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cessing of colloidal ceramic suspensions. In this work, the dispersion behaviour

of colloidal Al,O3 suspensions in the presence of polymeric binder (polyethyl-
ene glycol) and dispersant (ammonium salt of polyacrylic acid) was investigated by
sedimentation technique, viscosity measurement and FTIR method. The effects of
polymeric binder molecular weight and concentration and its interaction with polymer-
ic dispersant were investigated. The results showed that PEG 6000 can be used as a
suitable polymeric binder in colloidal processing of alumina suspensions. The optimum
concentration of polymeric binder which results in optimum stability conditions was
obtained 5 wt% PEG 6000 based on the dry powder weight. Further increasing of
binder concentration causes instability of the alumina suspensions via depletion mech-
anism. In the optimum range of the dispersant concentration (0.2-0.3 mL/100 g pow-
der), suspensions with optimum binder concentration have lower stability compared to
those with only dispersant as a polymeric additive. This behaviour is confirmed by
FTIR spectra analysis of the polymeric species remained in supernatant liquid. The
stability behaviour of the colloidal alumina suspensions with different contents of poly-
meric binder and dispersant was also evidenced by scanning electron microscopy
imaging of the sediment layers after 3 weeks.

P olymeric additives include dispersants and binders which play a key role in pro-

INTRODUCTION

Polymeric additives include disper-
sants and binders which are used

different aqueous ceramic powder
suspensions with ammonium salt

extensively to facilitate the pro-
cessing of ceramic bodies [1].
Polymeric dispersants result in well
dispersed and stable suspensions
based on electrosteric stabilization
mechanism. The stabilization of

of poly(acrylic acid) were investi-
gated systematically in order to
understand the basic mechanism of
dispersion [2-8]. In these works,
the effect of different parameters
such as pH [2,3,5,7,8], dispersant



cocentration [3,7], molecular weight [6], and structure
[4] were investigated on ceramic powder suspensions
stability. Also, the stability of ceramic powder suspen-
sions was investigated in the presence of polyacrylic
acid [9,10], anionic polyelectrolyte (PMAA-NH3)
[11], acrylic acid/acrylate copolymer [12] and etc.

Binders provide sufficient strength to the body
such that the green bodies can be moulded and
retained in desired shape without breaking or damage
before and during sintering. The ideal binder should
be compatible with the dispersant, perhaps also func-
tion as stabilizer, to induce no interference with the
solvent quality and should not produce foaming upon
air entrainment. Also, the objective of some new
research works is to define and synthesize molecules
with a double function of dispersant and binder
[13,14].

The effect of different binders on the stability
behaviour of colloidal suspensions has been studied
by several researchers[13-21]. But, very little investi-
gations have been done on the more complex binder-
dispersant interactions in specia colloidal suspen-
sions [13,18-21]. Dasgupta [18] investigated the
adsorption isotherms of nitrocellulose, polyurethane
and phenoxy binder resins as well as organic phos-
phate and lecithin dispersants on colloidal magnetic
particles in non-aqueous solutions by spectroscopic
studies. Khan et a. [13] investigated the rheological
response of selected agueous alumina suspensions,
stabilized with a polyelectrolyte dispersant and
including poly(vinyl alcohol) (PVA) as a binder.
Kristofferson et al. [19] studied the influence of var-
ied polyelectrolyte concentrations in alumina suspen-
sions with and without the addition of a latex binder
using rheological measurements. Paik et al. [20]
investigated the interaction of binder and dispersant
on the stability of aqueous ceramic powder suspen-
sions. Singh et a. [21] have studied the synergistic
effects of different surface-active agents (dibasic
ammonium citrate as dispersant, albumin as binder
and octanol-2 as an antifoaming agent) on the stabili-
ty of agueous alumina suspensions by factorial design
of experiments. But, the same results have not been
obtained. As in some systems, the binder-dispersant
interaction was not significant, but in some other dif-
ferent systems, binders have more significant effects
on the stability of the colloidal ceramic powder sus-

pensions. Therefore, study on the binder-dispersant
interactions in different colloidal suspensions is nec-
essary.

The aim of this work is to investigate the effect of
polyethylene glycol (PEG) as a polymeric binder and
ammonium salt of polyacrylic acid (Darvan 821A) as
apolymeric dispersant and their interactions on stabil-
ity of colloidal aumina suspensions. The effects of
different parameters such as binder molecular weight,
binder concentration and dispersant concentration
were examined by several methods include sedimen-
tation experiments, viscosity measurements and FTIR
spectroscopy method. Also the microstructure of the
sediment layers was studied by the scanning electron
microscopy (SEM).

EXPERIMENTAL

Materials
The characteristics of materials used in this work are
givenin Table 1 and aso Figure 1.

Suspension Preparation

Colloidal suspensions were prepared based on the
designed experiments (Table 2) by adding required
amount of binder, dispersant and alumina powder in
the deionized water. Each suspension was stirred
about 24 h under 300 rpm with magnetic stirrer. The
pH value of the suspensions was adjusted by 0.1 N
NaOH solution at pH 10.
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Table 1. Characteristics of materials.

Materials Function Molecular formula Characteristics Supplier

a-Alumina Matrix phase a-Al203 Ave. particle size: 1um, Fibrona®
Ave. surface area : 6.55 m2/g

Polyethylene glycol Binder HO(C,H40), H Ave. molecular weight: 2000, Merck?
6000,10000,35000

Ammonium salt of | Dispersant (C4Hs502 - NH4")n | 40 wt% Aqueous suspension, | R.T

polyacrylic acid Darvan 821A Vanderbilt®

Water Dispersing media | H.O Deionized Ghazi*

() Fibrona, 215 M. Tehran, Iran; (2) E. Merck, D 6100 Darmstadt, Germany; (3) R.T. Vanderbilt Co, Norwalk, CT, USA; (4) Shahid
Ghazi Pharmaceutical Co., Tabriz, Iran.

Methods

The 5 wt% alumina suspensions with different binder
and dispersant contents were prepared at pH=10.
Severa methods were used to study the stability of

Table 2. Characteristics of samples.

suspensions include sedimentation technique, viscos-
ity measurements, and FTIR spectroscopy method. In
sedimentation experiments, 5 mL of prepared alumina
suspensions were put in volumetric cylindersto meas-

Sample No Binder molecular Binder concentration Dispersant concentration
weight (based on dry powder weight) wt% (based on 100 g dry powder) (mL)
1 0 0.0
2 2000 5 0.0
3 6000 5 0.0
4 10000 5 0.0
5 35000 5 0.0
6 6000 5 0.0
7 6000 10 0.0
8 6000 15 0.0
9 6000 20 0.0
10 6000 5 0.1
11 6000 5 0.2
12 6000 5 0.25
13 6000 5 0.3
14 6000 5 0.4
15 6000 5 0.5
16 0 0.1
17 0 0.2
18 0 0.25
19 0 0.3
20 0 0.4
21 0 0.5

Iranian Polymer Journal / Volume 15 Number 11 (2006) [steiE



ure the sedimentation volume as a function of time.
The cylinders were capped to minimize solvent loss
during the sedimentation experiments. For agood dis-
persion state, the height of interface between clear and
cloudy liquid after 24 h should be high; i.e. the pow-
der should not have settled out of suspension in a
short time, and the sedimentation height after 3 weeks
should be low; i.e. the powder should pack very well
when it does finally settle out of suspension. The vis-
cosity of alumina suspensions were measured with
Cannon-Fenske type viscometer at 25°C. Suspensions
with lower viscosity would have better dispersion
state than suspensions which have low fluidity. The
effect of free polymer species on the stability of alu-
mina suspensions was studied qualitatively using
FTIR spectra of remained polymeric species (binder
and dispersant) in the supernatant liquid of suspen-
sions with Fourier transform infrared instrument,
Matson 1000, UK.

Characterization

Several methods were used for the characterization of
the ceramic powders and sediment layers. The BET
(CHEMBET 3000, Quantachrome, US) measure-
ments were performed to determine the surface area
of alumina powder. The Zeta potential of aluminadis-
persed in deionized water was measured with Zeta
sizer instrument (Zetasizer 3000HS, Malvern, UK).
The morphology of the aumina powder and
microstructure of the sediment layers was investigat-
ed with scanning electron microscopy (SEM, LEO
4401, 3 x 105, LEO, UK and CamScan MV 2300, US).

RESULTS AND DISCUSSION

Zeta Potential

The study of the electrokinetic behaviour through
measurement of zeta potential becomes important for
understanding of dispersion state of colloidal particles
in a liquid medium. The zeta potential values of au-
mina suspensions at different pH values are presented
in Figure 2. According to IEP of the alumina powder,
pH 10 has been selected as an operating pH. In this
pH, alumina particles have negative surface charge
equal to -18.2 mV which is suitable in processing of
colloidal alumina suspensions stabilized by electros-
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Figure 2. Zeta potential of alumina particles as a function of
pH.

teric mechanism [4,22].

Binder Molecular Weight Effect
Figure 3 shows the cloudy height and sediment height
of 5 wt% alumina suspensions with different binder
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Figure 3. (a) Cloudy height (% of initial suspension height)
after 24 h, (b) sedimentation height (mm/1wt% powder)
after 3 weeks as a function of binder molecular weight.
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molecular weights at pH 10 including three times rep-
etitions. Addition of 5 wt% (based on dry powder)
PEG 2000 results in decreasing of cloudy height com-
pared to suspension without binder. Even if very short
chains of this polymeric binder (PEG 2000) adsorb on
the surface of alumina particles, they are not able to
provide significant steric restriction between colloidal
particles. Therefore, the adsorbed short chains of PEG
2000 increase the weight of alumina particles and
cause instability of alumina suspensions. When the
binder molecular weight reaches 6000, the cloudy
height reaches its maximum value about 86% of ini-
tial suspension height. PEG 6000 chains are adsorbed
on the surface of alumina particles and stabilize them
with the steric mechanism. Further increase in binder
molecular weight results in decreasing cloudy height
due to bridging flocculation that was expected accord-
ing to the literature [23]. As shown in Figure 3b, the
suspension with PEG 6000 has the lowest sedimenta-
tion height which is in good agreement with the
cloudy height results. Therefore, PEG 6000 can be
used as a suitable polymeric binder in colloidal pro-
cessing of alumina suspensions and manufacturing of
ceramic articles.

Binder Concentration Effect

Effect of binder concentration (PEG 6000) on cloudy
height, sedimentation height and viscosity of 5 wt%
al umina suspensions was shown in Figure 4 with three
times repetitions. The suspension with 5 wt% (based
on dry powder) PEG 6000 has the highest cloudy
height. With further increasing of binder concentra-
tion, the cloudy height begins to decrease. At binder
concentration higher than 5 wt% there were excess
free polymeric binder chains in solution which
increase the viscosity and cause instability of alumina
suspensions (Figure 4c). Also, the sediment layer
obtained from 5 wt% PEG 6000, has the lowest
height, i.e. the powder packed very well after settle-
ment of the initial alumina suspension. Diminution of
the suspension stability with increasing binder con-
centration is due to the increasing of interparticle
interactions in the system and these enhanced interac-
tions cause an aggregation of particles by a depletion
mechanism. The term "depletion” describes the exclu-
sion of adsorbed polymeric chains from the gap
region between colloidal particles that arises when
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Figure 4. (a) Cloudy height (% of initial suspension height)
after 24 h, (b) sedimentation height after 3 weeks (mm/1wt%
powder), and (c) viscosity of alumina suspensions as a
function of binder (PEG 6000) concentration.

their separation distance becomes less than the char-
acteristic depletant size. The resultant concentration
gradient between the gap region and bulk solution
gives rise to a net attraction due to difference in
osmotic pressure [13,19,24]. SEM Micrographs
(Figure 5) of the sediment layers cross-section
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Figure 5. SEM Micrograghs of the sediment layer obtained from suspension: (a) without binder, and (b) with
5 wt% PEG 6000.
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obtained from suspensions with optimum binder con-
centration and without binder show that in former
case fine and large alumina particles settle out simul-
taneously from initial suspension compared to the lat-
ter case. This reveals the positive role of PEG as an
unconventional polymeric dispersant on stability of
alumina suspensions in short time (after 24 h) which
resultsin relative homogeneous microstructure in sed-
iment layers at long time.

Binder and Polymeric Dispersant Interaction

To investigate the dispersant-binder interactions, the
alumina suspensions with optimum binder concentra-
tion (5 wt% PEG 6000) and without polymeric binder
were prepared with different amounts of polymeric
dispersant. The results of dispersant concentration
effect on stability criteria of colloidal alumina suspen-
sions were presented in Figure 6. Also, the cloudy
height of suspensions in the absence of polymeric
binder was shown in Figure 6a. The experimenta
results of the cloudy and sediment heights were
repeated twice and the viscosity results were repeated
three times which were shown in Figure 6 as error
bars. Although at dispersant concentration of 0.2-0.3
mL/100 g powder the maximum cloudy height is
obtained, but in the absence of PEG the suspensions
give higher cloudy height values. These results show
that presence of the polymeric binder decreases the
electrosteric effect of dispersant on stability of the alu-
mina suspensions [13,19]. In low concentration of
polymeric dispersant, the surface of the colloidal alu-
mina particles are not covered completely with poly-
electrolyte chains, hence the cloudy height does not
change compared to suspension without dispersant
(only with 5 wt% PEG 6000). When the dispersant
concentration increases, the surface of the alumina
particles are covered with the charged polyelectrolyte
chains, completely. Adsorption of the polymeric dis-
persant restricts adsorption of the polymeric binder. In
this condition, stability of alumina suspensionsis due
to the electosteric effect of adsorbed dispersant chains
on the surface of the colloidal particles. Although the
uncharged binder chains remain in the bulk of solu-
tion, however, the electrosteric repulsion induced by
polyelectrolyte adsorption is sufficiently strong which
prevents instability of suspension by attractive deple-
tion forces induced by the presence of free binder
chains in the bulk of solution. In this range of disper-
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Figure 6. (a) Cloudy height (% of initial suspension height)
after 24 h, (b) sedimentation height (mm/1wt% powder) after
3 weeks, and (c) viscosity of alumina suspensions as a
function of dispersant concentration.

sant concentration (0.2-0.3 mL/100 g powder), the
lowest sediment height and viscosity was observed
which is in good agreement with cloudy height
results. At dispersant concentration higher than 0.3,
the excess amount of dispersant remainsin the contin-
uous medium and functions as an el ectrolyte and com-
presses the range of the double layer (reduction of the
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Figure 7. FTIR Spectra of: (a) ammonium salt of polyacrylic acid (Darvan 821A), and (b) poly-

ethylene glycol 6000.

repulsive electrostatic effect) and hence decreases the
stability of suspensions [3,10-11].

Figure 7 shows FTIR spectra of polymeric disper-
sant (Darvan 821A) and polymeric binder (PEG
6000). As shown in this figure, at 1500-1800 cm1
wavenumbers, the peaks of two polymeric additives
interfer with each other. Therefore, these peaks cannot
be used for qualitative analysis of free polymeric
species in the supernatant liquid. Polyethylene glycol
has a characteristic peak in 1973 cml, but Darvan
821A has no detectable peak in thisregion. Therefore,
this peak may be suitable for determination of the
remained free polymeric species in the supernatant
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Figure 8. Effect of dispersant concentration on remained
polymeric binder in the supernatant liquid.
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Figure 9. SEM Micrographs of the sediment layers obtained from suspension with: (a) optimum dispersant
concentration, and (b) optimum dispersant and binder concentration.
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liquid. Analysis of FTIR spectraof the remained poly-
meric species has been shown in Figure 8 as percent-
age of characteristic peak height versus dispersant
concentration. As shown in Figure 8, increasing
thedispersant concentration results in increase of
thecharacteristic peak height which confirms the
increasing the free polymeric binder in the bulk of
solution. characteristic peak height which confirms
the increasing the free polymeric binder in the bulk of
solution. These results are in good agreement with the
sedimentation experiments data.

For illustration the effect of the presence of disper-
sant-binder on the stability of alumina suspensionsin
long times, SEM micrograph of cross-section of sedi-
ment layers obtained from suspension containing
optimum dispersant and optimum binder-dispersant
concentrations are presented in Figure 9. The pres-
ence of binder causes non-homogeneity of sediment
layer microstructure compared to suspension which
has only dispersant as polymeric additive. These
results confirm the results obtained from the sedimen-
tation experiments, viscosity measurements and FTIR
analysis.

CONCLUSION

Based on the work done in this research, the follow-
ing conclusions can be presented:

- Binder molecular weight

The stability behaviour of 5wt% aumina suspensions
in the presence of different PEG molecular weights
ranging from 2000 to 35000 was investigated by a
sedimentation technique. The PEG molecular weight
which corresponded to the optimum dispersion state
was determined to be 6000. Higher increase of PEG
molecular weight causes instability of the alumina
suspensions via bridging flocculation.

- Binder concentration

The effect of binder concentration on stability of the
alumina suspensions was critical. At 5 wt% (based on
powder weight) of PEG 6000 a good dispersion of
alumina particles was obtained which is attributed to
steric stabilization mechanism due to adsorption of
binder chains on the surface of colloidal particles.
Further increase in binder concentration results in
flocculation of the alumina particles by depletion

mechanism.

- Binder and polymeric dispersant interaction

The results of sedimentation experiments and FTIR
spectra analysis of the remained polymeric speciesin
the supernatant liquid showed that the presence of
polymeric binder decreases the electrosteric effect of
polymeric dispersant on stability of the alumina sus-
pensions. Increasing the dispersant concentration
results in increasing the free polymeric binder in the
bulk of solution which causes instability of alumina
suspensions via depletion mechanism. In spite of the
negative effect of the polymeric binder in the presence
of the polymeric dispersant on the colloidal alumina
suspensions stability, the optimum value of disper-
sant concentration was determined to be 0.2-0.3
mL/100 g powder which is in good agreement with
literature [25].

On the basis of these conclusions, process guide-
lines can be established for fabricating ceramic arti-
cles from the colloidal alumina suspensions with dif-
ferent polymeric additives.
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