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bstract

he influence of initial pH and energy input during suspension homogenization on the stabilizing performance and coordination type of commercial
vailable polyacrylate dispersant were studied. Additionally to widely used rheology and electroacoustic measurement techniques the alumina
uspensions were analysed with centrifugal separation and in situ ATR-FTIR to study the impact of varied powder processing in detail. In contrast
o zeta potential analysis and viscosity measurements only the determination of sedimentation properties by centrifugal separation shows the effect
f macroscopic changes in powder processing. A combination of positively charged alumina surface and a high shear homogenization leads to the
ost stable suspension. Accordingly ATR-FTIR results show a correlation between improved suspension stability and inner-sphere coordination
f polyacrylate. Moreover it was possible to determine an optimal pH range for inner-sphere adsorption. It can be shown that macroscopic changes
n powder processing influence the coordination of dispersant and thus the suspension stability.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

The knowledge about stabilization of dispersed phases plays
n important role in many industrial applications such as
igments, paints, chemicals, cosmetics, drugs and ceramics.
specially for colloidal processing of ceramics in the micron and
ubmicron range it is necessary to control the repulsive forces
etween the particles via addition of stabilizing agents to pre-
ent agglomeration, lower the viscosity and reach an optimal
omogenization of particles in the continuous phase. Therefore
he control of chemical interactions at the ceramic/water inter-
ace is the fundamental step to zero-defect devices.1 In general
here are three main concepts to stabilize ceramic particles in

olar media in order to overcome attractive interparticle forces:
lectrostatic, steric and electrosteric.2 The electrostatic forces
etween particles are caused by excess electric charges, present

∗ Corresponding author. Tel.: +49 351 2553 7650; fax: +49 351 2553 7610.
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n and around the surface. Pure electrostatic stabilization of
eramic particles could be obtained via protonation by inorganic
cids like nitric acid or by adsorption of low molecular weight
rganic acids, for instance by citric acid,3,4 oxalic acid,5 maleic
cid6 and benzene derivates.7–10 Steric stabilization presents an
lternative way of controlling the colloidal stability. In this case
epulsive forces are induced by an adsorbed layer of non-ionic
rganic molecules with a sufficient thickness to overcome the
an der Waals attraction.11 The combination of both mechanisms
s called electrosteric stabilization. Commonly used dispersants
or this concept are derived from polyacrylic acid and display

very efficient way to stabilize water based oxidic ceramic
uspensions.12

Throughout the last decades there are numerous stud-
es describing the interactions of carboxyl bearing organic

olecules that are known to be very good dispersants for high

oncentrated alumina suspensions. Their impact is character-
zed by well-known rheology, electroacoustic and sedimentation

easurement techniques. Depending on the molecular struc-
ure and number of functional groups the interactions of low

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.08.035
mailto:conny.roedel@tu-dresden.de
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Fig. 1. Suspension preparation procedures. Starting with the bare suspension,
samples 1 and 2 differ in the type of homogenization technique (ohs = overhead
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olecular weight compounds is already described in detail by
idber et al.7

Additionally in more recent work of e.g. Yoon the adsorption
f low molecular weight compounds is analysed by means of
n situ ATR-FTIR technique which was shown to be a power-
ul tool to analyse the specific chemical interactions between
rganic functionalities and Lewis acid centres like Al on the
lumina.13,14 These authors reported significant shifts for the
ystems oxalate/alumina,5 citrate/alumina,6 maleate/alumina14

nd other systems15–17 in a series of papers. They did not
ssign these shifts to classical coordination types (unidentate,
ridging etc.), which were reported even sooner by Deacon
nd Phillips18 and McCluskey et al.19 for carboxylates and
etal ions. In fact Yoon et al. assigned the observed interac-

ions to an “outer sphere” and an “inner sphere” coordination
ype, which are related to H-bonding or electrostatic in con-
rast to chemical ligand exchange interactions, respectively,
etween carboxylate groups and metal centres. Concerning
ur data on polyacrylate/alumina interaction in dependence
f dispersion conditions we like to follow these lines for
nterpretation.

In contrast to low molecular weight compounds the inter-
ctions of polymeric dispersants within water based alumina
uspensions are not fully investigated. Along with poly-
lectrolyte configuration20,21 the stabilizing performance of
olyelectrolyte dispersants were examined according to molec-
lar weight22,23 or with regard to chemical composition.24–26

owever, the influences of powder processing on the stability
f polycarboxylate containing suspension and the interactions
t the alumina/water interface have not been published so
ar.

In this study we present the results of an extensive suspension
haracterization by means of four different analysis methods
ncluding electroacoustic, rheological, centrifugal sedimenta-
ion and in situ ATR-FTIR measurements. The influence of
nergy input during homogenization and pH preadjustment on
he stabilizing efficiency of a commercial available polyacrylate
n aqueous alumina suspension is examined. It will be shown
hat an optimization in slip preparation can lead to a strength-
ned coordination of polyacrylate on the alumina surface which
auses enhanced suspension stability.

. Materials and methods

.1. Powder and chemicals

A commercial alumina powder (Nabalox NO 625-10, Nabal-
ec, Germany) with a median particle size of 2.5 �m (Mastersizer
000, Malvern Instruments, England) was used as raw material.
he powder exhibited a specific surface area of 2 m2/g (ASAP
010, Micromeritics, USA) and a density of 3.98 g/cm3 (Pen-
apycnometer, Quantachrome Instr., USA). The used dispersant

as sodium polyacrylate (NaPA, 8000 g/mol, Sigma–Aldrich,
ermany). Unless otherwise indicated, the concentration of the
ispersant is given in weight percent (wt%) with respect to the
olid content.

c
r
G

haker) after addition of dispersant. Additionally the pH of samples 3 and 4 were
readjusted to a value of 6.

.2. Sample preparation

Aqueous suspensions (60 wt%) were prepared by addition of
lumina powder to deionized water under constant stirring using
laboratory dissolver stirrer (Ultra Turrax T50, IKA, Germany).

In the first part bare suspensions were spiked with differ-
nt amounts of sodium polyacrylate up to 1 wt% relative to the
ontent of solid alumina. The following homogenizations were
erformed on the one hand with the laboratory dissolver stir-
er presenting a high shear mixing route and on the other hand
ith an overhead shaker (Heidolph Instruments, Germany) pre-

enting a low shear mixing route (Fig. 1). In the second part
he pH of bare suspensions were adjusted at a value of 6 with
ydrochloric acid. Further addition of sodium polyacrylate and
omogenization were executed as described above. With the
entioned preparation routine four types of samples were cre-

ted and the influence of energy input during homogenization
nd/or pH adjustment on the stabilizing performance of sodium
olyacrylate was investigated.

According to Meyer et al. changes in polymer properties
uring homogenization were not expected. Hence the absolute
nergy input during a 10 minute homogenization using a labo-
atory dissolver stirrer is too low to alter the molecular mass or
rchitecture.27

.3. Electroacoustic measurements

To study changes in powder surface charge by addition of
ispersing agent or acid, ESA measurements were performed as
escribed in the literature28 using the Zetaprobe measurement
ystem (Colloidal Dynamics, USA). Measurement conditions
etained constant 25 ◦C by application of an external thermosta-
ization and continuous stirring of the sample.

.4. Rheological measurements

Changes in viscosity due to dosage of additive or the pro-

edure of suspension preparation were determined using the
otational and oscillating viscometer MCR 101 (Anton Paar
mbH, Austria). The flow characteristics were analysed at 25 ◦C
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sing rotational measurements with a double gap measuring sys-
em at several shear rates from 10 s−1 up to 1000 s−1. Before
tarting measurement, pre-shearing was performed in order to
ransmit the same rheological history to all the samples being
ested. For comparison, the viscosity values at a shear rate of
00 s−1 were used.

.5. Centrifugal sedimentation

The analytical centrifuge LUMiSizer (LUM GmbH,
ermany) was used to study the sedimentation properties in
centrifugal field. Shape and progression of sedimentation pro-
les contain information about the kinetics of separation process
nd allows the evaluation of particle–particle interactions.29–32

n this case sedimentation experiments were carried out to deter-
ine the settling velocity of particles and the sedimentation

eight as a function of dispersant amount and type of sample
reparation. All measurements were executed at 25 ◦C and a
elative centrifugal force of 110 g.

.6. ATR-FTIR measurements

Attenuated total reflection (ATR) Fourier transform infrared
FTIR) spectroscopy was used to obtain information on the
nteraction type between carboxyl based dispersing agents and
he alumina surface. All ATR-FTIR measurements were per-
ormed on a FTIR spectrometer (Vertex 70, Bruker Optics
mbH, Germany) equipped with globar source and a ditriglyci-
esulfate (DTGS) detector. The ATR-attachment consisted of a
ommercial four-mirror-attachment (Wilks Enterprise Inc., East
orwalk, USA) and homebuilt flow-through cell (U.P. Fringeli,
urich) housing a trapezoidal ZnSe internal reflection element

IRE) with dimensions 50 mm × 20 mm × 2 mm. The angle of
ncidence was 45◦ resulting in 11 active reflections on one side
f the IRE. ATR-FTIR spectra were recorded in the single beam
ode. That means, ATR-FTIR absorbance spectra of the suspen-

ions were obtained from the ratio of the single channel spectrum
f ZnSe in contact to the suspension (I) and the single chan-
el spectrum of pure water or of the respective solvent of the
uspension (I0) according to A = −log I/I0. All measurements
ere performed at 22 ◦C ± 0.5 K. To prevent sedimentation, the

uspensions were circulated at a velocity of 0.5 mL/min.
The application of ATR-FTIR using ZnSe IRE instead of

ransmission FTIR using e.g. CaF2 cuvettes is justified by the
act, that in ATR-FTIR mode even for 11 reflections an effec-
ive thickness (“pathlength”) introduced by Harrick33 of smaller
han 5 �m in comparison to transmission cuvettes, which cannot
e routinely constructed with pathlengths lower than 10–20 �m.
oo large pathlengths have the disadvantage of unsufficient com-
ensation of the intense water absorptions at 3400 (ν(OH))
nd 1640 cm−1 (δ(OH)). However, the pathlength should also
e not too small since the IR bands of NaPA must be suffi-
iently intense. Fortunately, in this study identical suspension

amples with NaPA concentrations of 0.03 M could be used
or the electroacoustic, rhelogical, centrifugal sedimentation and
TR-FTIR measurements. Furthermore, it was checked, if NaPA

ormed an adsorbed surface layer onto the ZnSe IRE, which was

s
w
m
s

ig. 2. Zeta potential of alumina particles as a function of relative dispersant
ontent with regard to various suspension preparation procedures (1–4).

ddressed by comparing related ATR-FTIR spectra before and
fter rinsing with pure water. Since in our samples NaPA was
lways completely rinsed off, the ATR-FTIR spectra reflected
aPA interacting with alumina and not with ZnSe.
The measured ATR-FTIR spectra were baseline corrected

etween 1800 and 1300 cm−1 with the OPUS 5.0 program
Bruker Optics GmbH, Germany) using three fixed points. For
quantitative peak analysis curve fitting with 50% Lorentzian

nd 50% Gaussian line shape was applied to the baseline cor-
ected ATR-FTIR spectra (OPUS 5.0, Bruker Optics GmbH,
ermany). A detailed description will be published elsewhere.
enerally, a concept of line shape analysis was followed similar

o one, which was reported earlier therein34 and used for quan-
itative peptide conformation analysis. Briefly, all spectra in the
ange from 1800 to 1300 cm−1 shown in this study were fitted by
he superposition of 7 components (50% Lorentz/50% Gauss).
n a first run all spectra were fitted (least squares) under relax-
tion of the three parameters position, half width and intensity
or every of the 7 components. The obtained parameters for half
idth and position were averaged for every component (1–7)

nd with these averaged parameter values a final constraint fit
nder fixation of half width and position and free relaxation of
he intensities was performed for every spectrum. A convenient
epresentation of the original line shape could be achieved (data
ot shown herein). The ratio of the components 3 (1405 cm−1)
nd 4 (1360 cm−1) were plotted versus pH value below in Fig. 8.

. Results and discussion

.1. Electroacoustic measurements

In Fig. 2 the zeta potential is plotted versus the amount of
dded sodium polyacrylate in wt% with respect to content of
olid alumina. It can be seen that the addition of dispersant has a

ignificant effect on the surface charge properties in all cases
hich possess an attractive interaction between polyacrylate
olecules and the alumina surface. Even 0.1–0.2 wt% disper-

ant are enough to generate a strong negative surface potential,
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homogenization provides slightly lower settling velocities in the
range of optimum dispersant amount around 0.2 wt%. In the case
of pH preadjusted samples 3 and 4 this difference is getting even
ig. 3. Viscosity of alumina suspensions as a function of relative dispersant
ontent with regard to various suspension preparation procedures (1–4).

hich indicates a good suspension stability. Further polymer
ddition causes an increase of zeta potential due to rising ionic
trength of aqueous media and thus a compression of the electric
ouble layer occurs leading to a slightly destabilization of sus-
ension. So 0.2 wt% sodium polyacrylate marks the optimum
ispersant amount for the analysed suspension.

However, there are no indications for different types of inter-
ctions between polyacrylate and alumina surface depending on
he sign of surface potential which can be preseted with the pH
alue of suspension or energy input during homogenization. In
erms of electroacoustic measurement technique the negatively
harged polyacrylate adsorbs on negatively charged alumina sur-
ace with an initial surface potential of −40 mV (samples 1 and
) as well as on positive charged ones with an initial surface
otential of 30 mV (samples 3 and 4). Hence the differences of
aried sample preparations by energy input and/or pH pread-
ustment cannot be detected in detail with this characterization

ethod.

.2. Rheological measurements

The rheological behaviour of the suspensions expressed by
iscosity curves as a function of polyacrylate content is shown
n Fig. 3. Starting points in the case of dispersant free suspen-
ions were 34 mPa s (samples 1 and 2) and 48 mPa s (samples
and 4) caused by the different pH values of the suspensions.
ll samples possess an obvious decrease in viscosity after the

ddition of small amounts of dispersant and exhibit a shear
hinning behaviour. Accordingly sodium polyacrylate is appli-
able to lower the viscosity of alumina suspensions through
nhancement of interparticle repulsive forces. The results of
heological characterizations are consistent with the mentioned
lectrophoretic effects. It can be seen that the lowest viscosities
re reached at dispersant amounts of 0.1 wt%. Further polyacry-

ate addition does not lead to further improvement of rheological
roperties. However, significant differences between the sam-
les are not obvious.

F
a

ispersant content with regard to various suspension preparation procedures
1–4).

.3. Centrifugal sedimentation

The results of the sedimentation measurements are pre-
ented in Figs. 4 and 5. Comparable to the findings above
he settling velocities of particles show a significant decrease
fter the addition of sodium polyacrylate indicating its stabiliz-
ng effect. Also the local minimum introducing the optimum
ispersant amount occurs. Obviously, it is possible to get
ore information about the state of suspension from the pre-

ented curves. The differences between the samples can be
orrelated to varied preparation routes. Samples 1 and 2 are
howing a rather similar progression, where the high shear
ig. 5. Relative sediment heights of alumina suspensions (0.2 wt% NaPA)
ccording to various suspension preparation procedures (1–4).
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ore distinct. Obviously the homogenization under high shear
onditions has a positive effect on the stabilizing performance
f polyacrylate dispersant. The comparison of samples 1 and 3
hows that the combination of pH preadjustment and high shear
omogenization leads to the lowest settling velocities at all.

Changes in sedimentation behaviour due to differences in
tate of particle agglomeration are not expected. Because alter-
tions in agglomeration state is on the one hand governed by
nterparticle forces and on the other hand can be monitored with
oth sedimentation as well as viscosity measurement techniques.
n our case the highly negative zeta potential of about −70 mV
nduced by polyacrylate dispersant ensure strong repulsive inter-
article forces within the entire concentration range. Thus a
table suspension of fully deagglomerated particles is assumed.
dditionally viscosity measurements are sensitive for changes in

tate of particle agglomeration, but there are no changes notice-
ble independent from the way of sample preparation. Anyway,
ifferent agglomeration states induce both altered sedimentation
ehaviour and changed suspension viscosity. In the presented
esults only changes in sedimentation behaviour were deter-
ined. Hence the state of agglomeration was expected to be

omparable.
Furthermore the sediment heights of samples with 0.2 wt%

olyacrylate were measured and compared to each other. In
ig. 5 the relative sediment heights are shown in relation to
bsolute filling level in the cuvette. According to the literature
ow density sediments with a larger volume relate to unstable
uspensions, whereas high density sediments with a lower vol-
me indicate a good stabilization of primary particles.35–37 It can
e noticed that the sedimentation heights of high shear treated
amples show a minimum of the settled volume, which cannot
e correlated with the determined zeta potential values reported
n Fig. 2. Hence, to clarify the differences in settling velocity and
ediment height it is necessary to study the chemical interactions
t the alumina/water interface in detail.

.4. ATR-FTIR measurements

To study chemical interactions such as surface coordination
f polyacrylate to alumina in more detail in situ ATR-FTIR
easurements were performed. For that suspensions containing

0 wt% alumina and 0.2 wt% sodium polyacrylate related to the
lumina content, which is equivalent to a NaPA concentration of
.03 M, were used. These samples were different from the energy
nput during homogenization and the preadjustment of the pH
nd were equivalent to those measured by the electroacoustic,
heological and settlement measurements.

The measured and baseline corrected ATR-FTIR spectra of
hese four suspensions are illustrated in Fig. 6. The spectra of
he samples prepared without pH preadjustment (1 and 2) are
ominated by the νa(COO−) and νs(COO−) bands at 1555 and
405 cm−1, respectively, of the carboxyl groups of polyacrylate.
owever, a shoulder at the lower wavenumber of 1360 cm−1 can

−
e rationalized as a downshift of the νs(COO ) band indicating
n “inner-sphere” coordination of carboxyl groups of polyacry-
ate to the alumina surface. Similar shifts of polyacrylates at
lumina, kaolin, hematite, and TiO2 systems have been reported

a
I
c
s

ig. 6. ATR-FTIR spectra of alumina suspensions (0.2 wt% NaPA) made by the
our different preparation routines (1–4). Indicated values are in cm−1.

y Vermöhlen et al.,38 Taylor and Sigmund,39 Zaman et al.,40

irwan et al.,41 Li and Tripp,42 Montavon et al.,43 Lee et al.44,45

nd Jones et al.46

Only slight differences can be observed between the samples
and 2 and between 3 and 4. In case of homogenization with the
issolver (high energy input) the shoulder at 1360 cm−1 is more
istinctive than in case of homogenization with the overhead
haker (low energy input). So, it can be reasoned that high energy
nput results in a better coordination of polyacrylate to the alu-

ina surface. The spectra of the suspensions homogenized with
H adjustment to pH 6 before sodium polyacrylate addition (3, 4)
emonstrate a strong and separated peak at 1360 cm−1 additional
o the νa(COO−) and νs(COO−) band at 1555 and 1405 cm−1,
hich indicates “inner-sphere” coordination between the poly-

crylate and the alumina surface. Obviously, the adjustment of
he pH value from 10 (original pH of the alumina suspension)
o 6 leads to a positive charge of the alumina surface and there-
ore to a more effective coordination between polyacrylate and
lumina. From these results it can be reasoned that the pH of
he suspension has an important influence on the coordination
trength of the polyacrylate to the alumina surface and thus to
acroscopic stability.
To study the pH influence in more detail, a suspension con-

aining 60 wt% alumina and 0.2 wt% sodium polyacrylate was
ubsequently titrated with 1 M hydrochloric acid from pH 10 to
H 1.7 and probed by ATR-FTIR spectroscopy. Fig. 7 shows
he related measured and baseline corrected ATR-FTIR spectra
n the 1800–1250 cm−1 region. Analogously to the spectra in
ig. 6 in the initial spectrum at pH 10 beside the two diagnostic
eaks at 1555 and 1405 cm−1 of the νa(COO−) and νs(COO−)
ands again a shoulder at 1360 cm−1 can be observed indicat-
ng inner sphere coordination. Decreasing the pH down to pH
.8 the shoulder at 1360 cm−1 further increases forming finally
separated peak, whereas the peak at 1405 cm−1 decreases.
nterestingly, in the spectrum at pH 7.8 these two peaks have
omparable absorbance. The νa(COO−) band at 1555 cm−1

hows no shift over the whole pH range.
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ig. 7. ATR-FTIR spectra of alumina suspension (0.2 wt% NaPA) titrated with
M hydrochloric acid from pH 10 to pH 1.7. Indicated values are in cm−1.

To get quantitative information on the intensities of the peaks
t 1405 cm−1 and 1360 cm−1 as well as their ratio curve fit-
ing analysis based on totally 7 individual band components
as applied to the spectra shown in Fig. 7 (see Section 2). In
ig. 8 the ratio of the components at 1405 and 1360 cm−1 are
lotted versus the pH value. At first between pH 10 down to
H 7.8 the 1360/1405 ratio increases from around 0.6 up to a
aximum of 1. Further lowering the pH the 1360/1405 ratio

alls off again until the vibration band at 1360 cm−1 disappears
t pH values below 5.6 and the ratio gets zero. Additionally,
t these acidic pH values a band at 1717 cm−1 appears, which
an be assigned to the ν(C O) of carboxylic acid groups in
olyacrylate.

The following scenario seems to be evident in polyacry-
ate/alumina suspensions with varying pH values: Starting at

H = 10 polyacrylate bears carboxylate groups and high negative
harge density. Alumina has also negative net charge lead-
ng to polyacrylate/alumina repulsion and thus to outer sphere

ig. 8. Ratio of the symmetric vibration band at 1405 cm−1 and the “inner-
phere” band at 1360 cm−1 as a function of pH.

a

4

s
b
a
t
a

v
i
d
v
y
a
h
f
m

i
e

ig. 9. Schematic drawings of outer sphere adsorbed polyacrylate (a) and inner
phere adsorbed polyacrylate (b) at the alumina/water interface in imitation on
oon et al.15 (hydrogen atoms at the polyacrylate backbone are not shown).

dsorption (Fig. 9a). Decreasing subsequently the pH to 7.8
olyacrylate remains negatively charged but alumina adopts
slight positive net charge resulting in polyacrylate/alumina

ttraction, which might favour the inner sphere coordination
Fig. 9b). At the pH < 5.6 polyacrylate is partly protonated
nd neutral, while alumina has a marked positive net charge
eading to no significant polyacrylate/alumina attraction and
gain a loss of inner sphere character. Hence, most importantly
ig. 8 demonstrates that pH values in the quasineutral cause
maximum in coordination strength between polyacrylate and

lumina.

. Conclusions

On the basis of electroacoustic, rheological and centrifugal
edimentation measurements, it could be shown, that the sta-
ilizing performance of polyacrylate on highly concentrated
lumina suspensions could be significantly improved due to
he increase of energy input during suspension homogenization
nd/or pH preadjustment.

By means of centrifugal separation analysis it was possible to
isualize the effect of macroscopic changes in powder process-
ng on type of polyacrylate coordination in molecular level. The
etermination of sedimentation properties especially settling
elocity and sediment height via centrifugal separation anal-
sis displays a simple and very effective way to get information
bout interparticle forces within slightly different suspensions. It
as been found that this characterization method exhibits a use-
ul extension to the widely used rheology and electroacoustic

easurement techniques.
These significant macroscopic effects were addressed by

n situ ATR-FTIR spectroscopy, which was shown to be a pow-
rful tool to measure alumina/polyacrylate suspension samples
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dentical to those measured by the above mentioned tech-
iques in order to elucidate molecular interactions. Based on
downshift of the symmetric carboxylate stretching band from
405 to 1360 cm−1 a differentiation between inner and outer
phere coordination could be performed. Thereby the 1360 cm−1

omponent could be molecularly assigned to an inner sphere
oordination state of polyacrylate and could be macroscopically
orrelated to the suspension stability performance. Plotting the
360/1405 ratio versus the pH value it was possible to identify a
H between 7 and 8 as optimum for inner sphere coordination.

Generally it could be demonstrated that the achievement of
better understanding about chemical interactions of macro-
olecular polyelectrolytes at the ceramic/water interface is

losely connected with the correlation of multiple complemen-
ary characterization methods.
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