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SYNOPSIS 

The effect of polymeric steric stabilizers on the dispersion stability of alumina was deter- 
mined by settling experiments. The theoretical settling density was determined for alumina 
in a 9O:lO wt% toluene-ethanol mixed solvent. Polymers evaluated were sulfonated poly- 
styrenes, Shell’s functionalized Kraton block polymers (styrene-hydrogenated diene) , ICI’s 
polymeric surfactants, homopolystyrene, a nonfunctionalized Kraton block polymer, and 
two Union Carbide Corporation silwet surfactants. The high-molecular-weight sulfonated 
polystyrene ( 60,000) containing a low level of sulfonation, functionalized Kraton block 
polymers, and one ICI polymeric surfactant were effective in improving the dispersion 
stability of the alumina. The percent of theoretical settling density for the “good” polymeric 
steric stabilizers ranged from 45 to 50%. The low-molecular-weight sulfonated polystyrene 
( 10,000 MW) , homopolystyrene, unfunctionalized Kraton block polymer, one ICI polymeric 
surfactant, and the silwet surfactants were ineffective in improving the dispersion stability 
of the alumina in the mixed solvent. 0 1994 John Wiley & Sons, Inc. 

INTRODUCTION 

The ceramic industry makes a wide range of prod- 
ucts, including decorative products, structure ce- 
ramics, and electronic packages. Many ceramic 
products are produced by mixing inorganic and glass 
powders in a vehicle consisting of a dispersion me- 
dium containing a polymeric binder, plasticizer, and 
dispersant to make a ceramic slurry. The slurry is 
cast into the desired shape, solvent dried out, re- 
maining organics burned out, and finally the part is 
sintered. The dispersion medium should have 
enough solubility for the polymer, plasticizer, and 
dispersant to allow each to have adequate perfor- 
mance; this is often acquired by using a mixed sol- 
vent. The polymeric binder gives sufficient strength 
to the dried preform (green part) to allow handling. 
The dispersant prevents aggregation of particles, 
aiding processing and obtaining a denser green part. 

The focus of this discussion is on nonaqueous 
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dispersions, where the dispersion stability of par- 
ticles is generally considered to be by a steric sta- 
bilization mechanism. Steric stabilization refers to 
how a macromolecule assists in the dispersion of 
particulate material through a liquid and prevents 
it from undergoing coagulation.’ Some inorganic 
powders in nonaqueous medium dispersions have 
been shown to be electrostatically stabilized. The 
stabilization of BaTi03 in methylethyl ketone- 
ethanol solvent by a phosphate ester was shown to 
be by an electrostatic mechanism.’ The surface 
chemistry of the BaTiO3 was involved in the process 
since the phosphate ester alone in the MEK-ethanol 
showed very low conductivity but increased dra- 
matically when the BaTiOB was added. In another 
study, inelastic electron tunneling spectroscopy 
showed that a polyester polymer in acetone with 
alumina was cleaved to produce a carboxylate 
( -CO z ) anion and an alcohoL3 IR frequency char- 
acteristic of the carboxylate ion was also seen in 
spectra of a condensation polymer absorbed on sur- 
face-treated rutile? Koelmans and Overbeek showed 
that ionized surface-acting substances gave rise to 
stabilization of a number of powders in ~ y l e n e s . ~  
The deflocculation of alumina in benzene by oleic 
acid was shown to be the result of surface charge on 
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the particles.6 Lee and Rives showed by electropho- 
retic deposition experiments with linolenic acid and 
a c60 amine in both THF and toluene with alumina 
particles that a repulsive force existed in the sus- 
pensions, improving the stability of the  dispersion^.^ 
They proposed a stabilization mechanism with both 
electrostatic and steric components. It was seen in 
electrostatically stabilized dispersions of Fe203 in 
xylene with CIS, C14, C1o, CS, and C6 fatty acids that 
greater dispersion stability was obtained with the 
longer chain acids, C18 giving the greatest effect, 
suggesting a steric stabilizing component of the sta- 
bilization me~hanism.~ These studies suggest that 
when low-molecular-weight molecules having strong 
basic or acidic groups are used to stabilize powders 
with opposite acid-base characteristics (some pow- 
ders act both basic and acidic) in nonaqueous media, 
an electrostatic stabilization is important and can 
be present along with steric stabilization. 

When high-molecular-weight polymeric mole- 
cules having acidic or basic functional groups are 
used to stabilize dispersions, the predominant dis- 
persing mechanism is most likely steric stabilization. 
The mechanism of interaction between the func- 
tional groups of small molecules and the particle 
surface should be similar to the anchoring mecha- 
nism for these functionalized macromolecules. A 
large number of copolymers containing functional 
groups have been used to stabilize inorganic powders 
in nonaqueous media. Poly (vinyl butyral) 's ( PVB ) 
hydroxyl and acetate groups are important sites for 
interaction with alumina.' Poly (akylmethacrylate ) 
polymers improved the dispersion of alumina in 
heptane and paraffin oil. Poly ( alkylmethacrylate ) s 
can interact with the alumina by hydrogen bonding, 
as determined by DRIFT.' A wide variety of poly- 
mers containing functional groups have been used 
to stabilize powders in nonaqueous media including 
PVB lo~ l l  polyamides, l2 poly ( methylmethacrylate- 
styrene) block polymers, l3 and methacrylate copol- 
y m e r ~ . ~ ~  Copolymers of methylmethacrylate and 
small amounts of methacrylic acid (3.2% or less) 
gave very good dispersion of coated TiOz in MEK 
where the homopolymer was ineffe~tive.'~ Both 
polymers were effective dispersants for the powder 
in toluene. 

In addition to the acid-base strength of polymer 
functional groups and the particles, the solvent also 
plays an important role. If the functional group is 
less acidic (or basic) than the solvent, the polymer 
will not absorb on the surface of particles, resulting 
in poor dispersion stability. The absorption of 
PMMA (basic) on silica (acidic) in various sol- 
vents illustrates the effect of solvents in dispersions. 

PMMA is effectively absorbed from CCl,, a neutral 
solvent, but is not absorbed from CHClZ, an acidic 
solvent which dissolves the polymer too well for it 
to be taken from the solution. PMMA is poorly ab- 
sorbed from THF and dioxane because these basic 
solvents preempt the acidic surface of silica so suc- 
cessfully that the basic polymer is e~c1uded.l~ 

Purely steric stabilization of powder can be ob- 
tained by chemically bonding the dispersant to the 
particle. Organoethoxysilanes ( C8, C16, C18) were 
covalently bonded to silica in hexane to give im- 
proved dispersion stability.16 The C18 silane gave 
the best dispersion stability. Organoethoxysilanes 
[ C18H37Si ( OCHB )3 and C ~ ~ H N  ( CHB )2Si ( OCH3) I 
showed little difference in effect on steric stability. 
High-molecular-weight polystyrene was grafted onto 
silica to obtain very good steric stabilization of the 
powder in toluene, whereas homopolystyrene was 
ineffe~tive.'~ These examples suggest that powders 
in nonaqueous dispersions can be stabilized by a 
purely steric mechanism and a wide range of dis- 
persant molecular weights can be effective. 

It seems clear from the information presented 
here that the surest way to stabilize inorganic pow- 
der in a nonaqueous medium is to chemically bond 
a polymer soluble in the medium to the particles. 
However, polymers with strong acid or base groups 
opposite in polarity to the particle generally work 
well by chemosorption to the particles. Polymers 
with weaker acidic (or basic) strength effectiveness 
depend to a large degree on the acidic or basic 
strength of the solvent. Homopolymers without 
functional groups such as polystyrene are least ef- 
fective. Block polymers are more effective when one 
block has interacting functional groups, but can be 
effective in some cases without interacting func- 
tional groups with the proper choice of solvent." 

In this study, the primary focus was on the effect 
of an acidic group (-S03H) in polystyrene and 
Kraton block polymer poly ( styrene-b-ethylenebu- 
tylene ) on Al2O3 dispersed in toluene-ethanol dis- 
persion medium. The dispersion stability of these 
polymers were compared to commercial dispersants 
with different functional groups having varied acid 
strengths. 

EXPERIMENTAL 

Materials 

Polystyrene (10,000 MW) was purchased from 
Pressure Chemical Company and 60,000 MW poly- 
styrene (GlC7) was obtained from Amoco Chemical 
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Company. Block polymers were obtained from Shell 
Chemical Company: G-l726MX, styrene/ethylene- 
butylene block copolymers with 70% diblock, 40,000 
MW; WRC-801, styrene /ethylene-butylene diblock 
copolymer containing succinic anhydride grafted to 
the polymer backbone, 20,000 MW; 6511-3, same as 
WRC-801, except 45,000 MW. Polymeric disper- 
sants were obtained from ICI Specialty Chemicals: 
Hypermer KDI (IR analysis showed this sample to 
he a condensation polyester with an amide group 
present), 1500 MW; Hypermer KD2 [ IR and nuclear 
magnetic resonance (NMR) analysis showed this 
polymer to be a propyleneoxide-ethyleneoxide co- 
polymer, with an amine group], 1500 MW. Silwet 
surfactants were obtained from Union Carbide Cor- 
poration: surfactant L-7500 (polypropylene oxide, 
butoxy terminated), 3000 MW; surfactant L-7604 
(polyethyleneoxide hydroxy terminated), 4000 MW. 
Reagent grade 1,2-dichloroethane, tetrahydrofuran 
(THF) , n-hexane, toluene, and ethanol were pur- 
chased from Fisher Scientific. Silver sulfate and 
fuming H2S04 were purchased from Aldrich. The 
alumina was XA-4000 Alcoa alpha alumina, ap- 
proximately 5 hm average particle size, 0.8 m2/g 
surface area, and 3.98 g/cm3 density. 

Sulfonation of Polystyrene and Polystyrene- 
Ethylene-Butylene Block Polymer 

One hundred grams of 1,2-dichloroethane was added 
to a four-neck round-bottom reaction flask equipped 
with a stirrer, nitrogen purge, and heating mantle. 
Fuming sulfuric acid (6-18 g) was slowly added to 
this flask while stirring. Next the silver sulfate was 
added and allowed to mix for 20 min. A solution 
containing polymer (10-30 g) dissolved in 200 mL 
1,2-dichloroethane was added slowly from a drop- 
ping funnel dropwise into the reaction flask. The 
reaction mixture was then stirred at a given tem- 
perature for a prescribed time (Table I ) .  The re- 
action mixtures were transferred to a separatory 
funnel and washed two or three times with deionized 
water and then (except samples 7 and 8 of Table I )  
precipitated in ethanol. These samples were redis- 
solved in 1,2-dichloroethane, washed with water, and 
reprecipitated in ethanol. These samples were re- 
dissolved in 1,2-dichloroethane, washed with water, 
and reprecipitated in ethanol. Samples 7 and 8 would 
not precipitate in ethanol and were precipitated in 
hexane. They were redissolved in 1,2-dichloroethane 
and washed with water. The water-dichloroethane- 
polymer mixtures were stripped of most of the di- 
chloroethane and water until they precipitated in a 
small amount of water. These were filtered and 
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washed on filter paper with copious amounts of wa- 
ter. Polymers precipitated in ethanol were dried at 
60°C for 24 h. Samples 6 and 7 were dried at 80°C 
for 48 h to remove water. 

The amount of sulfonation was determined by 
dissolving 1 g of sulfonated polymer in 50 mL of 
THF and titrated with 0.05 N sodium hydroxide us- 
ing phenolphthalein red indicator. Experimental 
data is given in Table I. 

Settling Studies 

Settling experiments were performed at 25°C in 10- 
mL graduated cylinders. Slurries for all settling ex- 
periments were prepared by mixing 15 g of A1203 
with 20 g of premixed solution of polymer in solvent. 
The polymer (or dispersant) is expressed as weight 
percent (w/o of solvent). Most settling experiments 
were performed in 9O:lO toluene-ethanol mixed sol- 
vent. Some settling experiments were carried out in 
other toluene-ethanol ratios to assess the effective- 
ness of some dispersants in a range of solvent po- 
larites. The slurries were mixed in a shaker bath for 
24 h at 25”C, and aliquots of the slurries were 
weighed into the graduated cylinders. Final equili- 
brated sediment volumes were converted to per- 
centage of theoretical density by taking the mea- 
sured sediment density ( g/mL with experimental 
error determined to be +2% ) divided by the density 

of A1203. Equilibrium densities were typically 
reached after 24 h. These data are given in Tables 
I1 and 111. Select polymers (or dispersants) were 
evaluated with decreasing amounts of polymer (from 
2.5 wt % of solvent to 0.15%) to determine critical 
concentration of dispersant needed to effect stability 
of the dispersion. These data are shown in Fig- 
ures 1-4. 

RESULTS AND DISCUSSION 

The stabilization of fine particles in dispersion media 
requires either an electrostatic or steric mechanism 
to overcome polar and van der Waals forces to pre- 
vent agglomeration of the particles. In a polymer 
dispersion, where the density of the dispersed poly- 
mer is close to that of dispersion medium, good dis- 
persion is indicated by nonsettling, relative low vis- 
cosity and good filterability of the dispersion through 
small-mesh screens. Most small inorganic powders 
have much higher densities than the dispersion me- 
dia and tend to settle even in the presence of “good” 
dispersants. The “goodness” of a dispersant with an 
inorganic powder is determined by its effects on the 
settling time, settling density (some workers use 
settling height), and viscosity. The lower settling 
heights (higher settling densities) are indications of 
good dispersion stability. In practical applications, 

Table I1 Results of Settling Experimentsa: Comparing Dispersant at 1.5 7% Dispersant 
in Solvent and 43 7% AlpOs in the Slurry 

Polymer 
(Dispersant) 

Settling, Percent Settling, Percent 
Theoretical Density Dispersant Theoretical 

No dispersant 
60K homopolystyrene 
60K sulfonated polystyrene 

(Table I, sample 5) 
60K sulfonated polystyrene 

(Table I, sample 6) 
60K sulfonated polystyrene 

(Table I, sample 6) sodium salt 
1OK sulfonated polystyrene 

(Table I, sample 7) 
10K sulfonated polystyrene 

(Table I, sample 8) 
Kraton G1726MX 
Sulfonated Kraton G1720MX 

Sulfonated Kraton G1720MX 
(Table I, sample 9) 

(Table I, sample 10) 

39 
39 

48 

50 

47 

40 

23 
31 

52 

52 

Hypermer KD1 
Hypermer KD2 

Kraton WRC-801 

Kraton 6511-3 

UCC L-7500 

UCC L-7604 

58 
38 

44 

47 

37 

34 

a All settling experiments were done in 90 : 10 toluene-ethanol solvents. 
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Table I11 
1.5 % DisDersant in Solvent and 43 % AlzO, in Slurry 

Results of Settling Experiment: Effect of Solvent Composition (Toluene-Ethanol Ratio) 

I I I I I 
50 0 0  0 I I I I 1 

0 0 
0 

- - 0 0  
B 45 - - 
c 
0) 
D - - m - 
2 40 - - 
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I- 
- 

- 
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Toluene-Ethanol Ratio" 

Polymer 100 98:  2 9 5 :  5 90:  10 80: 20 70:  30 55 : 45 

60K sulfonated polystyrene 

Sulfonated Kraton G1726MX 
(Table I, sample 6) Insoluble 22 41 50 19 25 Insoluble 

(Table I, sample 9) - 45 - 52 - - Insolubleb 
Hypermer KD1 - - 50 58 48 - 43 

a All results reported in this table are % theoretical density. 
All Kraton polymers (G1726 MX, WRC-801, and 6511-3) were insoluble in 55 : 45 toluene-ethanol ratio solvent. 

generally the inorganic powders are formulated with 
other components, including a polymer binder and 
high loading of particles at relatively high viscosities, 
and are used immediately after formulation or re- 
dispersed before use, which minimizes settling dur- 
ing processing. Shown schematically in Figure 5 are 
representations of a stabilized inorganic powder 
dispersion, a nonstabilized inorganic powder, and a 
stabilized polymer dispersion. Figure 5 ( a )  shows 
schematically the nonaggregated low height (high 
settling density) of a stabilized dispersion, whereas 
Figure 5 (b)  shows how the nonstabilized aggregated 
particles give high settling volume (low settling 
density). 

Sulfonated Polystyrene Dispersants 

Fine particles dispersed in nonaqueous media are 
generally considered to be steric stabilized, although 
there are examples where an electrostatic mecha- 

nism is important. In this study, steric stabilization 
should be the predominant mechanism since the 
dispersants are high-molecular-weight molecules. In 
steric stabilization, the polymer coating on the par- 
ticle forms a barrier, preventing close approach of 
particles, and presumably allows the inorganic par- 
ticle to roll past each without agglomeration to give 
good settling. In Table 11, we see that the percent 
theoretical density for A1203 in the solvent alone is 
3996, and when homopolystyrene is added, it remains 
unchanged. Two 60,000 MW sulfonated polysty- 
renes prepared with different amounts of H2S04 but 
having the same -S03H content markedly improve 
the dispersion stability. The percent theoretical 
densities are 48 and 50%. The sodium salt of one of 
these polymers gave essentially the same results, 
47% theoretical density. Since ionization of organic 
acids on the surface of powders give --Cog, pre- 
sumably this happens with -S03H to give 
-SO;. One would then expect to get the same 
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Figure 3 Effect of succinic anhydride grafted block 
polymer (Kraton 6511-3) on settling density of A1203 in 
9010 toluene-ethanol. 

results with both sulfonated polymer and the so- 
dium salt of the polymer, which already has the 
-SO, ion. 

The low-molecular-weight sulfonated polysty- 
renes (Table I, samples 7 and 8) were not effective 
in stabilizing A1203 particles in the 9010 toluene- 
ethanol mixture. The theoretical density settlings 
were 40 and 23%, respectively. Since low-molecular- 
weight (CIS) acids and silanes have been effective 
in stabilizing inorganic particles in nonaqueous me- 
dia, the molecular weight (10,000) of the polymers 
is not likely to be the reason for these poor results. 
These polymers have higher degrees of sulfonation, 
as evidenced from titrations with NaOH (Table I)  
and the fact that they could not be precipitated in 
ethanol. The multiple -S03H groups on the poly- 
mer possibly caused bridging and agglomeration of 
A1203 to give poor settling or extreme anchoring with 
low solubility and, thus, no steric barrier. 

The effect of the toluene-ethanol ratio on a sul- 
fonated polystyrene dispersant (Table I, sample 6 )  
is shown in Table 111. The solvent was varied from 
100% toluene to 55:45 toluene-ethanol ratio. The 
polymer was insoluble in 100% toluene and 55:45 
ratio solvent mixture but soluble in 95:15 and 8020 
solvent ratios. However, the sulfonated polymer was 
only effective in the 9O:lO toluene-ethanol ratio, 
giving 50% theoretical settling density. Since in all 
cases in which the sulfonated polymer was soluble, 
we expected the -S03H group to anchor to A1203 
particles because of its high acidity, its ineffective- 
ness in toluene-ethanol ratios other than 9O:lO sug- 
gests an unfavorable configuration of the polymer 
chain in solution. This argument is more plausible 

in the solvent mixture that has high ethanol content 
where chains are less extended, but the poor result 
with high toluene content is less clear. Further study 
is needed to elucidate this finding. 

The effect of the concentration of sulfonate poly- 
mer (Table I, sample 6 )  is shown in Figure 1. The 
concentration of the polymer was reduced by one- 
half successively in 90: 10 toluene-ethanol from 2.5 
wt % of the solvent to 0.08%. Good dispersion sta- 
bility is seen at -0.3% sulfonated polymer. 

Functionalized Kraton Block Polymers 

The Kraton block polymers G1726MX were sulfo- 
nated with two concentrations of H2S04 but had 
essentially the same low level of sulfonation (Table 
I ) .  Both of these polymers gave 52% theoretical 
density in 9010 toluene-ethanol solvent, where the 
unsulfonated G1726MX was ineffective as a disper- 
sant. This sulfonated polymer was also tested in 98: 
2 solvent mixture and gave a 45% theoretical settling 
density, suggesting that it might be a somewhat more 
versatile dispersant than the sulfonated polystyrene. 
The effect of polymer concentration is shown in 
Figure 2. We see that this polymer is effective at 
-0.2 wt % in 9O:lO toluene-ethanol solvent. Kraton 
block polymers WRC-801 (20K MW) and 6511-3 
(45K MW) contain 2-3% grafted succinic anhy- 
dride. The anhydride groups are probably converted 
to acid by adventitious moisture. Both polymers im- 
proved A1203 stability in 9010 toluene-ethanol sol- 
vent, giving 44 and 47% theoretical settling density, 
respectively. We can see from Figure 3 that Kraton 
6511-3 is effective at  -0.2 wt % dispersant in 9O:lO 

2 45 

0 
'El E t  

I I I I I I 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 

Wt. % of polymer in solvent 

Figure 4 Effect of polymeric surfactant (Hypermer 
KD1) on settling density of A1203 in 9010 toluene-ethanol. 



EFFECT OF POLYMERIC STERIC STABILIZERS 1003 

\ f 

I 

Figure 5 
inorganic powder, and (c )  a stabilized polymer dispersion. 

Schematic diagram showing (a)  stabilized inorganic powder, (b) an unstabilized 

toluene-ethanol solvent. It seems reasonable to ex- 
pect that the same anchoring mechanism is involved 
with these polymers as for the sulfonate polymer, 
since their acidic character is significantly higher 
than ethanol, and they should preempt ethanol for 
base sites on A1203. 

Polar Polymeric Dispersant 

Hypermer KD1 (from ICI), a condensation poly- 
ester with an amide group, was effective in stabilizing 
A1203 in 9O:lO toluene-ethanol solvent. KD2, 
poly ( ethyleneoxide-co-propyleneoxide ) with an 
amine group was ineffective in the same solvent 
(Table 11). There are two factors governing the ef- 
fectiveness of dispersants, the effectiveness of the 
anchoring group and the solubility of the polymer. 
KD1 is less polar than KD2, since we know the 
polyethyleneoxide is water soluble. Both groups have 
basic anchors; KD1 amide and KD2 amine are more 
basic than ethanol and should anchor to the am- 
potheric A1203. While more study is needed to ex- 
plain the difference in effect of these dispersants, 
the solubility of polymers seems to be the main fac- 
tor. Hypermer KD1 was effective in stabilizing A1203 
in 95:5,90:10, and 80:20 toluene-ethanol (Table 11) , 
suggesting that this dispersant can be used in sol- 
vents with a wide range of polarities. It is shown in 
Figure 4 that KD1 is effective at -0.1 wt 5% of dis- 
persant. 

Two dispersants which had neither a strong acid 
nor a basic group were evaluated. Union Carbide L- 
7500 [ 3000 MW butoxy-terminated poly (propylene 
oxide)] and L-7604 (4000 MW hydroxy-terminated 
poly (ethylene oxide) were both ineffective as dis- 
persants. Neither of these dispersants had strong 
enough acidic or basic groups to effect anchoring on 

the A1203 particles in the 9010 toluene-ethanol sol- 
vent. This finding is in general agreement with our 
previous studies, which have shown that primary 
mono-alcohols and diols are inefficient for anchoring 
to the A1203 particle surface. 

CONCLUSION 

A variety of polymers can be used effectively for 
dispersing A1203 in toluene-ethanol solvent provided 
a strong acidic or basic group is present to anchor 
the polymer to the A1203 particles. It was shown 
that the sulfonate, succinic anhydride (probably 
hydrolyzed to the acid form), and amide groups were 
effective. One dispersant with an amine group was 
ineffective, probably not because of the amine 
group’s ineffectiveness, but because of the low sol- 
ubility of the polymer. Both hydrocarbon polymers 
[ (polystyrene and poly ( styrene-b-ethylenebutyl- 
ene) ] and a polar polymer (polyester) were effective 
soluble parts of dispersants. Polymers which did not 
contain strong acidic or basic anchors like L-7500, 
L-7604, and homopolystyrene were ineffective as 
dispersants. This study suggests that dispersants can 
be designed for specific systems by choosing the ap- 
propriate anchoring functional group (strong acidic 
or basic) for the particle and a soluble polymer for 
the dispersion medium. 
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