high density of negative sur-
face charge. Whatever the powder, each curve can
be described by two steps almost linear. First from
the starting pH, for which the negative surface
charge is the highest, the absolute value of zeta
potential decreases linearly and slowly down to pH
of about 5. Then, the decrease becomes more
abrupt for acidic pH to reach the ZPC. As without
dispersant, smaller absolute values of zeta potential
were measured with the A16SG powder. The ZPC
was reached for a pH equal to 3.5 and 3 for A16SG
and AKP30 powders respectively.
The computer programFITEQL had not been used

to ®t these data because the equilibrium constant

corresponding to the coordination complexe
between the hydroxyl surface groups and the Tiron
is not known. The ligand exchange model describes
the adsorption of the Tiron as an exchange
between the anion and a hydroxyl surface group.
In the case of a concentration of 10 sites nmÿ2, a
large number of hydroxyl groups remains avail-
able. At the starting pH of about 9, the surface
groups are neutral but as soon as the pH become
more acidic, their protonation should occur and
constitute a positive contribution to the total sur-
face charge which should compensate the negative
charge due to the Tiron at the ZPC. In the case of
this hypothesis, the protonation does not occur in
the same way as without Tiron because the begin-
ning of the rapid decrease of the negative surface
charge between pH 5.5 and 6 corresponds
approximately to the middle of the plateau
observed on the previous curves (without dis-
persant, Fig. 3) and vice versa between pH 9 and 5.
No adsorption isotherm of Tiron has been

established onto the AKP30 powder, but the
quantity of Tiron adsorbed is likely larger than the
amount adsorbed onto the A16SG powder. These
results can con®rm the previous hypothesis con-
cerning the number of hydroxyl surface groups and
justify the smaller zeta potential values measured
with the A16SG powder.
4.4.1.2. Effect of the temperature. The slope of

the two linear parts increase with the temperature
and at the starting pH, a temperature of 40�C leads
to the highest zeta potential value (Table 5). The
di�erence, between potentials observed at each
temperature is more pronounced for the AKP30
powder. This di�erence reduced as soon as the pH
decreased to reach the same ZPC for the three
temperatures tested. The lowest starting value of
zeta potential measured at 10�C is compensated by
a slower variation of zeta potential with pH.
Adsorption isotherms established with the

A16SG powder showed that the quantity of Tiron
adsorbed did not vary with temperature and we
can consider that this result can be transposed to
the AKP30 powder. Then the negative contribu-
tion to the surface charge due to the adsorbed
Tiron remains constant at each pH whatever the
temperature. The variation of the total surface
charge versus pH should only depend of the posi-
tive contribution due to the protonation of the free
hydroxyl groups. In the previous study, we con-
cluded that the temperature activates the protona-
tion of the OH groups; onto the surface of particles
in presence of the dispersant, the temperature
seems to produce the same e�ect. The decrease of
the absolute value of the zeta potential is faster at
40�C than at 10�C. As the quantity of Tiron
adsorbed did not vary with temperature, the high
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zeta potential value at pH 8 and at 40�C suggests,
as for the previous system, that the shear plane
approaches the particle surface.

4.4.2 With PMAANa dispersant
Measurements with the polyelectrolyte versus tem-
perature were carried out only with the A16SG
powder and the results are shown in Fig. 7. At a
given temperature, as for the Tiron, the negative
surface charge developed by the ionisation of the
carboxylate groups decreases when the pH
becomes more acidic ®rst slowly and more faster
from pH 5.5. The ZPC is reached for a pH of 4.3
whatever the temperature, curves are similar and
small di�erences of zeta potential values are
observed between each temperature for a given pH.
At pH 8, these values are in the same order as
those measured with Tiron, the higher value of
ZPC could be explained by the neutralization of
the carboxylate functions (�pKa=6, Fig. 1) with

Fig. 6. Zeta potential data versus pH for (a) an AKP30 and (b) an A16SG alumina suspension with 0.2wt% of Tiron at (^) 10�C;
(&) 20�C; (~) 40�C (ionic strength ®xed at 10ÿ2mol lÿ1).

Table 5. Electrokinetic properties of (a) AKP30 and (b) A16SG
suspensions with Tiron at 10, 20 and 40�C

Temperature
(�C)

ZPC Zeta potential
at pH 8 (mV)

Zeta potential
at pH 5 (mV)

(a)

10 3 ÿ38 ÿ26
20 3 ÿ47 ÿ30
40 3 ÿ60 ÿ40

(b)

10 3.5 ÿ31 ÿ16
20 3.5 ÿ37 ÿ20
40 3.5 ÿ42 ÿ20
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the addition of acid which leads to a decrease of
the negative contribution of the surface charge.
The mechanism of particle dispersion using this

type of polyelectrolyte is based on both electro-
static repulsion and steric stabilisation. With an
average molecular weight of 9500, the gyration
radius of PMAANa under unconstrained condi-
tions can be estimated about 6 nm and for an ionic
strength of 10ÿ2mol lÿ1, the thickness of the di�use
electrical double layer is evaluated at 3 nm.19

Because of the steric e�ect due to the polymer, the
shear plane is not able to move in regards to the
surface with the variation of the temperature which
should lead to nearly identical curves of zeta
potential.

5 Conclusion

A strong adsorption of dispersant onto alumina
surface is not a�ected by the variation of the tem-
perature but a temperature higher than 40�C
strongly in¯uences the amplitude of the repulsive
potential created between the particles, in parti-
cular when the Tiron is used as dispersant. The
shear plane where the zeta potential is measured
should approache the surface of particles covered
by the anionic dispersant leading to a higher
potential and because of the steric e�ect due to the
polymer, the shear plane is not able to move in
regards to the surface with the variation of the
temperature leading to the same potential at a
given pH. Further measurements of viscosity show
that the increase of the temperature leads to a
decrease of the apparent viscosity of concentrated
suspensions (80wt% of A16SG alumina) whatever
the dispersant used.

At 60�C and at pH 9, the pH of very con-
centrated alumina slurries prepared with Tiron, the
higher zeta potential value measured corresponds
to the smaller value of viscosity but several para-
meters with di�erent temperature dependence
should in¯uence the rheological behaviour of such
suspensions and a rigorous interpretation can be
done only with complementary study. Then, this
work shows that the temperature is bene®cial to
improve the stability of alumina slurries and per-
mits to concentrate it.
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