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Abstract—The effect of adsorbed polymer on the stability of alumina suspension was investigated. Poly(ethylene
oxide) (PEO), poly(acrylic acid) (PAA) and similar kinds of polymer salts were used as a dispersant. The amount of
polymer adsorbed on alumina surface and the suspension stability was measured. The pH, molecular weight, and
concentration were considered as experimental parameters. PEO shows low affinity on the alumina surface while PAA
has high affinity. In the case of PAA adsorption, the surface charge change by polymer adsorption influences suspension
stability strongly, but not in the case of PEO adsorption. In simultaneous adsorption of PEO and PAA, the PAA
concentration was fixed and PEO concentration was varied. The stability of suspension increased with increasing PEO
concentration, and this is partly due to the steric stabilization by adsorption of PAA-PEO complex or adsorption of
PEO through pre-adsorbed PAA and the depletion effect of non-adsorbed polymer. Suspension adsorbing sodium salts
of PAA and poly(methacrylic acid) (PMA) each showed similar stability. But, when the PEO and these kinds of salts
were added together to the suspension, the one with PAA sodium salt could keep a higher stability even with lower
molecular weights of PEO compared with suspension with PMA sodium salt.
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INTRODUCTION particles and its effects on suspension stability. When poly(acrylic
acid) (PAA) is adsorbed on alumina particles, the adsorbed amount
Fine powders of ceramic materials are used in many applicationsf PAA decreases with pH because of the surface characteristics of
and fields. Usually these have high purity and submicron size andlumina and dissociation degree of PAA with pH [Hirata et al., 1992].
these properties depend greatly on microstructures. Colloidal proi the case of poly(vinylpyrollidone) (PVP) adsorption, the adsorbed
cessing, which is composed of dispersion of starting powders irmmount of PVP is very small and nearly independent of pH, but
liquid media and following consolidation, is superior to general dry the adsorption can be enhanced by simultaneously adding PAA. At
pressing in control of densities and microstructures of green anébw pH, stability of alumina suspension by PVP adsorption alone
sintered compacts [Hirata et al., 1992] . decreases with pH, while the contrary tendency appears by PAA
However, a major problem in colloidal powder processing is re-adsorption alone. The stability of alumina suspension with simulta-
lated to the aggregation of particles, which is the cause of wide poraeously adsorbed polymers is dependent on both steric hindrance
size distribution and microstructural inhomogeneities. The disper-by polymer adsorption and the change in electrostatic repulsion force
sion properties in aqueous solution are influenced by the interacwith pH [Ishiduki et al., 1997]. Also, the adsorption of PAA and poly
tion energy based on Van der Waals attraction force and electrostatiginyl alcohol) (PVA) onto alumina has been reported. The adsorp-
repulsive force between particles [Hirata et al., 1992; Chi-Jen et altjon density of PAA decreases with an increase of pH while that of
1998]. Because a decreasing of particle size reduces these interd®vA shows the opposite trend. In simultaneous adsorption of PAA
tion energies, the submicron size particles rarely form highly con-and PVA, PVA does not affect the adsorption of PAA on alumina,
centrated suspension. but the presence of PAA prevents the adsorption of PVA [Santhiya
The addition of polymer can increase the stability of suspensioret al., 1999]. Adsorption of poly(ethylene oxide) (PEO) on alu-
[Fendler, 2001]. Thus, studies on adsorption of water-soluble polymina was investigated by several researchers. According to them,
mers, such as nonionic polymer as well as polyelectrolyte on thexdsorption of PEO on alumina is almost negligible even with PEO
colloidal particles in aqueous phases, are important to an undeof large molecular weight. PEO is adsorbed via an acid-base reac-
standing of the stability and flocculation of colloidal dispersion by tion between oxygen of PEO and surface hydroxyl group [Mathur
polymers that are attached by physical adsorption to the surface @it al., 1997).
the particles [Kawaguchi et al., 1987]. In the present work, the adsorption behavior of PAA and poly(eth-
Several researchers have studied polymer adsorption on alumindene oxide) (PEO) was investigated and the simultaneous adsorp-
tion of these two polymers was also carried out. The stability of

To whom correspondence should be addressed. alumina suspension was also studied with varying pH, polymer con-
E-mail: whhong@mail.kaist.ac.kr centration and molecular weight, in the case of PEO. In addition,
*This paper is dedicated to Professor Hyun-Ku Rhee on the occasiothe stability of suspension was compared as PAA salt and poly(meth-
of his retirement from Seoul National University. acrylic acid) (PMA) salt was added to it. Also, the effect on disper-
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sion stability by simultaneous adsorption of PAA (or PMA) saltand 120
PEO was measured.
100 - n
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1. Materials ;% _

Alumina powder (Type DX) was purchased from EMS company. & 0 1
The mean particle size of this commercial alumina powder was 0.=
pUm according to manufacturer, but the real diameter, which was 401
measured by using DLS (Dynamic Light Scattering) after shatter-
ing, was 500 nm. BET surface area of alumina particle was 28.1. 201
m’/g and the measured point of zero charge (PZC) was about 7.! 0 _ H
PAA (MW:250,000), PEO (MW:].0,000, 200,000, 4,000,000), 10 160 10|00 10000
PVP (M.W.=29,000) were obtained from Aldrich Co Ltd. They Particle Diameter (nm)
were used without further purification.
2. Procedures Fig. 1. The particle size distribution of alumina suspension after

Alumina powder was dispersed into distilled water. The suspen- 5 hour shattering.

sion was made to be 2 weight percent solution. Prepared HCI so-
lution was added to control the pH of alumina suspension. pH wa
adjusted in the range of 3-4. This pH adjustment made the suspe
sion keep more uniform size distribution and smaller particle size‘*'g
After these procedures, the suspension was shattered by using a ks
scale mechanical blender with high speeds. The shattering proci=
dure was kept for about 5 hours. Then, the alumina dispersion sc §
lution was sonicated with an ultra-sonicator for about 30-60 min. &
The aqueous polymer solution of various polymers such as PAA 5
PMA, PEO, PVP and PVA was prepared. The polymer solutiong
was injected into the alumina suspension. The pH of this adsorg-§
tion solution was adjusted by using HCI solution or,8H solu-
tion. The adsorption solution was agitated for about 24 hour at 28.!

0 0.0 : . : : :
+0.5°C. 0 200 400 600 800 1000 1200

The adsorption solution was centrifuged by a high speed refrig:
erated centrifuge, and the sediment was oven-dried for about 2-
days. These dried sediments were powdered by using Mortar PoFig. 2. Adsorption behavior of poly(acrylic acid) on alumina with
celain, and these powders was analyzed by Elemental Analysis (EA) pH and concentration.
instrument (EA1110-FISONS). The EA measures the carbon con-
tent of sediment. In the individual adsorption experiment, the ad+epresents the particle size distribution; the average particle size was
sorbed polymer amount can be obtained from this carbon amount500 nm. The surface charge of alumina particle changes with so-

The stability of alumina suspension was measured from UV abiution pH. The zeta potential variation with pH was measured with
sorbance analysis. In this analysis, a higher absorbance value meamnZeta Potential Analyzer to determine the isoelectric point (IEP).
that the suspension is more stable. The more particles suspend, tiiee approximate IEP value of alumina was about 7.9.
higher the suspension turbidity becomes. Because UV light hardiy2. Polymer Adsorption Behaviors
goes through well the suspension under this condition, high absor- Fig. 2 shows the adsorption isotherm of PAA on alumina, and
bance value is observed. HP 8452 was used as a UV spectrometirat the adsorbed amount of PAA increases with decreasing pH.
The alumina suspension with adsorbed polymer was left for a fewl'he interaction between PAA and the alumina surface can be de-
hours to several days in a settling cell (a 10 ml mess cylinder wascribed into two ways. One is the electrostatic force between the
used as the settling cell). The mess cylinder was capped with a seaesitively charged alumina surface and dissociated PAA, and the
ing fim to prevent the water from vaporizing. And when a clear other is the hydrogen bonding between the undissociated PAA mol-
region appeared in the upper region, the top portion of the settlingcules and hydroxyl groups on alumina surface [Ishiduki et al., 1997;
cell was picked by using micro-pipette and its UV absorbance wassanthiya et al., 1999]. The fact that conformation of adsorbed poly-

Equilibrium Concentration (ppm)

measured at fixed wavelength (usually 600 nm). mer is affected by the change of solution pH has been reported. Poly-
mer chains have coiled conformation at pH 4 but stretched confor-
RESULTS AND DISCUSSION mation above the point of zero charge (PZC) due to the intrapoly-
mer electrostatic repulsion [Esumi et al., 1996]. This difference in
1. Particle Characterization conformation affects the steric stabilization.

The particle size distribution of alumina in aqueous solution was Fig. 3 shows the adsorption behavior of PEO with concentration
estimated by Dynamic Light Scattering (DLS) instrument. Fig. 1 and pH. On the whole, the adsorbed amount of PEO was small. This
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result is in a good agreement with other research [Mathur et al., 1997article surface, the stability of the suspension was investigated by
In this case, hydrogen bonding is the predominant mechanism aheasuring the UV absorbance at 600 nm. Fig. 4 shows how the sta-
adsormption. As can be seen from Fig. 3, the adsorbed amount of PEKlity of alumina suspension varies with pH, time, and concentration.

is very small and nearly independent of pH and concentration.
3. The Effect of Polymer Adsorption on Suspension Stability

On the whole, the stability of suspension seemed to be contrary
to the trend of the adsorbed amount of PAA. The stability of this

After PAA (M.W.=250,000) molecule was adsorbed on alumina suspension was dependent on the electrostatic repulsion force rather
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Fig. 3. Adsorption behavior of poly(ethylene oxide) on alumina with
pH and concentration.
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Fig. 4. The stability of alumina suspension with adsorbed PAA.
The measurement was carried out after (a) 92 hours and
(b) 6 days from beginning settlement.

September, 2003

than steric stabilization. The stability in low pH of Fig. 4(a) is still
quite high, and there is an absorbance plateau above about 900 ppm.
But after 6 days, the stability in low pH was independent of the equi-
librium concentration and had quite low absorbance value com-
pared with the case of high pH. This trend can be explained by the
zeta potential change with PAA adsorption. Although the adsorbed
amount was large in low pH, the zeta potential of the alumina par-
ticle became almost zero.

Though the absolute value of the zeta potential of alumina in-
creased with pH, the experiment at near pH 7 showed better sta-
bility than the case of experiment near pH 9. One of the reasons
why this phenomenon occurred may be that there was an optimum
condition of pH and concentration for stability. In the case of low
pH, the adsorbed amount was large, but electrostatically unstable.
The values of zeta potential at pH near 7 and 9 were not so differ-
ent. And this means that the electrostatic stabilization effect is al-
most the same. In this situation, the major contribution to particle
stability is the steric effect by adsorbed polymer. As the adsorbed
amount decreased with pH, steric effect at pH 7 was a little larger. It
gave the result that the stability near pH 7 was a little superior to that
near pH 9. Therefore, the dispersion stability of suspension seemed
not to increase monotonically and to have an optimum condition
with increasing pH.

The zeta potential change with PAA adsorption is shown in Fig. 5.
Fig. 5 shows that the zeta potential of particles decreased as the con-
centration of polymer increased. And because the IEP of suspen-
sion also decreased in pH 1-3 range as the polymer was intro-
duced, the alumina suspension became unstable state in the low pH
region. That is, there was little electrostatic repulsion interaction
between particles in low pH and the aggregation could occur more
easily than in high pH.

As the polymer concentration of PAA increased, the absolute val-
ue of the zeta potential increased in the case of PAA adsorption above
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Fig. 5. Zeta potential change of alumina suspension adsorbing PAA
with pH and concentration.
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Fig. 6. Stability of alumina suspension with pH and PEO concen-  Fig. 8. Stability with molecular weight and concentration of PEO.
tration.

pH 3. Therefore, the particle stability also could be enhanced byhis suspension is very unstable.
increasing concentration of PAA. In the case of pH 7.1, the stability increased little by little as the
In the low concentration range below 100 ppm, some unstableoncentration of polymer increased. Because the zeta potential of sus-
state appeared. This is due to the bridging flocculation in low poly-pension rarely changed with concentration of PEO adsorbed, increas-
mer concentrations. That is, the tail extending towards the solvering zeta potential was not responsible for the stability increasing
of adsorbed polymer can be attached to the partially covered suwith concentration at pH 7.1.
face of another particle in low polymer amounts and thus floccula- Fig. 8 represents the effect of PEO concentration and molecular
tion occurs. These phenomena could be observed visually duringreight on the suspension stability. The stability was higher in higher
settling procedure. polymer concentrations and higher molecular weights. In the case
In Fig. 6, the stability with pH and PEO concentration is shown. of M.W. 10,000, the absorbance value of about 0.6-1 was obtained
Alumina suspension showed better stability in lower pH. In this and it seemed that there was not any particular concentration ef-
figure, the suspension at pH 7.1 showed the higher stability tharfect. In the case of M.W.=200,000 and 4,000,000 the stability is
the one at pH 9.6. Originally, the absolute value of zeta potentiabetter for higher polymer concentrations. For the same concentra-
was higher in the case of pH 9.6. But, the PEO adsorption madton, a higher molecular weight of PEO had higher stability. Thus,
the iso-electric point of suspension increase a little more than thé seems that the steric effect existed due to the difference in chain
bare alumina state. So at pH 9.6, the suspension was more unstaldagths of polymers. But, the steric effect due to increasing con-
than at pH 7.1. However, it was observed that stability was nearlycentration hardly affected the suspension stability under a constant
independent of the polymer amount at pH 9.6. In Fig. 7, the absormolecular weight because the adsorbed amount of PEO on alu-
bance change with time at pH 9.6 is shown for various initial PEOmina was very small and almost constant regardless of polymer con-
concentrations. There was little absorbance difference between treentration. Another stabilization mechanism that can be assumed
samples that had various initial concentrations and the result showe
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Fig. 7. Absorbance change with time at various PEO concentra-
tions. Fig. 9. Stability comparison between PAA and PMA adsorption.
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to function is the depletion stabilization due to the molecules repH 3.4 when the fixed amount of PAA is adsorbed simultaneously.
maining in bulk solvent. From this figure, the stability of the suspension could be enhanced
4. Stability Comparison between Suspensions with Other Poly- by increasing PEO concentration. Actually, the stability of the alu-
mers
Fig. 9 shows the stability difference when the PAA sodium salt
and PMA sodium salt are adsorbed on alumina at different pH. Fo 0.8
both cases, it could be seen that a high pH led to a high stability. A
pH 10.6, the UV absorbance had almost the same values, whic & _ e
means that there was no difference in stability between the suspeg 06 . -
sion with PAA salt and PMA salt.
Fig. 10(a) shows the settling experiment after 35 minutes since 8 -
the experiment began. The 2nd (PAA 400 ppm), 3rd (PAA 1,2005 %41 v
ppm) and 8th (PMA 1,200 ppm) cells in this picture were under'g J'e
pH 3.4 and they showed very unstable status, especially for 2n§ 4
and 3rd. And Fig. 10(b) verified this fact. In the case of the 2nd cell,> 0.2 %
the absorbance of suspension began to decrease immediately as
measurement started, that is, began to settle as soon as the susg
sion was added into the cell. The suspension of the 3rd keptits st~ °° 0 100 200 300 400 500 600
bility during about 30 minutes, but after that the stability was re- Initial PEO concentration (ppm)
duced abruptly. The suspension of the 8th cell showed the most st
ble state among the samples in low pH. The stable state was keﬁfg- 11. Effect of PEO concentration on the stability under fixed
for about 100 minutes. From these observations, we can conclude amount of PAA.
that the suspension stabilized by PMA sodium salt was a little more
stable than the one stabilized by PAA sodium salt in low pH range 0.8

at 60
\
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Fig. 10. (a) Picture of suspension settling experiment after 35 min-

utes since the beginning of settlement. (b) Absorbance Fig. 12. Effect of simultaneous adsorption of (a) PAA, sodium salt
change rate of suspension with PAA (PMA), sodium salt (200 ppm)+PEO and (b) PMA, sodium salt (100 ppm)+
at pH 3.4. PEO on suspension stability (pH=3.4).
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mina suspension in which 100 ppm of PAA was added was quiteof pH and concentration for dispersion stability. In the case of PEO,
low because of bridging flocculation by polymers. But adding PEOlow molecular weight polymers had little effect on the stability. When
together with PAA improved the stability of suspension up to a cer-PEO with high molecular weights were added, it could be observed
tain level. There can be several reasons for this. One is the enhandbat the suspension stability increased as polymer concentration in-
ment of adsorption of PEO by adsorbed PAA molecules througlcreased at low pH. In simultaneous adsorption of PAA (PMA) so-
hydrogen bonding between either oxygen of PEO and carboxyl groudium salt and PEO, the suspension using PAA sodium salt showed
of PAA. But, as known from the adsorption behavior of PEO, thea higher stability. And higher molecular weight PEO made stabil-
adsorbed amount of PEO was very small and thus the steric effedly increase for both cases.

of adsorbed PEO was almost the same over the whole experimen-

tal range although PEO adsorption occurred. Another reason expected ACKNOWLEDGMENT

for stabilization is the depletion stabilization by PEO not adsorbed,

almost left in solvent. To determine the exact reason, the adsorbed This study was supported by KOSEF, whom the authors wish
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