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bstract

This paper presents the results concerning the adsorption mechanism of polyacrylic acid (PAA) and polyacrylic acid/polyethylene oxide
PAA/PEO) comb polymer onto lead magnesium niobate (PMN) powders. In the study adsorption behavior of PAA and PAA/PEO onto PMN
urface were determined in aqueous solutions and the influence of pH and ionic strength was investigated. Results showed that adsorption
f PAA or PAA/PEO increased with decreasing pH of the suspensions. The increase in the ionic strength or the presence of divalent cations
aused an increase in the adsorption of both polyelectrolytes. It was observed that the adsorption reaches a maximum when PAA is fully com-
lexed in solution. On the other hand, the increase in the adsorption of PAA/PEO onto PMN in the presence of monovalent or divalent salt was

ttributed to the decrease in the electrostatic forces rather than complex formation with the divalent metal ions in solution. Turbidity measure-
ents showed that there is no complex formation between the divalent metal ions and PAA/PEO comb polymers due to shielding effect of the
EO teeth.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Lead magnesium niobate (PMN) is a relaxor ferroelectric
aterial which is characterized by a diffuse phase transition over
broad temperature range and a frequency dependent maximum

n its relative dielectric permittivity [1]. It has many potential
pplications such as multilayer ceramic capacitors, actuators
nd electro-optic devices [2]. It also finds applications in
otors, pumps, optical scanning systems, and vibration isolators

3].
The manufacturing of multilayer electronic devices com-

osed of perovskite materials such as PMN generally involves
colloidal process which requires preparation of stable sus-

ensions. Organic additives such as polyelectrolytes play a

ignificant role in preparation of stable suspensions because they
ffer an effective means of modifying particle–particle interac-
ions [4]. When adsorbed on inorganic surfaces, these species

∗ Corresponding author. Tel.: +90 232 7506697; fax: +90 232 7506645.
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mpart electrostatic, steric or electrosteric stabilization. Poly-
lectrolyte adsorption is highly dependent on the electrostatic
nteractions between the polyelectrolyte and the surface; hence,
he surface chemistry of the solid phase and the solution prop-
rties of the polyelectrolyte are important parameters, regulated
y the pH and the ionic strength [5].

The polyacrylic acid (PAA) is a widely used polyelec-
rolyte in ceramic systems [6–9]. It contains ionizable carboxylic
cid groups along its backbone. These groups dissociate and
orm negatively charged carboxylate groups at high pH. How-
ver, PAA dispersant systems are less effective in high ionic
trength suspensions especially those containing multivalent
ons. Because multivalent ions interfere with the electrostatic
epulsive barrier and cause flocculation [9].

On the other hand perovskite materials having the general
hemical formula, ABO3 such as PMN are composed of a cation
r more than one cation at the A site that is generally soluble

n water and a cation at the B site that is only slightly soluble
ver the most of the pH ranges [10]. Therefore, the leaching of
ead magnesium niobate in water is a major issue in colloidal
rocessing. Accordingly, there is a need for new alternative dis-
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ersants that can induce stabilization for suspensions containing
ultivalent ions.
Previously Kirby and Lewis studied the effect of polyacrylic

cid/polyethylene oxide (PAA/PEO) comb polymers on the
ispersion of aqueous cement systems and barium titanate sus-
ensions [9,11]. Whitby et al. [12] investigated the interactions
etween silica particles in the presence of PAA/PEO comb poly-
ers. Similarly Deliormanlı et al. [13] showed that PAA/PEO

omb polymers are effective dispersants for PMN/water sys-
em. These polymers impart stability to PMN suspensions over a
ide pH range and ionic strength where pure PAA fails. Because
resence of PEO teeth shields the PAA backbone from ion inter-
ctions [9]. However, adsorption mechanism of PAA/PEO comb
olymers onto PMN surface was not investigated yet. Therefore,
he aim of the current study was to analyze the adsorption behav-
or of PAA/PEO comb polymer onto PMN surface in aqueous
edium and investigate the effect of pH and ionic strength on the

dsorption. As a benchmark further experiments were performed
sing pure polyacrylic acid (PAA).

. Experimental

.1. Materials

Lead magnesium niobate, Pb(Mg1/3Nb2/3)O3 powder which
as produced by combustion spray pyrolysis method provided
y Praxair Specialty Ceramics, Woodinville, WA, USA. Powder
urity is 99.9% as reported by the manufacturer. Bulk density
Helium pycnometer Micromeritics 1330, Norcross, GA, USA),
nd the BET surface area (Model ASAP 2400, Micromerit-
cs, Norcross, GA, USA) of the powder are measured to be
.967 g/cm3 and 1.168 m2/g, respectively. Particle size distri-
ution of the powder was obtained using a particle size analyzer
Model CAPA-700, Horiba Ltd., Tokyo, Japan) and the d50 of
he powder was measured to be 2.03 �m.

Adsorption behavior of polyacrylic acid graft polyethylene
xide comb polymers PAA/PEO (W.R. Grace and Co., Con-
ecticut, Cambridge, MA) were tested in the study. These
omb polymers consist anionic PAA backbone with ioniz-
ble carboxylic acid group (COO−) per monomer unit and
harge neutral PEO teeth grafted onto the backbone at ran-
om intervals through ester linkages [9]. They are produced by

o-polymerization method as reported by the manufacturer com-
any. Fig. 1 shows the chemical structure of the pure PAA and
AA/PEO comb polymers used in this study. In order to inves-
igate the effect of comb polymer molecular architecture on the

w
z
t
m

able 1
roperties of the PAA and PAA/PEO comb polymers used in the study

PAA Mw (g/mol) PEO Mw (g/

ure PAA 5000 –
AA/PEO360 5000 360
AA/PEO400 5000 400
AA/PEO1000 5000 1000
AA/PEO1000 5000 1000
AA/PEO2000 5000 2000
ig. 1. Chemical structure of the (a) PAA and the (b) PAA/PEO comb polymers
Note: PEO teeth, CH2CH2O)x–CH3), adapted from Kirby and Lewis [11].

dsorption behavior comb polymers were tested having differ-
nt molecular weight, carboxylic acid to ester linkage ratio. For
omparison purposes experiments were also performed using
ure PAA (Polyscience Inc., Warrington, PA). Table 1 shows
he properties of the comb polymers and PAA used in the study.

.2. Method

.2.1. Suspension preparation
Lead magnesium niobate suspensions were prepared at dif-

erent solids loadings, in the absence and presence of PAA/PEO
omb polymers and pure PAA. After PMN powder was added
o the stock solution of polymeric dispersant, the suspension
as ultrasonicated (F550 Sonic Dismembrator, Fisher Scien-

ific, Pardubice, Czech Republic) for 2.30 min using a 1 s on/off
ulse sequence. The pH was adjusted using 1 M solutions of
NO3 and NH4OH. Suspensions were magnetically stirred for
4 h at room temperature prior to measurements.

.2.2. Zeta potential measurements
Zeta potential measurements were performed using a zeta

izer (Malvern 3000 HS, Malvern Instruments Ltd., Worcester-
hire, United Kingdom) with aqueous dip cell apparatus whose
lectrodes were properly cleaned before each measurement to
void contamination. The device makes use of the laser Doppler
icroelectrophoresis technique for the zeta potential determi-

ation. The zeta potential of particles was calculated from their
lectrophoretic mobility by means of the Henry correction of the
moluchowski equation. Since this technique allows measure-
ents only in dilute suspensions, samples were diluted prior to
easurement using sedimentation and then a small amount of

ediment redispersed with the supernatant. The measurements

ere periodically checked against a calibration standard with a

eta potential of −50 mV (±5). Experiments were performed in
riplicate, and the results given are the average of 10 measure-

ents.

mol) Acid:ester Theoretical Mw (g/mol)

– 5000
3:1 13,583
3:1 14,537
3:1 22,850
7:1 15,300
7:1 25,600
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.2.3. Adsorption behavior
The adsorption amount of PAA and PAA/PEO comb poly-

ers on PMN powder surface in aqueous suspensions was
etermined by total organic carbon (TOC) analyzer (Shimadzu
OC-V CPH, Japan), which provided a quantitative measure of

he non-adsorbed fraction of such species in solution. Suspen-
ions with a solids loading of 10 vol% were prepared by adding
n appropriate amount of PMN powder to an aqueous stock
olutions of PAA and comb polymer with varying concentra-
ion. Upon mixing for 24 h, the suspensions were centrifuged at
000 rpm for 60 min. The supernatant was used for TOC anal-
sis. Several aliquots of each sample were measured, and an
verage value was reported based on standard calibration curves.

.2.4. Turbidity measurements
Dilute polymer solutions (5 mg/ml) were prepared by adding

n appropriate amount of PAA or PAA/PEO comb polymer
o deionized water. The pH was adjusted using either a 0.1 M
NO3 or 0.1 M NaOH solution. These polymer solutions were
agnetically stirred for 0.5 h to allow for equilibration. One
olar solutions of KCl, MgCl2 were prepared by dissolving
Cl and MgCl2·6H2O (Fisher Chemicals, Fair Lawn, NJ) in
eionized water. These salt solutions were used to vary the
onovalent, divalent salt concentration of the polymer solu-

ions. The turbidity of dilute polymer solutions of varying pH
nd salt concentration was measured by a turbidimeter (WTW
55, Germany). Measurements were performed using nephelo-
etric ratio method and results were recorded in terms of NTU
ith ±2 of value or ±0.01 NTU accuracy.

. Results and discussion

.1. Electrokinetic properties

Fig. 2 shows the variation of isoelectric point (IEP) of PMN as
function of solids loading. The shift in the IEP of PMN powder
o lower pH values at low solid concentrations can be explained
ased on the solubility considerations. Previously, Deliormanlı
t al. investigated the dissolution of Pb2+ and Mg2+ ions from
MN surface in water. Results showed that Pb2+ and Mg2+ ion

ig. 2. The IEP of PMN suspensions at various solids loadings (vol%) [14].

t

o
o
t
t
a

3

o
c
f
a
a
t
o
t
a

ig. 3. The IEP of PMN suspensions in the presence of PAA (1.1 mg/m2) and
AA/PEO (4.29 mg/m2). Solids loading: 10 vol%.

issolution increased with decreasing pH. On the other hand,
b5+ showed very low dissolution under the same conditions

14]. Therefore, when the PMN is suspended in water a surface
ayer develops around the particle due to ion dissolution. The
urface layer on PMN particles in acidic region is thicker in dilute
uspensions compared to the concentrated suspensions. Because
he rate of surface layer growth in concentrated suspensions is
nhibited by the mass transfer. The surface layer around the PMN
ncreases surface acidity of the powder. Therefore, the IEP of
he powder decreases as the surface layer increases [14–16].

Fig. 3shows the effect of PAA and PAA/PEO on the IEP
f aqueous PMN suspensions at 10 vol%. The IEP of bare
MN suspension at 10 vol% in the absence of polyelectrolyte
as around pH 10 (Fig. 2). On the other hand, addition
f PAA (1.075 mg/m2 of PMN) or PAA/PEO comb polymer
4.29 mg/m2 of PMN) to the system caused a shift in the IEP to a
ower pH value. This may be explained by the adsorption of neg-
tively charged PAA or PAA/PEO onto positively charged PMN
urface. Additionally, presence of carboxylic groups on the poly-
er shift the IEP as a result of complexation reaction between

hese groups and the cationic species on the particle surface.
It is known that polyelectrolyte adsorption may lead to an

vercompensation of the surface charge and thus to an inversion
f the surface charge. According to the previous study of Joanny,
his is always the case in the limit of weak screening where
he Debye screening length is larger than the thickness of the
dsorbed polymer layer [17,18].

.2. Adsorption behavior by TOC

Adsorption behavior PAA and PAA/PEO comb polymers
nto PMN surface was studied as a function of polyelectrolyte
oncentration, pH and ionic strength. All experiments were per-
ormed at a solids loading of 10 vol%. The pH dependence of
dsorption isotherms of PAA and PAA/PEO onto PMN surface
re shown in Figs. 4 and 5, respectively. The plots represent

he amount of polymer that is adsorbed per unit surface area
f the powder versus the total amount of polymer that is added
o the suspension. The dash line denotes the complete (100%)
dsorption.
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Fig. 4. Adsorption curves of PAA onto PMN surface at pH 3, 6 and 9.

Results showed that adsorption of both polyelectrolytes
ncreased with decreasing pH. The adsorption isotherms for PAA
t pH 3 can be described as high-affinity type and characterized
y a strong adsorption. In contrast, isotherms corresponds to pH
for PAA are low-affinity type with most of the polymer remain-

ng free in solution. Similarly, PAA/PEO comb polymer showed
low-affinity adsorption onto PMN surface at all pH values.
he acidic carboxyl groups in both polyelectrolytes is charac-

erized by a pH-dependent ionization behavior and the ability
o exchange with surface hydroxyls bonding with the underly-
ng metal ion in PMN. With the binding of multiple carboxyl
roups on the surface this may lead to irreversible high-affinity
dsorption.

As it is known, the free energy of adsorption of poly-
lectrolyte is a balance between the attractive and repulsive
nteractions. The first term results from the electrostatic attrac-
ion between the surface charge group and the opposite charges
n the polyelectrolyte, and the contribution of van der Waals

nteraction between the polyelectrolyte segments and the sur-
ace groups. The second originates from entropy loss or osmotic
ffect [19]. Adsorption of PAA may be dominated by electro-
tatic interactions between the ionized sites on the polymer and

ig. 5. Adsorption curves of PAA/PEO(2000) onto PMN surface at pH 3, 6
nd 9.
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urface charged sites on the PMN. Similarly, interaction between
olycarboxylates and metal oxide surfaces have been examined
y many researchers, previously.

Cesarano and Aksay [6] examined the adsorption of
oly(methacrylic) acid onto alpha alumina surface. According
o their results under fully ionized conditions (pH 9) polyelec-
rolyte chains adsorb in a relatively flat conformation with each
hain covering a large amount of surface area. In this condi-
ion polyelectrolyte tails can still extend into the solution even
hough formation of the loops is inhibited. As the pH decreased
nd the ionization approaches to zero the polyelectrolyte chains
ecome uncharged and the formation of the loops in the adsorbed
onfiguration is enhanced [6]. According to the Hackley [7], in
he un-dissociated form, PAA adsorption may be controlled by
orces dependent on the polymer chain length such as hydropho-
ic interactions or hydrogen bonding.

Similarly the strong adsorption of PAA onto metal oxides
n acidic region have been attributed to the following effects
y Paik et al. [20]: (i) ionization is near zero at pH 3 there-
ore the repulsive interactions between the neighboring carboxyl
ites are eliminated. Furthermore the coiled structure permits
denser packing; (ii) solvency will be reduced due to low-

onization value and this will force the polymer onto the
urface.

Based on the literature [21,22], and the results of this study a
ossible explanation for the adsorption mechanism of polycar-
oxylates onto PMN surface is given in the following paragraph:

Below pHIEP, for adsorption process of the polyelectrolyte
ith carboxyl groups on positively charged PMN surface the
ydrogen bonds and electrostatic interactions are responsible.
n pH 4.5–9 range, beside hydrogen bond a chemical interac-
ions between ionized carboxyl groups and Pb2+ and Mg2+ ions
resent on surface of the oxide. Electrostatic interactions also
ake place in this pH range. Above pHIEP, for adsorption process
f polyelectrolytes onto PMN surface only specific interactions
re responsible (hydrogen bridge or chemical reactions between

2+OH and COO groups). In this pH range there is no elec-
rostatic interactions and therefore, the adsorption of PAA is
ow.

Fig. 6 shows the adsorption isotherms of PAA/PEO comb
olymers having different molecular architecture onto PMN
urface at pH 9. Accordingly, all comb polymers tested in the
tudy showed low-affinity type adsorption onto PMN surface.
dsorption behavior was almost the same for all the comb poly-
ers although their molecular weight and the acid:ester ratios
ere not identical. Therefore, it is concluded that adsorption of

AA/PEO comb polymers was not very much dependent on the
ength of the PEO group.

On the other hand, a multilayer adsorption was observed in
he presence of comb polymers. The reason of the possible mul-
ilayer adsorption can be explained by the previous theory of
obbie et al [23]. Accordingly, they drawn attention to the inter-

ction between the carboxyl groups and the PEO and claimed

hat there is hydrogen bonding between the OH groups in the
urface carboxyl groups of the polystyrene lattices and the ether
xygen of the PEO group. Similarly, in our case it may be pos-
ible to consider an interaction between the PEO groups of the
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media only a slight influence of the calcium ions was found. Due
to the electrostatic effects, the complexation ratio was slightly
higher in the adsorption layer than in the bulk of the solution
[27].
ig. 6. Adsorption curves of PAA/PEO comb polymers having different molec-
lar architecture onto PMN surface, pH 9.

dsorbed comb polymer and the PAA group of the excess free
omb polymer in suspension [23].

In the current study, it is also important to know that there
s no adsorption between the PEO groups of the comb polymer
nd the PMN surface because PEO adsorbs only on surfaces
ith strong Bronsted acid sites, such as MoO3, V2O5 and SiO2.
or materials with IEP greater than SiO2 adsorption of PEO
oes not occur [24]. Therefore there is a low possibility for
n interaction between the PMN and PEO groups of the comb
olymer.

Other possible explanation for the multilayer adsorption
bserved at high polymer concentrations can be attributed to
he low-surface area of PMN in highly concentrated polymer
olutions. Zhonghua and co-workers [22] investigated the effect
f solids loading on the adsorption density of PAA on Al2O3.
esults showed that addition of a few alumina particles to a

olution of high polymer concentration may in fact “seed” the
recipitation or multilayer adsorption of PAA onto alumina.
herefore, apparent adsorption density greatly increased at low
olids concentrations. As more solids are added however, the sur-
ace area for adsorption was no longer limited and the adsorption
ensity reached [22].

In this study the effect of monovalent and divalent salt addi-
ions on the adsorption behavior of PAA and PAA/PEO comb
olymers was also studied as a function of polymer concentra-
ion. Figs. 7 and 8 depict the effect of background electrolytes on
he adsorption of PAA/PEO and PAA, respectively. According
o Fig. 7 in the presence comb polymer both monovalent and
ivalent salts caused a slight increase in the adsorbed amount.
owever, the effect was more significant in the case of PAA.

ecause the background salt has an electrostatic shielding effect
etween the negatively charged sites on the PAA thereby causing
he chains behave more like uncharged polymers and enhancing
he development of the loops [6].

F
i

ig. 7. Effect of monovalent and divalent salt additions on the adsorption behav-
or of PAA/PEO(2000) onto PMN surface at pH 9.

Results revealed that for both polyelectrolytes under investi-
ation the adsorption amount was slightly higher in the presence
f MgCl2 compared to the KCl. Because adsorption of PAA
an be strongly affected by the presence of multivalent ions.
ermohlen et al. [25] investigated the effect of Ca2+ on the
dsorption of acrylic based polyelectrolytes onto oxide sur-
aces. It was found that the plateau value of the adsorption
sotherms is greatly increased by Ca2+ ions. This is because
ultivalent cations can bind to the carboxyl functional groups of

he polyelectrolyte to form PAA–cation complexes (R– COO−–
2+– −OOC–R) in solution. This complexation can promote

he adsorption by lowering the net charge of the polyelectrolyte
r by decreasing the solubility of the complex in solution [26].

Similarly, effect of Ca2+ ions on the adsorption behavior of
AA onto alumina surface was examined by Dupont et al. [27].
hey found that in alkaline media, PAA adsorption strongly
epends on the calcium ion concentration, however, in acidic
ig. 8. Effect of monovalent and divalent salt additions on the adsorption behav-
or of PAA onto PMN surface at pH 9.
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Fig. 10. Effect of KCl on the turbidity of PAA and PAA/PEO(2000) solutions
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study of Kirby and Lewis [11] in Fig. 12. PEO teeth provide
two important functions to prevent deleterious effects of the dis-
solved ions on PMN suspension stability. First, charge neutral
ig. 9. Effect of MgCl2 concentration on the adsorption behavior of PAA
1.1 mg/m2) and PAA/PEO(2000) (4.2 mg/m2) at pH 9.

Sun and co-workers investigated the effects of magnesium
ons on the adsorption of PAA onto alumina. They found that
he addition of Mg2+ ions has a strong effect on the adsorption of
AA and maximum adsorbed amount increases five times with
ncreasing MgCl2 concentration [26].

In the current study we observed that in the presence
f PAA, addition of MgCl2 increased the adsorption nearly
.6 times. It is possible to attribute this increase to the
omplex formation between PAA and Mg2+ ions. On the
ther hand, the increase in the adsorption of PAA/PEO onto
MN in the presence of monovalent or divalent salt may be
ttributed to the decrease in the electrostatic forces rather
han complex formation with the divalent metal ions in
olution.

It is also important to know that complexation promotes
dsorption but the effect is very sensitive to the ratio of cation to
issociated carboxylic acid groups in the polyelectrolyte. There-
ore, increasing the PAA concentration beyond the optimal ratio
ecreases the adsorbed amount. This is because less complexed
AA has a lower driving force for adsorption [26]. Dupont et
l. [27] found a decrease in the adsorption isotherms as PAA
oncentration increases at constant calcium concentration, and
t was due to decrease in the complexation ratio. Fig. 9 shows the
ffect of MgCl2 concentration on the adsorption amount of poly-
lectrolytes onto PMN surface. According to the graph highest
dsorption amount were obtained in the presence of 2 × 10−2

nd 5 × 10−2 M MgCl2 for PAA/PEO and PAA, respectively.

.3. Turbidity measurements

In the study, turbidity measurements were carried out on
ilute polymer solutions of varying pH and salt to investi-
ate the complexation between the metal ions and the PAA.
igs. 10 and 11 show the turbidity values of polymer solu-
ions as a function of ionic strength and pH. The stable polymer
olutions characterized in which the polymeric species remain
ell solvated and are transparent. Therefore, high turbidity
alues correspond to the solutions having low stability. In

F
t
a
r

s a function of ionic strength at pH 3 and 9. Note, [I] = 1/2 niz
2
i due to

dded salt only, [COO−] = 0.07 M, and 0.011 M for PAA and PAA/PEO(2000),
espectively.

ther words, as the turbidity increases the solution stability
ecreases.

According to Fig. 10 in the presence of monovalent salt (KCl)
oth PAA and PAA/PEO solutions remained stable over a broad
ange of [I]/[COO−] and in acidic and basic pH regions. How-
ver, in the presence of divalent salt (MgCl2) the stability of PAA
olutions depended on pH and salt concentration. At low pH val-
es where PAA is slightly ionized PAA solutions remained stable
ver a broad range of [I]/[COO−] values. On the other hand in
ully ionized conditions (pH 9) PAA solutions were only stable
n the range 0–2 × 10−2 M MgCl2. At higher salt concentrations
AA start to make complexes with Mg2+ ions in solution.

To explain the findings of the current study the dominant role
f PEO teeth is illustrated schematically based on the previous
ig. 11. Effect of MgCl2 on the turbidity of PAA and PAA/PEO (2000) solu-
ions as a function of ionic strength at pH 9. Note, [I] = 1/2

∑
niz

2
i due to

dded salt only, [COO−] = 0.07 M, and 0.011 M for PAA and PAA/PEO(2000),
espectively.
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ig. 12. Schematic illustrations of (a) interaction between PAA and the multi-
alent ions in solution and (b) shielding from ion bridging interactions provided
y the PEO teeth. Adapted from Kirby and Lewis [11].

EO teeth shield the PAA backbone from ion bridging interac-
ions with the multivalent counter ions in solution. Second, the
harge neutral PEO teeth do not experience large conformational
hanges with changes in pH or ionic strength [11]. As a result,
he conformation of the PAA/PEO layers adsorbed on the PMN
urfaces remains nearly constant as the ionic strength increases.

. Conclusions

According to the results of the current work following con-
lusions can be drawn: polycarboxylate adsorption onto PMN
ncreases with decreasing pH and increasing salt concentra-
ion. Furthermore, saturation adsorption results in partial charge
eversal and a negative zeta potential. Adsorption of high molec-
lar weight comb polymers onto PMN powder can be described
y the low surface coverage. MgCl2 increased the adsorption
early two times for both PAA and PAA/PEO. The increase
n the adsorption of PAA/PEO onto PMN in the presence of
onovalent or divalent salt was attributed to the decrease in the
lectrostatic forces rather than complex formation with the diva-
ent metal ions in solution. In contrast, the resultant effect was
irectly related with the complex formation in the case of PAA.
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