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The specific system of interest is the polyacrylic acid (PAA) and
(0001) a-Al,O3 surface, which was modeled and simulated by
Cerius” 4.9 software with empirical potentials. The simulation
predicted that the adsorbed conformations of PAA with a mo-
lecular weight (M,,) of 5000 were train and tail at pH <4 and
> 10, respectively. After gradually inserting additional PAA
molecular chains, the adsorption reached a saturated amount.
Gel permeation chromatography experimental results showed
that the adsorption amount at pH 3.6 was three times greater
than that at pH 11. Based on the results from simulations and
experiments, a successively increasing pH environment was
modeled to illustrate the possibility of optimizing electro-steric
effects by combining the higher adsorption density at a lower pH
and strong steric repulsion of tail-adsorbed configuration at a
higher pH.

1. Introduction

HE dispersion phenomena of submicrometer o-Al,O3; pow-
der with various dispersants have been well studied at the
macroscopic scale. Much research work has been focused on
ﬁndir}g new dispersants and examining their dispersion abili-
ties.'™ Several dispersion mechanisms are inferred from theories
and experiments. However, there is no experiment yet to offer a
precise measurement on the diffusion steps of dispersants to-
ward ceramic surfaces at a nano or atomic scale. By contrast,
molecular dynamics (MD) simulation provides a numerical
method to probe diffusion and adsorption processes in detail
when dispersants interact with ceramic particle surfaces.
Colloidal models generate reasonable viewpoints of interac-
tions between dispersants and particle surfaces, dispersants and
dispersants, and dispersants and the solvent. Through careful
control of interparticle forces, stable colloidal suspensions can
be achieved. In many practical instances, electrostatic repulsion
is not a long-term stable option. Hence, a proper polymer or
charged polyelectrolyte is adsorbed on colloids to enhance the
stabilization of a desired suspension. Once the polyelectrolytic
dispersants are adsorbed on ceramic surfaces, especially reach-
ing a high degree of adsorption, they will provide a repulsive
force, due to electrostatic repulsion, a steric effect, or both. The
repulsive action masks the attraction between the interacting
ceramic surfaces attempting to overlap with each other.
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Different adsorbed conformations may lead to different steric
or electrostatic repulsion. Cesarano et al.* studied the dispersion
of highly concentrated a-Al,O3 suspensions using PMAA-Na
over a wide range of pH values. They found that the polymer
dissociated into different degrees and appeared as train, loop, or
train conformations, as the pH values varied.>® In addition, the
dispersants were negatively charged and adsorbed onto the par-
ticle surfaces.

In order to control the dispersion of fine powder under dif-
ferent circumstances, it is crucial to understand the dispersion
mechanism and to clarify the origin of the dispersion forces. In
this study, the electrostatic and steric forces’ '* are considered
with non-dissociated or dissociated dispersants interplaying with
charged a-Al O3 particle surfaces. Low- and high-dissociated
polyacrylic acid (PAA) molecular chains adsorbed on the (0001)
0-Al,O5 surface with or without H™ ions are examined. In order
to simplify the simulation conditions, the interaction of solvent
molecules is neglected. The oxygen-terminated (0001) a-Al,O4
surface is chosen because of its stability in the environments'''#
among crystalline planes in the hexagonal structure of a-Al,Os.
As we are only interested in improving ceramic powder process-
ing, we artificially assign the charging behavior of o-Al,O3
powder to an atomically smooth substrate with the atomic
arrangement of (0001) sapphire. Our study focuses on the phe-
nomena of the adsorption process, adsorbed conformation, and
adsorption energy by MD simulations. The results are then
compared with the saturated adsorption measured from gel per-
meation chromatography (GPC) experiments at different pH
solutions.

II. Experimental Procedures

PAA, (CH,CH[COOH)),, Fig. 1 and Table I, (Aldrich Chem-
ical, Milwaukee, WI), having an M, of 8000 was used. The
dissociation fraction of PAA was measured by potentiometric
titration (Titroline alpha plus, Mainz, Germany)

A high-purity and fine a-Al,O3 powder (AKP-30, Sumitomo
Chemical Co. Ltd., Tokgo, Japan; mean diameter: 350 nm, spe-
cific surface area: 6.4 m~/g) was dispersed into deionized water
with the PAA. The concentrations of the polymer in water were
in the range of 0.1%-1.0% based on the a-Al,O; powder mass.
The solid content of the suspension was fixed at 30 vol%. The &
potential of the a-Al,O3 particles with a polymer dispersant in
the suspension was measured by an electrophoresis method.'

Before ball milling for 24 h, the acidity of the slurries was
adjusted to either pH 3 or 11. The static and dynamic adsorp-
tions of the polymer dispersant on the a-Al,Oz particles was
calculated by measuring the amount of free polymer in a clear
supernatant, which was obtained from each suspension by using

The measured M, of the PAA by GPC is 8000.
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Fig.1. Polyacrylic acid (PAA) monomer structure with every labeled
element according to simulation software, Cerius>.

centrifugal sedimentation at 3000 rpm for 15 min. The amount
of free polymer was measured with GPC, which consisted of a
Jasco liquid chromatograph equipped with three coupled col-
umns (Shodex OHpak, Tokyo, Japan; KB802.5, KB804, and
KB806), a pump (Jasco PU-980), and a refractive-index detector
(Jasco RI-930). The samples were analyzed with a 0.1M KCl/
methanol (80/20) aqueous solution as an eluant at a flow rate of
1 mL/min. Monodispersed polystyrene sulfonates of different
M,, (1.8 x 10%, 8 x 10%, 3.5 x 10%, and 1 x 105) were used as cal-
ibration standards. By measuring the intensity of residual PAA
in the above-mentioned supernatant, we can obtain a kinetic
adsorption plot at various time periods. The adsorption amount
of PAA was calculated for the depletion of added PAA. It is
obtained from the Langmuir equation.

III. Computational Methodology

(1) Modeling of the Dispersant|Surface System

All molecular calculations were performed by the program
Cerius® 4.9. A universal force field'® representing the intermo-
lecular site-site pair interactions between atoms was applied.
The charge equilibrium of the model was optimized through
energy minimization.

Several parameters used in the simulation are listed below.
The size of the three-dimensional periodic simulation cell was 4
nm X 4 nm x 30 nm. The initial distance between the dispersants
and the alumina surface needs to be carefully selected so that the
absorption can occur. An initial distance of 10 nm was used in
this study. The thickness of the surfaces was selected to be 1.3
nm.'” A single PAA chain consisting of 50-70 acrylic acid
monomers with a specified M, of 5000 in the atactic configu-
ration was constructed and packed into a cubic simulation cell at

Table I. Atom Type and Charges of the PAA Monomer and
a-Al,O5 Surface With Every Labeled Element According to
Simulation Software, Cerius®

Charge Charge
Molecule Element  Atom type PAA (x~0.1) PAA (a~1)
PAA C((D) C3 —0.4279 —0.5336
C2 C3  —0192  —02227
c3 C3 0.6060 0.5331
C@4 02  —04644  —0.5935
O0@(B) OR  —06739  —0.6204
H (6) H 0.3639 —
H(7)  H_ 0.1477 0.3490
H (8) H_ 0.1754 0.1129
H (9) H_ 0.1828 0.1206
H (10) H_ 0.1410 0.0554
H(l) H_ 0.1413 0.0659
a-Al,O5 surface Al Al 1.118
0 03z —007412

PAA, polyacrylic acid.
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a density of 0.9 g/em®. Three pH values of 3.6, 7, and 11 cor-
responding to PAA-dissociated fractions of ~0.1, ~0.5, and
~1 in the experiments were chosen. After the PAA was disso-
ciated, the protons/a-Al,O3 system was optimized on calcula-
tion of the electrostatic energy and van der Waals (vdW) forces
until the protons steadily absorbed on the surfaces. The PAA
system was initially subjected to 100 ps of NVT dynamics at 300
K and 1 atmosphere to equilibrate the system. Then, the disso-
ciated or non-dissociated PAA molecular chains were placed in
vacuum. The model was subsequently minimized to relax the
unfavorable configurations. Charge equilibrium is calculated on
the basis of QEq_charged 1.1. They were subjected to NVT sim-
ulations using the Nose—Hoover method to control 7 (temper-
ature) and V' (volume). A time step of 1 femtosecond (fs) was
used to integrate the equations of motion. A cutoff radius of 9.5
A was used to truncate the nonbonded vdW and electrostatic
interactions. The long-range Coulombic interaction was treated
using the Ewald summation. The extended system equations of
motion were integrated with an iterative Velocity Verlet algo-
rithm, using a time step of 1 fs with time scales of 200-500 ps,
until the total of the protons/PAA/a-Al,O3 system reached an
equilibrium after MD calculation. The detailed atom types and
charges of every element in the system are listed in Fig. 1 and
Table 1.

(2) Calculation of the Adsorption Energy

The variation in energy during the adsorption process includes
the bond, angle, torsion, inversion energies, and non-bonded
interactions (vdW and electrostatic forces). After some atoms of
the dispersant molecules interact with the constrained o-Al,O3
surface throughout the simulation, the adsorption energy (E,qs)
of the dispersant/surface system can be described by the follow-
ing equation:

Eads = (Eequit — Einitial)/N M

where Equii and Ejniia indicate the equilibrated and initial
energies, respectively. N represents the number of dispersant
monomers.

IV. Results and Discussion

(1) Adsorption of PAA on a-Al,O3 Particles

According to Franks, Kreshner, and Fitts,'*! the (0001) sap-
phire and a-Al,O; powder have different isoelectric point (IEP)
values, around 4-5 and 8-10, respectively. Nevertheless, in this

60 1
T 3
08 &
40 — <
; o
E - 06 o
S 8
5 20 — g
2 04 &
o 5
© T
N 0 02 G
o
[7]
1 @
0 [a]
~20 -
T T T T T

2 4 6 8 10 12
pH value of solution
Fig.2. & potential (left) of the Al,O; surface and the dissociated frac-

tion of polyacrylic acid (PAA) (right) as a function of the pH value of the
solution.
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Fig.3. Amount of adsorbed polyacrylic acid (PAA) on a-Al,O5 parti-
cle surfaces in 30 vol% solid-loading solution (after centrifugation) at
pH 3.6 and pH 11.
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Fig.4. Kinetics of the polyacrylic acid (PAA) remaining in the solution
of 30 vol% solid loading at (a) pH 3.6 and (b) pH 11.
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Fig.5. Snapshot of the adsorption process of two polyacrylic acid
(PAA) chains with a~0.1 in different initial conformations onto the
(0001) Al,Oj3 surface at 0, 2, and 30 ps.

study, we were only interested in improving ceramic powder
processing; hence, we artificially assigned a smooth substrate
with the atomic arrangement of (0001). In this way, the results
will be useful for ceramic powder processing and limitedly
useful in predicting the actual adsorption of PAA onto (0001)
sapphire.

Figure 2 shows the £ potential of a-Al,Oj3 as a function of pH
values. The IEP of an a-Al,Oj3 particle is around 8.9, and the o-
Al,Oj5 surface is charged positively and negatively at a pH below
and above 8.9, respectively. When a-Al,O; powder is dispersed
in deionized water, its surface charge changes from neutral to
positive. The adsorption of protons from water on the a-Al,O3
surface leads to an increasing OH™ concentration in the sus-
pension and the whole system becomes slightly basic (pH > 7).
Al,Oj3 surface hydroxyl groups are amphoteric. At a pH below
the IEP of the AKP-30 a-Al,O; powder, as charges and protons
transfer at the solid-liquid interface, the surface is positively
charged, e.g., the formation of OAIOHS, which results in a
positive potential in an acidic aqueous solution. On the other
hand, the AIOOH releases a proton to form negative AIOO™,
making the a-Al,O3 negatively charged in a basic solution.

Figure 2 also reveals that the dissociation fraction of PAA
was controlled by the acidity of the solution. The partially or
fully dissociated PAA formed at 2.5<pH<10.5. The ionized
sites on the PAA chain tend to have electrostatic interactions
with the charged sites on a-Al,O; surfaces. In the case of
an acidic solution, the adsorption is obvious due to attractive
interactions where the a-Al,O5 surface is positively charged and
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Fig.6. Snapshots of adsorption process of one polyacrylic acid (PAA)
with a~0.5 onto (0001) a-Al,O5 surface at 0, 2, and 30 ps.

the PAA molecules are partially ionized. Hence, there should be
a strong electrostatic attraction in the range from pH 3 to 8.9. At
pH 11, the a-Al,O3 surface becomes negative. However, there
are possibly a few positive sites left on the a-Al,O5 surface, and
these sites interact with the negatively charged PAA molecules.
This phenomenon will be shown in the following simulation re-
sults. Clearly, the attraction between the dissociated PAA chain
and the a-Al,Oj3 surface is much less than that at pH 3.6. Ac-
cordingly, the adsorption of PAA onto oxides decreases with an
increase of pH values.

Vol. 90, No. 6
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Fig.7. Snapshots of the adsorption process of one polyacrylic acid
(PAA) with o~ 1 onto (0001) a-Al,O5 surface at 0, 2, 20, and 50 ps.

The amount of adsorbed PAA was calculated from the GPC
measurement for the residue of supernatant obtained after cen-
trifuging. Generally, the amount of adsorbed polymer increases
with increasing polymer concentration until a saturation ad-
sorption is reached. Adsorption of PAA on a-ALO;_ as a func-
tion of pH of suspension, is presented in Fig. 3, which indicates
that the saturated amount (0.35 mg/m?) of adsorbed PAA at pH
3.6 is greater in the o-Al,O5 suspension than the amount at pH
11, 0.15 mg/m> This means that there are nearly 0.7 and 0.3
PAA molecular chains adsorbed on the o-Al,O3 surface per 16
nm? area at pH = 3.6 and pH = 11, respectively. Hence, the ad-
sorbed amount of PAA at pH 3.6 is nearly twice as large as that
at pH11. Figure 4 shows the kinetics of the residual concentra-
tion of PAA in solution (adsorption at pH 3.6 and pH 11) as a

Table II. Initial, Equilibrium, and Adsorbed Energies of PAA With Three Dissociated Fractions Adsorbed on the o-Al,O3 Surface

Energy (kcal/mol)

Dissociation fraction of PAA Bond Angle Torsion Inversion vdW Elect Total Total/segment
a~0.1
Initial 189 343 195 92 204 —11 1013 25
Equilibrium 410 814 139 107 125 —9612 —8016 —200
E.qs 221 471 —56 15 -79 —-9601 -9029 —225
a~0.5
Initial 346 649 155 107 1858 —5976 —2859 —71
Equilibrium 347 578 145 101 337 —10905 —9394 —234
Eads 1 —71 -10 —6 —1521 —4929 —6535 —163
a~1
Initial 304 639 109 89 346 —8836 —7291 —182
Equilibrium 341 572 110 84 457 —14893 —13327 —333
E,qs 37 —67 1 -5 111 —6057 —6036 —150

PAA, polyacrylic acid; vdW, van der Waals.
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(a) 40ps

Adsorption of Polyacrylic Acid (PAA) on a-Al,O; Surface

(b) 60ps
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(c) top view at pH 3.6
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Fig.8. (a) and (b) snapshots of the polyacrylic acid (PAA) (x~0.1) interacting with the Al,O; surface when extra PAA chains are chronologically
added at 20 and 60 ps; (c) top view after 60 ps.

Adsorption energy per PAA segment
(kJ/mol)

function of M,,. The higher the residual PAA signal of intensity,

150 the lower its concentration adsorbed on the a-Al,O3 surface.
The adsorption of those with M, from 2 x 10* to 5 x 10* takes
100 — place in the first few min. After 20 min, the adsorption becomes
saturated. The saturated amount of residual PAA at pH 11 is
50 25% less than that at pH 3.6.
0 — (2) Adsorption Conformation by MD Simulation

According to previous experimental results, controlling the acid-
—50 — ity of the solution, pH 3.6, pH 7, and pH 11, leads to dissoci-
ation fractions, a~0.1, a~0.5, and a~1, of PAA. Figure 5
~100 — shows that the initial conformation of the PAA with au~0.1 is
coiled, and the polymer prefers to adsorb on the surface in a
train conformation. This is because an attraction exists between
-150 the weak negatively charged PAA and the positively charged
/' Al,Oj5 surface. Besides, it is noted that H ions on PAA turn to-
-200 |- - T ward the surface. For PAA with au~0.5, there is a repulsion be-
ST tween carboxylate groups (COO™) in each dissociated PAA

-250

2 3 Fig.9. Adsorption energy per polyacrylic acid (PAA) segment versus
PAA molecular chain numbers at pH 3.6 (broken line) and pH 11

Chain number (solid line).
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(b) 60ps 1

Fig.10. (a), (b), and (c) snapshots of polyacrylic acid (PAA) (.~ 0.5) interacting with the Al,O5 surface. Extra PAA chains are chronologically added

after 20 until 80 ps.

molecule. As a result, the polymeric configuration shows some
degrees of extension, as displayed in Fig. 6. For PAA with
a~ 1.0, the polymer molecule is totally dissociated as PAA™ and
becomes more stretched. The dispersant not only extends in so-
lution but also prevents the nearby carboxylate ions from ap-
proaching the a-Al,O5 surface. If PAA™ is attracted by a small
positively charged a-Al,O; surface, the polymeric chain tends to
form an extended tail conformation, as shown in Fig. 7. Table 11
lists the initial, equilibrium and adsorbed energies of PAA with
the three dissociation fractions adsorbed on the (0001) o-Al,O5
surface. It was found that the adsorption energy (E,qs) of PAA
(~1.0) on a-Al,Os5 is less than that with ao~0.1 or a~0.5, as
PAA™ with a tail configuration has a smaller area attracted on
the a-Al,O5 surface.

In the suspension at pH above 7, the tail conformation of
adsorbed dispersants results in noticeable steric repulsion that is
beneficial to the dispersion of a-Al,O3 particles. However, the
saturation adsorption density at pH 11 was observed from the
GPC measurement to be less than that at pH 3.6. In order to
take advantage of the higher adsorption amount of PAA at a
lower pH and tail conformation at a higher pH, a two-step ad-
justment of pH was carried out, and is discussed as follows:

(3) Adsorption of Multiple Macromolecules

In simulating the adsorption of multiple PAA molecules onto
the a-Al,O3 surface, the PAA molecular chains were first built
one by one. The PAA density per a-Al,O5 surface area was

taken into account based on the previous GPC measurement.
An o-Al,O5 surface 4 x 4 nm? in size was constructed for the
sake of computational speed. The sequential adsorption pro-
cesses when inserting PAA molecular chains one by one into the
solution at pH 3.6 and pH 7 are shown in Figs. 8 and 9.% Re-
gardless of the condition at pH 3.6 (a~0.1) or pH 11 (o~ 1.0),
the adsorption energy is more positive with an increase in chain
numbers of PAA, as shown in Fig. 9. Hence, a repulsion must
occur when the additional PAA is repelled by the adsorbed ones.
The adsorption energy abruptly increased when the third dis-
persant, PAA;, was added, as the two adsorbed dispersants,
PAA, and PAA,, extended on the a-Al,O5 by train conforma-
tions, which blocked the attraction between PAA; and surface.
Similar results were observed for pH 11, but the average ad-
sorption energy became positive when three PAA chains were
adsorbed on the 4 nm x 4 nm area; this implied that the attach-
ment of the last dispersant (PAA;3) was not likely to occur.

In the GPC measurement, the saturation adsorption density
reached a saturated state at an initial PAA concentration of
0.4%. At pH 3.6 and pH 11, the plateaus were around 0.35 and
0.15 mg/m?, respectively, implying that there were nearly 0.7 and
0.3 PAA molecular chains adsorbed on the a-Al,O5 surface per
16 nm?, respectively. At pH 11, a PAA molecule was totally
dissociated and the adsorbed PAA chain presented a tail con-
formation (Fig. 7). Only two PAA molecular chains are allowed

The simulated result is not shown in this study because the final configuration is the
same as shown in Fig. 10.
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(a) pH 3.6 (« ~0.1), 0 ps

(b) pH 3.6 (a ~0.1), 30 ps

Fig.11. Snapshots of the mimic adsorption process of polyacrylic acid
(PAA) onto the (0001) a-Al,O5 surface the pH values when are gradually
varied from 3.6 to 11, at which the PAA shows a dissociated fraction
around 0.1, 0.5, and 1, respectively, at 0, 30, 60, and 90 ps.

to adsorb on the a-Al,O5 surface. When the third PAA molec-
ular chain is further added in this simulated system, it may be
repelled. The simulation result indicates that the adsorption of
two polymeric molecules had reached a saturated state. More-
over, it also shows that the conformation of an adsorbed PAA
molecule will change when another PAA molecule is added to
the simulated box.

The polymer-mduced r ZPulsion occurring in this study is
mainly the steric force.>>>* When two polymer chains come
closer, the steric repulsion becomes more pronounced. In order
to examine the effect of the distance between dispersants on the
steric force, two PAA chains (PAA, and PAA; with a~0.5) are
inserted into the simulated box on either side of PAA,, as de-
picted in Fig. 10. PAA; is 3.3 nm away from PAA,, and the
distance between PAA, and PAA; is 0.37 nm. As the former
pair (PAA|-PAA,) has a larger separating distance, the steric
repulsion is not strong enough to prevent PAA, from attaching
to the negatively charged O-terminated (0001) a-Al,O3 surface.
Therefore, PAA, is able to adsorb on the negatively charged
surface by a stretched train conformation. On the other hand,
the steric repulsion overcomes the attraction between PAAz and
the surface due to the short distance between PAA, and PAA;.
As a result, the PAA; polymeric chain extends upward in lieu of
lying on the surface as PAA, does. Figure 10(c) shows the top
view of this simulated system, which indicates different distances
between three PAA chains.

Adsorption of Polyacrylic Acid (PAA) on a-Al,O3; Surface 1715

(4) Step Adjustment of pH Values firom pH 3.6 to 11

The reduction of H* amounts on PAA molecular chains was
carried out step by step in the simulation according to the degree
of dissociation under specific pH conditions. In the beginning, a
coiled PAA chain (x~0.1) was observed and showed a train
configuration at 300 K (Fig. 11(a)). The a-Al,O;5 surface can
adsorb the maximal amount of PAA at pH 3.6. After 30 ps., a
few dissociated H" ions (protons) were bonded with some neg-
atively charged oxygen ions on the a-Al,O; surface, as illustrat-
ed in Fig. 11(b). The interaction between the PAA molecular
chains and the a-Al,Oj3 surface is dominated by vdW attraction.
Before performing the simulation in the next step, 20 extra H"
ions were removed (a~0.5), and finally bonded with oxygen
ions on the surface, which still showed a negatively charged
characteristic in a basic solution. After a successive 30 ps calcu-
lation, the bottom side of PAA (closest to the surface) would still
attach to the surface with a bond distance of 0.3 nm. The other
side became extended in vacuum due to a stronger repulsion
between the segments of the PAA, as shown in Fig. 11(c). Fi-
nally, 30 additional H" ions were removed from this PAA mo-
lecular chain; the PAA was totally dissociated and the repulsion
between its segments was increased further. Hence, the side of
PAA molecular chain (ax~1) exposed in the vacuum had ex-
tended away from the surface, as shown in Fig. 11(d), suggesting
a stronger electro-steric repulsive effect by the PAA chains.

V. Conclusion

A series of MD simulations on PAA /a-Al,Oj3 systems have been
presented to illustrate the adsorption characteristics at the solid/
liquid interfacial region. Under different pH values, the PAA
dispersant shows various degrees of dissociation. It is one of the
main factors that leads to different interaction energies and final
adsorbed conformations of PAA on ceramics. The adsorption
amount is greater at pH 3.6 than that at pH 11. The confor-
mations are train and tail at pH 3 and pH 11, respectively.

For the multiple macromolecule simulation, as a whole, the
adsorption energies are more negative at pH 3.6 (a~0.1) than
that at pH 11 (¢~ 1.0). The concentration of these PAA mol-
ecules, whether dissociated or not dissociated, also accounts for
different final adsorption conformations, as the steric force can
be influenced by the first-adsorbed-layer PAA. Finally, we have
demonstrated the possibility to take advantage of a high ad-
sorption density at a lower pH and tail configuration at a higher
pH. The adsorption of the polymer onto the ceramic surface
starts at pH 3.6, and then gradually increases to pH 11. The
resulting PAA/a-Al,O3 system has been demonstrated to have
the strongest electro-steric dispersion.
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