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bstract

anoparticle halo is a novel method that stabilizes colloidal suspensions with high efficiency compared to conventional methods. But, up to now
ew articles have been published on the stabilization mechanism of this method. This article investigates the dispersion behavior of colloidal Al2O3

queous suspensions in the presence of highly charged CeO2 nanoparticles and the effect of two key parameters; the ceria nanoparticle concentration
nd pH on the stability of Al2O3–CeO2 bidispersed suspensions. The stability behavior of these suspensions was investigated by sedimentation
echnique. It was concluded from this work that by increasing ceria nanoparticle concentration the stability of these bidispersed systems reaches
n optimum condition, but further increasing of nanoparticles results in decreasing of the colloidal suspension stability. Also, the results showed

hat the suspensions have optimum dispersion state and high stability at pH 10. The calculated DLVO interparticle interaction potentials verified
he experimental results of the pH effect on the stability behavior. The stabilization of the bidispersed suspensions was also evidenced by scanning
lectron microscopy (SEM) and SEM energy dispersive X-ray analysis (SEM/EDXA) of the sediment layers after 3 weeks.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Colloidal suspensions are being used increasingly in the
onsolidation of ceramic powders to produce green bodies.
ompared to other methods such as dry or semidry state consol-

dation, colloidal methods can lead to better packing uniformity
nd better microstructural control during firing.1

The homogenization, dispersion and stabilization of ceramic
articles in liquids are of primary importance for the preparation
f highly performance ceramics through colloidal processing.2

y tailoring interactions between colloidal particles, one can
esign stable suspensions. Attractive van der Waals forces must
e balanced by repulsive interactions to engineer the desired
egree of colloidal stability.3

Nanoparticle engineering is a novel method that may regulate

he interaction between particles with high efficiency compared
o conventional methods (such as modification of colloidal parti-
le surfaces by polymeric dispersants4–12 and surfactants13–16).

∗ Corresponding author. Tel.: +98 412 3443801; fax: +98 412 3224950.
E-mail address: a.babaluo@sut.ac.ir (A.A. Babaluo).
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his new stabilization mechanism was called “nanoparticle
alos” mechanism, when proposed first by Tohver et al.3 In this
echanism, high charged nanoparticles segregate to regions sur-

ounding large colloidal particles, especially in systems with
igh size and charge difference, increase electrical surface
harge of the matrix phase particles by halo formation around
hem and create more stable bidispersed suspensions.3,17–20

In “nanoparticle halos” mechanism, in addition to regu-
ate the interparticle interactions, the inorganic nanoparticle
ydrosol is considered as an efficient dispersant agent for
eramic powders, because it can not only provide high binding
trength for ceramic bodies due to its conversion to a solid gel at
elatively low temperature, but also improve the sinterability of
eramic powders.2,21,22 But few studies have been conducted on
he stabilization mechanism of this method. Also, the effect of
ifferent key variables such as the nanoparticles volume fraction
nd pH has been investigated in only a few especial bidispersed
ystems. Yao et al.22 investigated the dispersion of talc particles

n silica sol with different nanoparticle concentrations. Zhu et
l.2 studied the effect of silica nanoparticles on the stability
f colloidal alumina particles. Fisher et al.23 investigated
he effect of silica nanoparticle size and concentration on

mailto:a.babaluo@sut.ac.ir
dx.doi.org/10.1016/j.jeurceramsoc.2006.05.109
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Table 1
Characteristics of materials

Materials Function Molecular formula Characteristics Supplier

�-Alumina Matrix phase �-Al2O3 Average particle size: 1 �m; average surface area: 6.55 m2/g (Fig. 1) Fibronaa

Ceria Second phase CeO2 Average particle size: 30 nm (Fig. 1) ANTb

Water Dispersing media H2O Deionized Ghazic
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Several methods were used for the characterization of
the ceramic powders and sediment layers. The zeta potential
of alumina and ceria particles dispersed in deionized water
a Fibrona, 215 M. Shirazi Street, Tehran, Iran.
b Advanced Nano Technologies Pty Ltd., 112 Radium Street, Welshpool, WA
c Shahid Ghazi Pharmaceutical Co., Tabriz, Iran.

he stability of bidispersed alumina/silica suspensions. Their
bservation showed that in systems with high size difference,
lower content of nanoparticles is required to stabilize the

idispersed suspensions. Therefore, investigating the effects of
hese key variables in different bidispersed systems and finding
uitable stabilization conditions, which would make it possible
o predict experimental results, is necessary.

The aim of this research is to investigate the dispersion
ehavior and stabilization mechanism of alumina colloidal sus-
ensions by highly charged ceria nanoparticles. The effect of
eria nanoparticle concentration on the stability of the col-
oidal alumina suspensions was investigated by a sedimentation

ethod. The optimum weight fraction of the ceria nanoparticles
as determined experimentally and compared with theoreti-

al results obtained from “nanoparticle halos” theory. Also, pH
ffect on the stability of these bidispersed suspensions was stud-
ed and the results were verified by calculating the interparticle
nteraction potentials.

. Experimental

.1. Materials

The characteristics of the materials used in this work are given
n Table 1 and also Fig. 1.

.2. Suspension preparation

Bidispersed ceramic suspensions were prepared by adding
he required weight fractions of alumina and ceria nanopowders
n deionized water. Each slurry was stirred for about 24 h at
00-rotation per minute (rpm). The pH value of the slurries was
djusted by 0.1N NaOH or 0.1N HCl.

.3. Sedimentation

The 5 wt.% alumina suspensions with different ceria con-
ents ranging from 0 to 4.8 wt.% were prepared at pH 10. Also,
o investigate the effect of pH, suspensions with 5 wt.% alumina
articles and 3.84 wt.% ceria nanoparticles with different pH val-
es ranging from 2 to 14 were prepared. The bidispersed suspen-
ions were put in volumetric cylinders to measure the sedimen-

ation volume as a function of time. The cylinders were capped
o minimize solvent loss during the sedimentation experiment.
he following information was reported for each sample: the
eight of the top interface that separates the supernatant (clear

F
c

, Australia.

iquid) and cloudy liquid after 24 h and the sediment height after
weeks. For a good dispersion state, the following conditions

hould be obtained; the height of interface between clear and
loudy liquid after 24 h should be high, i.e. the powder should
ot have settled out of suspension in a short time, and the sedi-
ent height after 3 weeks should be low, i.e. the powder should

ack very well when it does finally settle out of suspension.14,24

.4. Characterization
ig. 1. (a) SEM micrograph of �-alumina powder and (b) TEM micrograph of
eria nanoparticles.
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dispersion for 5 wt.% alumina slurry is around 3.84 wt.%.

The obtained results show that the stability of the alumina
slurries depends significantly on the ceria nanoparticles con-
centration (cloudy height percent in the optimum nanoparticle
H. Karimian, A.A. Babaluo / Journal of th

as measured with Zetasizer instrument (Zetasizer 3000 HS,
alvern, UK). The morphology of alumina powder and sedi-
ent layers was investigated with scanning electron microscopy

SEM, LEO 440I, 3 × 105, LEO, UK). Also, SEM energy
ispersive X-ray analysis (SEM/EDXA) was used for the
etermination of the ceria nanoparticles distribution between
he matrix phase particles in sediment layers.

. Results and discussion

.1. Zeta potential

The study of the electrokinetic behavior through measure-
ent of the zeta potential becomes important for understanding

he dispersion behavior of ceramic particles in a liquid medium.
he zeta potential values of alumina and ceria suspensions
t different pH values are presented in Fig. 2. According to
he zeta potential values of alumina and ceria powders, pH
0 can be selected as an operating pH. Because, in this pH,
oth alumina and ceria particles have negative surface charge,
Al2O3 = −18.2 mV and ξCeO2 = −31.2 mV, respectively. Also
his pH value is greater than the IEPs of alumina and ceria parti-
les and ceria nanoparticles have high electrical surface charge
ompared to the matrix phase particles. Therefore, the “nanopar-
icle halos” mechanism can occur in these systems. But, for
etermining the exact operating pH, supplementary studies on
he pH effect are necessary which are presented at Section 3.3.

.2. Nanoparticles concentration effect

.2.1. Sedimentation
Fig. 3 shows the height of the interface between clear and

loudy liquid after 24 h for 5 wt.% alumina suspension with dif-
erent ceria nanoparticle concentrations at pH 10. With increas-
ng ceria nanoparticle concentration, the cloudy height per-
ent increases significantly and reaches a maximum of 96% at
.84 wt.% ceria concentration. With further increase of ceria

oncentration, the suspension height decreases dramatically.

hen the ceria concentration reaches 4.8 wt.%, the cloudy
eight percent is about 86%. It indicates that ceria nanoparti-
les can enhance the dispersion of the alumina particles at pH

Fig. 2. Zeta potential as a function of pH for alumina and ceria particles.
F
C

ig. 3. Cloudy height percent as a function of nanoparticles concentration after
4 h.

0, and the ceria concentration corresponding to the optimum
ig. 4. SEM micrograph of sediments with: (a) Cnano = 0.433 wt.% and (b)

nano = 3.84 wt.% ceria nanoparticle concentration.
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oncentration increases about 20% related to the pure alumina
lurries). When the ceria concentration is very low, for exam-
le, as low as 0.433 wt.%, the monolayer halos could not form
ompletely around the alumina particles. Therefore, the alu-
ina particles form flocculated structures and settle rapidly,

ut these systems are more stable than the pure alumina slur-
ies (see Fig. 3). When the ceria nanoparticle concentration was
igh enough, a monolayer halo of ceria nanoparticles forms
round the alumina particles and stabilizes the resultant bidis-
ersed suspension. By increasing the ceria concentration fur-
her, there are abundant ceria nanoparticles in the bulk liquid
hase which result in increase of depletion attractive forces
nd instability of the slurry.3,25–28 Also, in the higher ceria
oncentration, nanoparticles contact each other to form floc-
ulated structures. It is therefore proposed that the dispersion
nd stabilization of alumina particles are attributed to the ceria
anoparticle halo formation around the alumina particles. The
ighly charged ceria nanoparticles are segregated to regions sur-
ounding alumina particles. This segregation is driven solely
y a Coulombic repulsion between ceria nanoparticles in solu-
ion and occurs because the alumina particles represent a big

olume without big electrical surface charge. This type of halo-
ng process can provide a mechanism for stabilizing colloidal
pecies.

ig. 5. SEM/EDXA results of sediments with: (a) Cnano = 0.433 wt.% and (b)

nano = 3.84 wt.%; red dots: Al2O3 and green dots: CeO2.
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.2.2. Morphology of sediment layers
Scanning electron microscope (SEM) images are taken to

nvestigate the surface coverage of the alumina particles by
he ceria nanoparticles and the distribution of alumina particles
fter sedimentation of the alumina/ceria bidispersed suspen-
ions. Fig. 4 shows the SEM micrographs of the cross-sections of
he sediment layers obtained from 5 wt.% alumina suspensions
ith 0.433 and 3.84 wt.% of ceria nanoparticle. At low concen-

ration of ceria nanoparticle, the surface coverage of alumina
articles is incomplete and the alumina particles tend to form
occulated structures. As the concentration of nanoparticles
eaches its optimum value, the homogeneous microstructures
re obtained by the formation of a complete nanoparticle halo
round the alumina particles. SEM/EDXA results (dot-mapping)
resented in Fig. 5, also show a good dispersion of the ceria
anoparticles in sediment layer cross-section at the optimum
anoparticle concentration. But, at low nanoparticle concentra-
ion the surface of the alumina particles has not been covered
y the ceria nanoparticles, completely. These results prove the
esults obtained in prior sections.

.3. Effect of pH

.3.1. Sedimentation
The cloudy and sediment height of 5 wt.% alumina suspen-
ions containing optimum weight percent of the ceria nanopar-
icles (3.84 wt.%) as a function of pH is shown in Fig. 6. The
ighest cloudy height occurred at pH 10, this indicates a good
ispersion of alumina particles, which is attributed to charge

ig. 6. (a) Cloudy height percent after 24 h and (b) sediment height (mm/1 wt.%
owder) after 3 weeks as a function of pH.



H. Karimian, A.A. Babaluo / Journal of the European Ceramic Society 27 (2007) 19–25 23

F
w

b
t
a
p
f
a
i
c
a
p

t
t
s
i
2
i
T
p

3

o
a

F
(

2
f
s
n
p
m
f
p
m
d
d
e
a
a

3

3

ig. 7. SEM micrograph of sediments obtained from 5 wt.% alumina suspension
ith 3.84 wt.% nanoparticles at (a) pH 2 and (b) pH 10.

uild up on the surface of alumina particles due to ceria nanopar-
icle haloing around them. Halo formation results in higher
bsolute zeta potential values of suspension. Therefore, the sus-
ension in pH 10, is more stable compared to others which are
ar from this pH value. When the pH reaches the IEP region of
lumina and ceria particles, the net surface charge of particles
s zero and attractive van der Waals forces are dominant. In this
ondition, the uncharged particles attract each other and form-
gglomerated structures, which result in rapid sedimentation of
articles and instability of bidispered suspension.

Variation of sediments height at different pH values is due
o the different extents of agglomeration/dispersion of the par-
icles which lead to different levels of particle packing in free
pace. The lower sediment height occurred at pH 10. This result
s in good agreement with sedimentation tests at short time (after
4 h). The results indicate that the more stable suspensions result
n sediments with high packing and low flocculated structures.
herefore, the sediment at pH 10 has an optimum packing com-
ared to other samples (see Fig. 6b).
.3.2. Morphology of sediment layers
Fig. 7 shows the scanning electron microscope (SEM) images

f the cross-sections of the sediment layers obtained from 5 wt.%
lumina and 3.84 wt.% ceria nanoparticles suspensions at pH

o
T
c

ig. 8. SEM/EDXA results of sediments with Cnano = 3.84 wt.% at (a) pH 2 and
b) pH 10.

and 10. As shown in this figure, alumina particles tend to
orm flocculated structures in pH 2. In this pH, the absolute
urface charge of alumina particles is greater than that of ceria
anoparticles; therefore, the halo formation around the alumina
articles and the stabilization of the suspension by the halo
echanism is ineffective. At pH 10, increasing the electrical sur-

ace charge difference between ceria nanoparticles and alumina
articles facilitates nanoparticle halo formation around the alu-
ina microspheres and results in a homogenous structure with

iscrete alumina particles (see Fig. 7b). Also, as shown in Fig. 8,
ot mapping of cerium and aluminum atoms in the sediment lay-
rs cross-section provides a uniform bidispersed microstructure
t pH 10. But, at pH 2, no uniform distribution of the ceria and
lumina particles is observed (see Fig. 8a).

.4. Evaluation of the results

.4.1. Optimum nanoparticles concentration
1
Kong et al. have developed an equation for the calculation of

ptimum nanoparticle concentration based on the halo model.
hey have related the optimum weight fraction of nanoparti-
les (CS) to volume fraction of microspheres (VA), microspheres
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eight in the suspension (WA), density of microspheres (ρA) and
ensity of nanoparticles sol (ρsol):

S = VA

1 − VA

WS

WA

ρA

ρsol
(1)

he WS/WA ratio arises from the following equation:

WS

WA
= SWAπrρS

4
(2)

here WS is the nanoparticle weight in the monolayer halos
round the microspheres, SWA the specific surface area of the
icrospheres and r is the average radius of the nanoparticles.
he optimum ceria nanoparticle concentration according

o Eqs. (1) and (2), is 2.77 wt.%, where SWA = 6550 m2/
g, r = 1.5 × 10−8 m, ρS = 6860 kg/m3, ρA = 3980 kg/m3 and
sol ≈ 1000 kg/m3. As obtained before, the experimental ceria
anoparticle concentration for the best dispersion of the suspen-

ions is 3.84 wt.%. The results show that the experimental ceria
anoparticle concentration corresponding to best dispersion is
bout 1.4 times that of the results obtained from Eqs. (1) and (2).
he overall agreement between experimental and theoretical

ig. 9. The calculated DLVO interparticle interaction potentials between
l2O3–Al2O3, CeO2–CeO2 and Al2O3–CeO2; (a) pH 2 and (b) pH 10.
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esults is good and a monolayer halo of ceria nanoparticles is
ccordingly formed around the alumina microspheres. But, dis-
repancies between the results can be related to the existence of
certain amount of the ceria nanoparticles in the bulk solution.

.4.2. Interparticle interaction potentials
The calculated DLVO interparticle interaction potentials1

etween Al2O3–Al2O3, CeO2–CeO2 and Al2O3–CeO2 at pH
and 10 are shown in Fig. 9. The Hamaker constant of Al2O3

s 3.67 × 10−20 J.29 The Hamaker constant of CeO2 was cal-
ulated according to the single oscillator approximation (SOA)
ethod30 equal to 5.57 × 10−20 J. As shown in Fig. 9, in pH

, the attractive van der Waals forces are dominant interparticle
orces. This leads to formation of flocculated structures, which
esult in rapid settling of particles in these bidispersed suspen-
ions. When the pH value reaches to 10, calculation indicate a net
epulsive interaction between ceria and alumina particles, which
s very close to that between ceria nanoparticles. The repulsion
arrier between ceria nanoparticles and alumina particles hin-
ers the adsorption of the ceria nanoparticles onto the surface
f alumina particles and show that the ceria nanoparticles only
egregated near the surface of alumina particles and form halos
round them, which result in stable alumina-ceria bidispersed
uspension.

. Conclusion

Based on the work done in this research, the following general
onclusions can be presented:

Nanoparticles weight fraction. The stability behavior of the
5 wt.% alumina suspensions with different ceria contents
ranging from 0 to 4.8 wt.% was investigated at pH 10 by sedi-
mentation techniques. It was indicated that ceria nanoparticles
can enhance the dispersion of the alumina particles at pH 10
by forming a monolayer halo around alumina particles. The
ceria nanoparticles concentration corresponding to the opti-
mum dispersion for 5 wt.% alumina slurry was determined
around 3.84 wt.% experimentally, which was about 1.4 times
the value obtained from theoretical equations. This discrep-
ancy between the results can be related to the existence of a
certain amount of the ceria nanoparticles in the bulk solution.
The effect of pH. The effect of pH on the stability of the
alumina-ceria bidispersed suspension was critical. At pH 10,
a good dispersion of alumina particles was obtained which is
attributed to charge build up on the surface of alumina parti-
cles due to high charged ceria nanoparticles haloing around
them. The calculated DLVO interparticle interaction poten-
tials verified the experimental results of the pH effect on the
stability behavior of the investigated bidispersed suspensions.

Therefore, the high charged ceria nanoparticles halo forma-
ion around alumina particles and stabilization of suspension

y halos mechanism was verified at pH 10 for 5 wt.% alumina
icrospheres and 3.84 wt.% ceria nanoparticles suspensions.
hese conclusions can be used in manufacturing nanocomposite
icrostructures, practically.
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