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Abstract

In order to investigate the effect of organic additives on the zeta potential of PLZST (Pb0.97La0.02Zr0.66Sn0.25Ti0.09), the zeta potential of PLZST
powder with addition of dispersant, binder, plasticizer were performed. The experimental results indicated that the zeta potentials of PLZST without
any organic addition were tightly related to the titration sequence and their IEPs (isoelectric point) were also not constant. The zeta potentials of
PLZST with organic additives were strongly dependent on the structure, polarity and weight of the added organic additives. The dispersant did not
greatly reduce the zeta potential of PLZST due to its good polarity and ionization. Compared to the IEP of PLZST without dispersant addition,
the IEP of PLZST with dispersant addition switched from 8.7 to 3.5. The zeta potential of PLZST with binder addition seriously decreased due to
electrostatic screening. Since dispersant is a highly polar polyelectrolyte, the zeta potential of PLZST mixed with dispersant, binder and plasticizer
addition was dominated by the dispersant. pH variation has great effect on the viscosity of PLZST slurries without organic addition; however, pH

variation did not show an obvious influence on the viscosity of PLZST slurries with organic additives.
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. Introduction

(Pb,La)(Zr,Ti)O3 and other lead zirconate titanate (PZT) type
aterials are widely used in actuators, ultrasonic transducers,

nd sensors because of their excellent piezoelectric proper-
ies. Recently, the thick film ceramic preparation processes,
uch as, screen printing, tape casting have been used to pre-
are PZT and related materials.1–5 Tape casting is a convenient
nd useful method for the large-scale preparation of ceramic
ubstrates, capacitors, and multilayered structural composites
or various applications, such as: Al2O3,6,7 AlN8,9 substrates,
aTiO3 capacitors,10,11 solid electrolytes,12–14 solid oxide fuel
ells,15–20 or PZT and PZST ceramic sheets.21–25 In the past, the
raditional tape casting focused on organic solvent systems due

o their low latent heat of evaporation and low surface tension.
ecently, more effort has been concerned to the development
f aqueous tape casting process because of safety, environmen-
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al, and cost considerations.26 Regardless of non-aqueous and
queous slurries, a well-dispersed and stable slurry is a very
mportant guarantee for preparation high quality ceramic parts
ia slurry processing.

According to the DLVO theory, which was developed by
erwey and Overbeek,27 the stability of aqueous slurries can
e controlled by adjusting the surface charge of suspended
eramic particles, resulting in the mutual repulsion or attraction
f ceramic particles. Therefore, the dispersibility of a ceramic
lurry can be adjusted via the pH value and ionic strength
f slurry. However, it is hardly possible to provide sufficient
lectrostatic repulsion energy in non-aqueous system so that a
ell-dispersed slurry can be received. In order to improve the
ispersibility of ceramic particles, especially for non-aqueous
eramic slurries, a charged polymer with high molecular weight,
so-called polyelectrolyte, which can provide the “electros-

eric” stabilization for both aqueous and non-aqueous ceramic
lurries, is widely used in slurry processing. Polyelectrolyte dis-

ersants have been widely offered to disperse Al2O3, ZrO2,
ZT and other ceramic slurries.28–31 Apart from the polyelec-

rolyte, many other organic additives, such as plasticizer, binder,
efoamer, etc. are often used to modify the properties of slurries.
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everal works focusing on the effect of the dispersant on the zeta
otential have been reported.32–35 However, the PLZST ceramic
lurry for tape casting contains several kinds and a large amount
f organic additives, which would have great effects on the dis-
ersibility and stability of the PLZST ceramic slurries for tape
asting. Compared to other ceramic powder, PLZST powder is
asy to leach ions during slurry preparation. The leaching ions
re also have great effect on the zeta potential of PLZST particles
nd the stability of slurry. Therefore, the effects of dispersant,
inder, plasticizer on the zeta potential of PLZST powder and
heir rheological properties should be investigated to get the
ell-dispersed and stable PLZST slurries so that the high den-

ity and uniform sintered PLZST tape can be received. In this
ork, we will investigate the effect of dispersant, binder, plasti-

izer and their mixture on the zeta potential of PLZST slurries
nd their rheological properties.

. Experimental procedure

.1. PLZST powder preparation

PLZST (lanthanum-doped lead zirconate stannate titanate)
owder is not commercially available; the powder prepara-
ion was performed in our laboratory. The composition of
b0.97La0.02Zr0.66Sn0.25Ti0.09 was selected in the experiment.
irst, appropriate amounts of reagent grade raw oxides, lead
xide (PbO), zirconia (ZrO2), tin oxide (SnO2) and titanium
ioxide (TiO2) were weighted. The powder was attrition milled
or 3 h using zirconia as a milling medium at 1000 PMR and
ubsequently calcined at 740 ◦C for 2 h after evaporation of the
olvent. The calcined PLZST powder was again attrition milled
nder the same conditions to improve the particle size distribu-
ion. The average particle size and the specific surface area were

easured to be 0.51 �m and 11.62 m2/g, respectively, using the
astersizer 2000 (Malven Instruments Ltd., Malven, Worces-

ershire, UK). In this study, a water soluble diblock copolymer
olyelectrolyte, poly[(methacrylic acid)-b-(ethylene oxide)],
P(MAA-b-PEO)) was chosen as a dispersant. Polyethyleneg-
ycol (PEG) was selected as plasticizer, and polyvinyl alcohol
PVA), was selected as binder. Fig. 1 shows the molecular struc-
ure of the organic additives.

.2. Zeta potential measurement

The zeta potential was determined with a Zetasizer 3000HS
Malven Instruments Ltd., Malven, Worcestershire, UK) by
easuring the electrophoretic mobility of the particles using

.001 M KCl as the electrolyte. After adding the organic addi-
ives, PLZST powder was dispersed in an ultrasonic bath for
min to break up soft agglomerates before the measurement.
he pH value of the slurry can be automatically adjusted through
ddition of 0.25 M KOH and 0.25 M HCl by the Zetasizer
000HS.
.3. Sedimentation experiments

The sedimentation experiments were conducted by adjusting
he pH value and dispersant concentration, respectively. PLZST

p
d
t
i

ig. 1. The molecular structure of organic additives (1) binder (2) plasticizer (3)
ispersant.

owder was first shake milled for 6 h in double-distilled water.
he slurries were then stored in a closed glass tube after adjusting

he pH and dispersant concentration and placed in a water bath
or ultrasonication 5 min to break up soft agglomerates. Each cell
as then capped to minimize solvent loss during the experiment.
he slurries were finally allowed to settle, and the sedimentation
eight was recorded.

.4. Rheological properties

The rheological properties of the PLZST slurries were studied
sing the rheometer RheoStress 1 (ThermoHaake, Karlsruhe,
ermany). The apparent viscosity was measured as a function
f shear rate.

. Results and discussion

.1. Variation of the ionic concentration and pH value of
LZST during ball milling

Fig. 2 shows the influence of the ball milling time on the

H of the slurry. The pH of the slurry without the addition of
ispersant increases and reaches a nearly constant level when
he leaching and re-adsorption of ions reaches a balance with
ncreasing ball milling time. With 1 wt.% dispersant, the pH of
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Fig. 2. Relation between the pH value of slurry and ball milling time.

he slurry decreases to 7.1 since the dispersant is a weak acidic
rganic compound, and the pH further decreases and reaches a
alance with ball milling time. The results indicated that the pH
ariation of the slurry was influenced by the leaching of metal
ons from the powder surface. Normally, the ceramic powders
ave amphoteric surfaces which can develop a negative or a
ositive surface charge during long time ball milling in water,
esulting in the variation of the pH and the ionic strength of
lurry. The free metal ions in the slurry can also hydrolyze to
orm hydrated cations or hydrated anions with the variation of
he pH of the slurry. The variation of pH induced precipita-
ion or dissolution of metal ions from the powder surface. For
ifferent compounds, their solubility product constants are dif-
erent; therefore, the ionic concentration is totally different and
s also strongly dependant on the pH of the slurry. Fig. 3 is the
H dependence of the metal ionic concentrations in the 5 vol.%
queous PZST slurry after 24 h mixing at room temperature.36

t is clear that the ionic concentration of Ti4+, Zr4+, and Sn4+

s relatively small and it is not sensitive to the variation of the

H. However, the ionic concentration of La3+ and Pb2+ is much
igher than that of other ions, and it depends also on pH. In fact,
he surface composition of PLZST powder is very complex due

ig. 3. pH dependence of the metal ionic concentrations in 5 vol.% aqueous
LZST slurry after 24 h shaked milling.

a
n
P
t
p
j

Fig. 4. The zeta potential of the raw materials.

o PbO evaporation and condensation during powder calcina-
ion, the surface of PLZST powder is PbO enriched, which is
ondensed from PbO atmosphere during cooling down, PbO can
lso react with CO2 in the air and form PbCO3 on the particle
urface. Therefore, the ion leaching from the powder surface is
very complex process.

.2. Zeta potential of powder without any organic additives

Fig. 4 shows the zeta potential of the raw materials (SnO2,
iO2, PbO, and ZrO2 and La2O3). Their isoelectric points (IEP)
nd zeta potentials are different due to the different powder sur-
ace properties. A complete zeta potential curve of SnO2, TiO2,
nd ZrO2 can be easily measured from pH 2 to 11. However, the
eta potential curves of PbO and La2O3 are somewhat different
rom others. In acid solution PbO exhibits a strong solubility.
he adjustment of pH does not seriously affect the Pb2+ con-
entration, resulting in an almost constant potential of PbO in
he acidity area. As an alkaline oxide, La2O3 easily dissolves in
cidic solvent. This is because the zeta potential of La2O3 can-
ot be measured at pH < 6.5. Fig. 5 shows the zeta potential of

LZST with different titration sequences. The results exhibited

hat the IEPs and zeta potentials are somewhat different. The zeta
otential of PLZST was measured by different approaches (1)
ust mixing the powder with distilled water, followed by titration

Fig. 5. The zeta potential of PLZST powder.
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f the slurry whose pH is about 7 to the aimed pH 2 or pH 11,
espectively. Finally, the two lines were combined into the whole
ne. (2) Acid or alkali hydroxide was firstly added to adjust the
H of the slurry to 2 or 11, then the slurry was titrated to pH 11
r 2. The results showed that not only the zeta potential but also
he IEPs are different. The reason is that the addition of alkali
ydroxide or acid changed the ionic concentration of the slurry
nd the surface properties of the PLZST particles, resulting in
ifferent zeta potential and IEP.

The line A was directly titrated from pH 2 to 11. The abnor-
al behaviour of the zeta potential observed at pH 2.3–3.4 and

.8–10.5 can be mainly attributed to the variation of ionic con-
entration and surface properties of the PLZST particles. The
LZST slurry was firstly adjusted to pH 2, resulting in a large
mount of ions leaching from powder surface due to HCl addi-
ion, therefore, the metal ionic concentration of the slurry was
ery high. With pH increase, a high amount of metal ion was
eposited on the particle surface as a hydrate, a carbonate, or
asic carbonate, etc., which covered the particle surface of the
LZST powder. Therefore, the zeta potential of PLZST was
ainly dominated by the properties of the covered compounds.
owever, the precipitation of metal ions is a very complex pro-

ess, which is related to a lot of factors, such as pH, specific
rea of particle, solubility product constant, carbon dioxide par-
ial pressure, temperature, etc. Here, we just discuss Pb2+. As
hown in Fig. 3, the concentration of Pb2+ sharply decreases
ith an increase of pH. The complex formation between Pb2+

nd OH− can form a lot of ions, such as Pb(OH)3
−, Pb4(OH)4

4+,
b2OH3

3+, Pb3(OH)4
2+ PbOH+, Pb6(OH)6

6+, and Pb6(OH)8
4+

ogether with dissolved Pb(OH)2 in solution before precipitation
tarts.37 Pb(OH)2 (Ksp 1.42 × 10−20)38 will precipitate on the
article surface with pH increase. Since PLZST slurry used for
he measurement is uncovered in air atmosphere, and CO2 has
igh solubility at basic solution, another possibility is that Pb2+

ransforms into PbCO3 (Ksp 1.46 × 10−13)38, or precipitates as
basic carbonate of lead 2PbCO3·Pb(OH)2. Therefore, the sur-

ace properties of PLZST particles are very complex and always
hange with pH variation. At pH 9.8–10.5, the zeta potential
f PLZST decreases with pH increase. The result is quite simi-
ar to that of the pure La2O3 whose zeta potential is low at the
igh pH area in Fig. 4. The result suggested that PLZST par-
icle surfaces were covered by La(OH)3 (Ksp 1 × 10−20)37 or
anthanum related carbonate such that the zeta potential is low.

If the PLZST slurry was firstly adjusted to pH 11 and then
itrated to pH 2 like line C in Fig. 5, the variation of ionic concen-
ration variation was just reverse, i.e. the concentration of metal
ons should be low at high pH area, and it will be generally
ncreased with decrease pH due to PLZST powder dissolution
nd leaching metal ions from particle surface. The ionic strength
as also generally increasing with decreasing pH since the metal

ons were always leached from the particle surface. Thus, the
LZST particle surfaces were always fresh so that the abnormal
ehaviours like line A could not be observed. Line B shows the

esult for the zeta potential of the PLZST slurry without initial
H adjustment. Since the pH of the PLZST slurry whose pH was
bout 7.6 was not previously adjusted, there were no too much
b2+ and La3+ ions dissolved from the PLZST powder surface,

t
d

d

Fig. 6. Zeta potential of PLZST with dispersant addition.

his means that the ionic concentration and particle surface prop-
rties were not highly modified. The zeta potential of PLZST is
ighly related to the ionic concentration, surface chemical prop-
rties of the particles as well as the pH of the slurry. Therefore,
he titration sequence can greatly influence the zeta potential and
he IEPs.

.3. Zeta potential of PLZST with dispersant addition

Fig. 6 shows the zeta potential of the PLZST slurry with dis-
ersant addition. It is obvious that the zeta potential and IEPs
re completely changed after dispersant addition. Firstly, the
EPs switch to about 2.5, and increase with rising dispersant
oncentration, while the absolute value of the zeta potential of
LZST decrease slightly. The variation is related to the disper-
ant dissolution and absorption on the particle surface which
hanges the surface properties. For ceramic slurry processing,
dispersant is always used to disperse the powder so that a

igh solid content ceramic slurry can be obtained. In order to
e absorbed on the particle surface, the dispersant should have
good solubility. Normally, the solubility of the dispersant is
ainly determined by the pH of the solution. It was reported35

hat precipitation of P(MAA-b-PEO) was observed at pH < 3,
hile the polyelectrolyte can completely dissolve if the pH is

bove 3. The degree of ionization of the dispersant is also tightly
elated to the pH. The polyelectrolyte P(MAA-b-PEO) consists
f two parts according to the molecular structure, namely, MAA
roups and PEO groups. Since the PMAA block behaves as a
eak polyelectrolyte with a pKa of the acid groups of about
.8, the PMAA block starts to be negatively charged at pH > 4.8
nd is completely dissociated at pH > 8.5 in salt-free solution.
AA is completely protonated at <pH 3.4. Therefore, the zeta

otential of PLZST with dispersant is mainly determined by the
roperties of the dispersant. Due to the electrostatic forces the
ispersant can easily be absorbed on the particle surface and
hange the surface properties of the particle. Ion leaching from
he particle surface and ion precipitation on the particle surface
ill be difficult due to the present of the dispersant. Therefore,
he solubility, adsorption and the degree of ionization of the
ispersant are the most important factors.

Apart from the adsorption and the degree of ionization of the
ispersant, the conformation of the adlayer can affect the dis-
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Fig. 7. Zeta potential of PLZST as a function of binder concentration.

ersibility. At high pH, the adsorbed dispersant is highly charged
ith a more stretched conformation, resulting in a increase of

he steric length and a strong repulsion of PLZST particles. If the
H value is lower, the dispersant chains relax into a highly coiled
onformation with a low electrosteric repulsion. According to
he literature,35 a zeta potential of 25 mV is a prerequisite to min-
mize coagulation by means of electrostatic repulsion. However,

slurry with a polyelectrolyte dispersant, which provides an
xtra steric stabilization, can be stabilized at lower zeta potential.

.4. Zeta potential of PLZST with binder, and plasticizer
ddition

Fig. 7 shows the zeta potential of PLZST as a function of
inder concentration. It is obvious that the binder (PVA) is harm-
ul to achieve the high zeta potential. As mentioned above, the
olecular weight, molecular structure, solubility, as well as the

egree of ionization are main factors which affect the zeta poten-
ial of the PLZST slurry with organic additives. PVA used as a
inder in the experiment is a polymer with a large molecular and
eak polarity, although PVA dissolves in water without prob-

em. The adsorbed PVA molecules on the particle surface screen
he electrostatic action among the particles; therefore, the zeta

otential of the PLZST slurry with binder addition is strongly
ecreasing and also not sensitive to the pH variation. Fig. 8
hows the zeta potential of PLZST as a function of plasticizer
oncentration. Compared to PVA, PEG has a lower molecular

ig. 8. Zeta potential of PLZST as a function of plasticizer concentration.
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ig. 9. Mixture of organic additives effect on the zeta potential of PLZST.

eight and high polarity. Therefore, PEG cannot completely
creen the electrostatic action such that the zeta potential of
LZST with plasticizer addition is not seriously decreasing, and

he zeta potential is also sensitive to the pH variation. Fig. 9
hows the effect of a mixture of organic additives on the zeta
otential of PLZST. The zeta potential of the PLZST with a
ixture of organic additives is quite similar to the zeta poten-

ial of PLZST with dispersant addition. When PLZST powder
s mixed with organic additives, the organic additives will be
dsorbed on the particle surface. However the highly polar dis-
ersant molecules have priority for the absorption on the polar
article surface, resulting in the variation tendency of the mea-
ured zeta potential of PLZST with the mixed organic additives
s quite similar to the zeta potential of PLZST with the addition
f pure dispersant; however, the binder and plasticizer screening
ake the zeta potential of PLZST with mixture organic addition

ecrease.

.5. Sedimentation test

The dispersibility of PLZST powder with dispersant addition
as characterized by sedimentation experiments. A well-
ispersed slurry settles slowly with time, leading to high
edimentation height and density. On the other hand, a poorly
ispersed slurry will rapidly settle and the sedimentation density
ill be low. Since PLZST is a high density powder, it is very
ifficult to get a well-dispersed slurry through adjusting the pH
f slurry. The density of PLZST is leading to fast sedimenta-
ion due to gravitational forces. Fig. 10 shows the effect of the
ispersant concentration on the sedimentation height of the slur-
ies. The results show that the concentration of dispersant have
ignificantly influence the sedimentation height and P(MAA-
-PEO) is a very efficient polyelectrolyte for the dispersion of
ater-based PLZST slurries. When the concentration reaches
.32 wt.%, further addition of dispersant has no beneficial effect
n the dispersion of the PLZST slurry.
.6. Rheological properties of PLZST slurries

The rheological properties were investigated by measuring
he viscosity of PLZST slurries under different conditions. Vis-
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ig. 10. Relation between the sediment height and the concentration of disper-
ant.

osity versus shear rate for 60 wt.% PLZST slurries without any
rganic addition at different pH is shown Fig. 11. The results
ndicated that the pH adjustment could greatly influence of the
iscosity of the PLZST slurry. However, the variation of vis-
osity for the slurries is not in agreement with the measured
eta potential. The maximum viscosity is found at pH 4.4 and
he minimum viscosity at pH 8.6. In fact, a lot of factors can
ffect the zeta potential; as shown in Fig. 8, the order of titra-
ion can influence the zeta potential and IEPs. Paik and Hackley
eported39 that particle surface charge is influenced by solids
oaded in aqueous slurries of BaTiO3, resulting in the shift of the
EPs and differences of the zeta potential. In the experiment, the
olid content of the slurries used in the viscosity measurement
s much higher than that of the zeta potential measurement, and
lot of acid or base was also added to adjust the pH of the slurry
uring zeta potential measurement. Thus, the surface properties
f the PLZST particles and the ionic strength should be differ-
nt. This leads to the deviation between the measured viscosity
nd the zeta potential according to Fig. 5.
Viscosity versus shear rate for 60 wt.% PLZST slurries with
ispersant addition at different pH is shown Fig. 12. It is obvious
hat the addition of dispersant is significantly influenced on the
iscosity. 0.5 wt.% dispersant addition drastically decreases the

ig. 11. Viscosity versus shear rate for 60 wt.% PLZST slurries without any
rganic addition at different pH.

w
s
p
p

F
d

ig. 12. Viscosity versus shear rate for 60 wt.% PLZST slurries with dispersant
ddition at different pH.

iscosity of 60 wt.% slurry, and the viscosity further decreases
ith increasing amount of dispersant. An analogous decrease

n viscosity occurs for all slurries. However, when the disper-
ant addition reaches 1.4 wt.%, the slurry viscosity exhibiting
o obvious variation, and all slurries show the shear thinning
ehaviour. Fig. 13 shows viscosity versus shear rate for 60 wt.%
LZST slurries with 1.4 wt.% dispersant addition at different
H. As indicated in Fig. 13, 1.4 wt.% dispersant addition for
0 wt.% PLZST slurry can reach the minimum viscosity. The
esults indicated that the pH variation could also modify the vis-
osity of PLZST slurries with dispersant addition. It can, thus,
e assumed that the electrostatic repulsion is still an important
actor to be considered in the slurry preparation. As mentioned
bove, the pH variation of slurries can influence the zeta poten-
ial via modifying the solubility of the dispersant, the degree
f ionization of the dispersant as well as the conformation of
he dispersant. However, the variation of the viscosity with the
ddition of dispersant is not in agreement with the zeta potential
easurements in Fig. 6. The measured results in Fig. 6 showed

hat the zeta potential of PLZST with dispersant is decreasing

ith rising pH. However, the minimum viscosity of the PLZST

lurry is observed at pH 8.5, and the viscosity is increasing when
H is above 8.5. Compared with the solids loading used in zeta
otential measurement, the solids loadings used in the viscosity

ig. 13. Viscosity versus shear rate for 60 wt.% PLZST slurries with 1.4 wt.%
ispersant addition.
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ig. 14. Viscosity versus shear rate for PLZST slurries used for tape casting at
ifferent pH.

easurement is much higher. Therefore, the pH adjustment will
ead too drastic variation of the ionic concentration. In the mean
ime, chemical reactions and the precipitation of metal ion can
lso change the zeta potential of PLZST powder.

Fig. 14 shows the viscosity versus shear rate for PLZST slur-
ies used for tape casting at different pH. The formulation of
LZST used for tape casting is also shown in this figure. In order

o form PLZST tapes with proper mechanical properties, binder
nd plasticizer were added to the slurry. The measured viscosity
f slurries with different pH is almost the same, and a strong
iscosity variation cannot be observed. A possible explanation
s that the high concentration of binder and plasticizer screen
he electrostatic repulsion, especially for binder. As indicated in
ig. 7, the zeta potential of PLZST particles with binder addition
ecomes very small and is also not sensitive to the variation of
H. Compared to the slurry used for zeta potential measurement,
uch more binder and plasticizer were added to the slurry for

ape casting, therefore, the electrostatic screening is very strong
nd, the pH adjustment cannot greatly change the zeta potential,
esulting in small changes of the measured viscosity.

. Conclusions

The effects of the organic additives used for tape casting
lurry preparation on the zeta potential of PLZST were investi-
ated. As a polyelectrolyte, poly(methacrylic acid)-b-(ethylene
xide) is a high efficient dispersant for dispersing PLZST
owder. Besides the steric stabilization, poly(methacrylic acid)-
-(ethylene oxide) can also contribute electrostatic repulsive
nergy since the dispersant has a high solubility and a high
egree of ionization. Compared to the zeta potential of PLZST
ithout dispersant addition, the measured data showed that the

eta potential of PLZST with dispersant addition is not seriously
ecreasing. Since binder PVA, and plasticizer PEG are weakly
olar organic additives, the electrostatic repulsive interaction
mong particles was screened, resulting in the decrease of the

eta potential of PLZST. The organic additives affect not only the
eta potential but also the IEPs (isoelectric point). With disper-
ant addition, the IEP of PLZST switched to about 2.3. Binder
VA, and plasticizer PEG can also modify the IEPs. There-

2
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ore, the IEP of PLZST can also be influenced by the titration
equence since the ionic concentration and the surface properties
f the PLZST particles are tightly related to the starting pH of
he slurry. Both sedimentation test and viscosity measurement
howed that the dispersant is very efficient for the dispersion of
LZST powder. The pH and dispersant concentration can greatly
ffect the viscosity of PLZST slurries. However, pH variation
annot seriously influence the viscosity of the slurry used for
ape casting.
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