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a b s t r a c t

In our previous paper we found that the particles in the slurry can agglomerate by adding larger amount
of polyelectrolyte dispersant compared to that needed to attain well dispersion. Thus, the dependency of
initial particle concentration on the agglomeration and its mechanism in slurry prepared by adding
excess polyelectrolytes was experimentally discussed. It was shown that agglomeration behavior
strongly depends on the additive amount of polyelectrolytes, not on the polyelectrolyte concentration
in the solution. It was also found that the dominant factor of agglomeration in slurry prepared by adding
extra polyelectrolytes should be the compression of the electrical double layer by the increased counter
ion concentration, not by the so called depletion effect or by pH change. Interestingly, the final sediment
had a relatively high packing fraction and good flowability in the case of the agglomerated slurry with
extra polyelectrolytes compared to that of the agglomerated slurry with an additional NaCl solution.
Crown Copyright ! 2011 The Society of Powder Technology Japan. Published by Elsevier B.V. All rights

reserved.

1. Introduction

Slurries are widely used in various industrial processes such as
ceramics wet shaping, spray-drying, solid–liquid separation and
waste water treatment. It is very important to appropriately control
the particle dispersion and flocculation state in slurries since a
desirable state is varied in each process [1–4]. In an aqueous system,
the particle dispersion and flocculation state can be changed by
changing the slurry pH and/or adding some additives such as
dispersants and flocculants. In the case of adding polyelectrolytes
for slurry preparation, it is well known that the particle assembling
state in the slurry changes as a network flocculated, well-dispersed,
and an agglomerated state, by increasing the additive amount
[5–11]. In general the particle settling velocity is lower and the
packing fraction of the final sediment is higher for the well-
dispersed slurry compared to the flocculated slurry in gravitational
settling tests. However, in our previous reports, we have reported
that both the settling velocity and the packing fraction of sediment
of agglomerated slurries are higher than those of well-dispersed
slurries [7,11]. In addition, it was also reported that the packing
fraction of pressure filtered cake formed from agglomerated slurry
is almost the same or higher than that of well-dispersed slurry [12].

If we can take advantage of the above unique features of
agglomerated slurry, improvements in the effectiveness of the
slurry processes should be possible. For example, a dense green
body can be quickly obtained from slip casting in ceramics or a
dense (low water content) cake can be quickly obtained from filtra-
tion in solid–liquid separation. Therefore, we believe that agglom-
erated slurry prepared by adding excess polyelectrolytes is a very
interesting research topic having great potential for application
to real industries.

Usually, dense slurries are used in the ceramic fabrication pro-
cess, while the particle concentration of slurries in waste water
treatment is very dilute. Thus, it is necessary to clarify the effect
of particle concentration in slurry on the agglomeration behavior
in practice. The objective of this study was to obtain a guideline
to prepare the above agglomerated slurry in a wide range of parti-
cle concentrations. The agglomeration mechanism in the slurry
prepared by adding excess polyelectrolytes is experimentally dis-
cussed as well.

2. Experimental procedure

2.1. Slurry preparation

Slurries were prepared from alumina powder (AES-11E, average
particle size = 0.48 lm, density = 3960 kg m!3, specific surface
area = 6.74 m2 g!1, Sumitomo Chemical, Japan) and distilled water.
One of the typical anionic polyelectrolytes, an ammonium salt of
polycarboxylate (CELUNA D-305, Mw = 6000–10,000, Chukyo
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Yushi, Japan, denotes PCA) was used in this study. Particle volu-
metric concentration was changed from 2.5 ppm to 5.0 vol%. At
first, a certain amount of alumina powder and distilled water were
mixed in a container and stirred for 10 min under ultrasonication
(Bandelin Electronic RK510H, power output = 640 W, Germany).
The prepared slurry was poured into a beaker and stirred by a mix-
er at 250 rpm for 30 min, adding a certain amount of polyelectro-
lyte solution (40 mass%). The PCA concentration was changed to
0.2–22 g L!1 for the 5 vol% slurry, and 2.8–22 g L!1 for the other
slurries.

2.2. Gravitational settling test

The prepared slurry was poured into a test tube with an inner
diameter of 4 cm. The initial slurry height was 15 cm. The slurry
was allowed to settle under gravity for 24 h. The time change of
interface between supernatant and slurry was measured and the
settling behavior was observed by a digital camera. After 24 h set-
tling, the part of the supernatant was sampled into a vial and ob-
served whether Tyndall effect occurred or not by using a
commercial laser pointer. In addition the PCA concentration in
the sampled supernatant was also measured by the total organic
carbon analyzer (TOC-650, Toray, Japan).

2.3. Characterization of formed sediment

The packing fraction of the sediment was calculated from the
measured sediment height after 24 h settling. The sediment height
was the average of five different points in the formed cake. After
that, the test tube was inclined and the flow behavior of the sedi-
ment was observed to evaluate its flowability.

2.4. Investigation of the agglomeration mechanism

It is expected that the main factors for agglomeration of slurry
containing excess polyelectrolytes should be changes in (1) slurry
pH, (2) polymer concentration or (3) ion concentration in the solu-
tion caused by additional polyelectrolytes. Therefore, in order to
identify the most dominant factor, slurries were prepared as
shown in Fig. 1, and the settling behavior was observed. At first,
the stock slurry with a particle concentration of 5 vol% and a PCA
content of 4.0 mg g!1-Al2O3 was prepared by hand mixing under
ultrasonication for 10 min. The additives written in Fig. 1 were
added into the stock slurry and stirred by a magnetic stirrer at
250 rpm for 30 min, and then the slurry was poured into a test tube
and allowed to settle. The settling behavior was observed by a dig-
ital camera. The additives were (1) 0.1 N HCl aq. for verification of

the slurry pH effect, (2) nonion polymers, polyvinyl alcohol
(Mw = 10,000, Sigma–Aldrich, USA, denotes PVA) and polyethylene
glycol (Mw = 8000, MP Biomedicals, France, denotes PEG) for veri-
fication of the polymer concentration effect, and 1 N NaCl aq. for
verification of the ion concentration effect. The details of the slurry
preparation conditions are summarized in Table 1.

3. Results and discussion

3.1. Effects of particle and polyelectrolyte concentration on
agglomeration

The appearance of the 5 vol% slurries with various PCA concen-
trations after 24 h settling is shown in Fig. 2. The top of the photos
in this figure is the interface between liquid and air. If the particles
in the slurry are well-dispersed, the settling distance for 24 h
should be about 2 cm according to the Richardson–Zaki equation
[13]. Thus, if the settling distance becomes more than 2 cm, it
means that the particles formed agglomerates. For the slurry with
0.2 g L!1 PCA, the particles flocculated because the repulsion force
was not enough strong for particle dispersion, resulting in a very
clear supernatant and lower packing fraction of the sediment. For
the slurries with 0.8–3.2 g L!1 PCA, the particles were well-dis-
persed due to the electrosteric repulsion caused by the adsorbed
PCA. Further PCA addition made the particles agglomerate, and fi-
nally, when adding 22 g L!1 PCA, suspending primary particles in
the supernatant were undetected, resulting in a clear supernatant
after 24 h settling.

Fig. 3 shows the slurry appearance after 24 h settling for the
various concentrations of particle and PCA, and Fig. 4 shows the
mapping results of whether all the particles agglomerated, that
is, if the supernatant after 24 h settling was clear or not. It was
found that all particles can agglomerate by adding an appropriate
amount of polyelectrolytes, even in extremely dilute slurry with
a particle concentration of 2.5 ppm. For all the slurries with clear
supernatant after 24 h settling, the adsorbed amount of PCA was
undetectable small by TOC measurement, showing that the resid-
ual PCA amount in the slurry was equal to its additive amount.
From Figs. 3 and 4, comparing the slurries with the same PCA con-
centrations, the denser slurries had more turbid supernatants. This
means that the denser slurries are harder to agglomerate, contrary
to the expectation that a more dilute slurry would be harder to
agglomerate, since the average particle distance is wider. From
these results, we can conclude that the agglomeration behavior
of the slurries with excess polyelectrolytes cannot be well orga-
nized by polyelectrolyte concentration.

On the other hand, we have already revealed that the adsorbed
amount of polyelectrolytes to AES-11E particles depends not on
the polyelectrolyte concentration, but on the additive amount of
polyelectrolytes on the basis of the unit mass of the particles
[14,15]. Therefore, we tried to rearrange the data by the additive
amount of PCA on the basis of the unit mass of particles, as shown
in Fig. 5. Comparing the slurries with the same additive amount of
PCA, the more dilute slurries tended to have more turbid superna-
tants, become harder to agglomerate. From these results, it was
found that the agglomeration behavior of the slurry with excess
polyelectrolytes can also be well organized by using an additive
amount of polyelectrolytes on the basis of the unit mass of the
particles.

3.2. Agglomeration mechanism of slurry with excess polyelectrolytes

3.2.1. Effect of slurry pH
Changes in slurry pH can induce transitions between particle

assembling states in slurry since the zeta potential of the particle

stock slurry
particle concentration
= 5 vol%
additive amount of PCA
= 4.0 mg g -1-Al2O3slurry pH
= 9.2

sample A

PCA PVA PEGHCl NaCl
additives

non

C E FDB

Fig. 1. Slurry preparation for determining the dominant factor of agglomeration.
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changes with the slurry pH [16]. Therefore, the effect of slurry pH
on agglomeration was first discussed. From the results shown in
Fig. 5, the pH value of the slurry with a PCA additive dosage of
111 mg g!1-Al2O3 is 7.6. Thus, a certain amount of HCl solution
was added into the slurry with a PCA dosage of 4.0 mg g!1-Al2O3

in which the particles were well dispersed, to adjust its pH value
from 9.2 to 7.6. From the observation of its settling behavior, as
shown in Fig. 6 (sample C), compared to samples A (PCA dosage
of 4.0 mg g!1-Al2O3, well-dispersed) and B (PCA dosage of
111 mg g!1-Al2O3, agglomerated), agglomeration cannot be in-
duced only by adjusting slurry pH.

The pH values of all the slurries discussed in Section 3.1 are
plotted in Fig. 7. There is no clear boundary of slurry pH between

Table 1
Slurry preparation conditions for determining the dominant factor of agglomeration.

Sample Additive amount of polymer [mg g!1-Al2O3] Particle conc. [vol%] Slurry pH [!] NH"4 or Na+ conc. [mol L!1]

PCA PEG PVA Total

A 4.0 – – 4.0 5.0 9.2 6.9 # 10!3

B 111 – – 111 4.7 7.6 0.17
C 4.0 – – 4.0 5.0 7.6 6.9 # 10!3

D 4.0 107 – 111 4.7 9.4 6.9 # 10!3

E 4.0 – 107 111 4.5 9.4 6.9 # 10!3

F 4.0 – – 4.0 4.2 9.2 0.17

polyelectrolyte
concentration

[g L-1]
0.2 0.8 1.6 3.2 4.8 6.4 7.2 8.0 11 13 15 17 22

Fig. 2. Photographs of 5 vol% slurries prepared under different polyelectrolyte concentrations after 24 h settling.
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Fig. 3. Photographs of slurries with different particle and polyelectrolyte concen-
trations after 24 h settling.
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Fig. 4. effects of particle and polyelectrolyte concentrations on agglomeration ; s
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had been suspending after 24 h.
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slurries with a clear supernatant and a turbid supernatant. Unfor-
tunately, it is very difficult to correctly measure the zeta potential
of particles in slurries with a higher dosage of PCA since its ion con-
centration is too high, however, the IEP shifts to more acidic side
with an increase in additive amount of anionic polyelectrolytes like
PCA [17]. We also had the experimental result that the IEP of the
slurry with 8.0 mg g!1-Al2O3 was almost 2.5. Therefore, the IEP is
expected to be acidic side compared to the working pH range of
this study, 6.9–9.6. In addition the dissociation coefficient of car-
boxylic polyelectrolytes did not change very much because the
pKa of carboxylic polyelectrolytes was around 5–6 [18–20]. It has
been also reported that the ratios of train, loop, and tail configura-
tions for carboxylic polyelectrolytes do not change in pH 7–8,
either [21]. From the above results and discussion, we can con-
clude that slurry pH does not play an important role in the agglom-
eration of slurry with excess polyelectrolytes.

3.2.2. Effect of polymer concentration
It is sometimes explained [22,23] that the agglomeration of

slurry with excess polyelectrolytes is a phenomenon similar to
the so-called depletion flocculation for suspensions containing
nonadsorbed polymers [24–26]. Depletion flocculation means that
particles agglomerate by the osmotic pressure created by the poly-
mer concentration difference between the interparticle region and

the bulk solution [27–30]. Therefore, nonionic polymers PEG and
PVA with equivalent molecular weight to PCA were added into
the slurries with a PCA dosage of 4.0 mg g!1-Al2O3 in order to
equate the total polymer concentration to 111 mg g!1-Al2O3. From
the result of polymer size measurement by DLS, as shown in Fig. 8,
the PCA, PEG and PVA used in this study had almost the same
average size, and PEG and PVA did not have charge, that is, any
counter ion, and thus, the real effect of polymer concentration on
agglomeration can be discussed. The settling behavior of slurries
with PEG and PVA are shown in samples D and E of Fig. 6. Neither
slurry had a clear supernatant after 24 h settling, demonstrating
that agglomeration does not occur when increasing only polymer
concentration.

The average particle distance in the slurries with a particle con-
centration of 5 vol% became almost 360 nm, as calculated from
Woodcock’s discussion in his previous paper [31]. Even if the par-
ticle concentration was 28.8 vol%, the corresponding packing frac-
tion of the final sediment under gravity, it would be 50 nm at the
most, which is still larger than the average polyelectrolyte size.
Therefore, the depletion effect is not the dominant factor for
agglomeration of slurry with excess polyelectrolytes.

3.2.3. Effect of ion concentration
Ion concentration increases with the additive amount of PCA

because of its dissociation. In order to discuss the effect of ion con-
centration on agglomeration, a NaCl solution was added into the
slurry with a PCA dosage of 4.0 mg g!1-Al2O3, and the settling
behavior of this slurry was observed. The counter ion of PCA is
NH"4 , however, if an ammonia solution was added to increase the
ion concentration, the slurry pH would increase at the same time,
thus, a typical indifferent electrolyte, a NaCl solution, was selected
to adjust only the ion concentration. The pH value of the agglom-
erated slurry, as shown in Section 3.1, was above 7.0, indicating
that almost all PCA was dissociated [18–20]. Supposing all the
added PCA was dissociated, the concentration of the NH"4 ion
should be 0.17 mol L!1, thus, a certain amount of NaCl solution
was added to adjust the concentration of Na+ ion to 0.17 mol L!1.
The prepared slurry was sample F in Fig. 6, having a clear superna-
tant after 24 h settling. This means that the particles in well-dis-
persed slurry can agglomerate when increasing only the ion
concentration up to the same level of the agglomerated slurry with
excess polyelectrolytes.

From all the results and discussion we can conclude that the
dominant factor of agglomeration in slurry with excess polyelec-
trolytes is not the change in slurry pH or the depletion effect, but

A B Csample D E F

Fig. 6. Photographs of slurries with different additives after 24 h settling.
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the increase in the ion concentration due to its dissociation, result-
ing in compression of electrical double layer around the particles
[32–35]. Furthermore, it had been also reported that the adsorbed
polyelectrolyte layer was compressed by the repulsion between
the anion and the negatively charged hydrophilic group of the
polyelectrolyte dispersant [36], thus, this is the possible reason
to make particles agglomerated as well.

However, as shown in Fig. 4, the dilute slurries with polyelec-
trolyte concentrations of 2.8 and 4.0 g L!1 agglomerated even for
the low ionic concentration, thus, we need further investigation
to clarify the dependency of particle concentration on the agglom-
eration behavior by adding excess polyelectrolyte dispersant.

3.3. Packing fraction and flowability of sediment

Finally, the difference in sediments obtained from the slurry
with excess polyelectrolytes, sample B, and the slurry prepared
by adding NaCl in the well-dispersed slurry, sample F, will be dis-
cussed. Fig. 9 shows the appearance and flow behavior of the final
sediments. It is clearly shown that the sediment of sample B had a
higher packing fraction and smoother surface compared to that of
sample F. It was also found that the sediment of sample B could
flow much easier than that of sample F after 1 day and 3 days, cor-
responding to the time to finish settling for sample B. These results
suggest that, for agglomerated slurry with excess polyelectrolytes,
nonadsorbed polyelectrolytes should be between the particles in
the sediment and help to reduce interparticle friction, resulting
in denser and easier flowable sediment compared to the similar
agglomerated slurry with indifferent electrolytes.

4. Conclusion

The effects of particle and polyelectrolyte concentration on the
agglomeration were discussed. Furthermore, the dominant factor
of agglomeration was experimentally investigated. The following
conclusions were deduced:

(1) All particles in a slurry can agglomerate by adding an appro-
priate amount of polyelectrolytes, even for dilute slurry of a
particle concentration of 2.5 ppm.

(2) The agglomeration behavior of slurries with excess polyelec-
trolytes can be well organized, not by the polyelectrolyte
concentration, but by the additive amount of polyelectro-
lytes on the basis of the unit mass of the particles.

(3) The dominant factor to cause agglomeration of slurry with
excess polyelectrolytes is not the so-called depletion effect
induced by the polyelectrolyte concentration difference
between the interparticle region and bulk solution, but the
compression of both the adsorbed polyelectrolyte layer
and electrical double layer induced by the increase in ion
concentration.

(4) The sediment obtained from agglomerated slurry with
excess polyelectrolytes has a higher packing fraction and
better flowability compared to that obtained from agglomer-
ated slurry with indifferent inorganic electrolytes.

Acknowledgments

This work was in part financially supported by Research Grant
(A) of The Salt Science Research Foundation, Seeds Excavation (A)
of Japan Science and Technology Agency, and Grant-in-Aid for Sci-
entific Research (B) of Japan Society for the Promotion of Science
(JSPS).

References

[1] F.F. Lange, Powder processing science and technology for increased reliability,
J. Am. Ceram. Soc. 72 (1989) 3–5.

[2] J.A. Lewis, Colloidal processing of ceramics, J. Am. Ceram. Soc. 83 (2000) 2341–
2359.

[3] R. Sivamohan, The problem of recovering very fine particles in mineral
processing – A review, Int. J. Miner. Process 28 (1990) 247–288.

[4] P. Jarvis, B. Jefferson, J. Gregory, S.A. Parsons, A review of floc strength and
breakage, Water Res. 39 (2005) 3121–3137.

[5] M. Arakawa, K. Hirota, T. Kimura, H. Kobayashi, H. Murata, A study of the
aggregated structure of fine particles in a slurry, J. Soc. Powder Technol., Japan
26 (1989) 638–645.

[6] T. Kimura, M. Arakawa, K. Hirota, H. Murata, Computer simulation on
aggregated structure of fine particles in slurry, J. Soc. Powder Technol., Japan
27 (1990) 218–224.

[7] J. Tsubaki, M. Kato, M. Miyazawa, T. Kuma, H. Mori, The effects of the
concentration of a polymer dispersant on apparent viscosity and
sedimentation behavior of dense slurries, Chem. Eng. Sci. 56 (2001) 3021–
3026.

[8] Y. Fukuda, T. Togahi, Y. Suzuki, M. Naito, H. Kamiya, Influence of additive
content of anionic polymer dispersant on dense alumina suspension viscosity,
Chem. Eng. Sci. 56 (2001) 3005–3010.

[9] Y. Otsubo, The present status and prospect of suspension rheology, J. Soc.
Rheol., Japan 31 (2003) 15–22.

[10] M. Takahashi, M. Oya, M. Fuji, Transparent observation of particle dispersion in
alumina slurry using in situ solidification, Adv. Powder Technol. 15 (2004) 97–
107.

[11] H. Kim, T. Mori, J. Tsubaki, Effects of solid concentration and dispersant dosage
on sedimentation behavior, J. Soc. Powder Technol., Japan 41 (2004) 656–662.

[12] H. Kim, T. Mori, J. Tsubaki, Development of slurry characterization method by
constant pressure filtration-analysis of cake forming behavior, J. Ceram. Soc.,
Japan 113 (2005) 761–767.

[13] J.F. Richardson, N.W. Zaki, Sedimentation and fluidisation. Part 1, Trans. Inst.
Chem. Eng. 32 (1954) 35–53.

[14] T. Mori, I. Inamine, R. Wada, T. Hida, T. Kiguchi, H. Satone, J. Tsubaki, Effects of
particle concentration and additive amount of dispersant on adsorption
behavior of dispersant to alumina particles, J. Ceram. Soc., Japan 117 (2009)
917–921.

[15] T. Kiguchi, I. Inamine, H. Satone, T. Mori, J. Tsubaki, Effects of dispersant dosage
on settling behavior, J. Soc. Powder Technol., Japan 47 (2010) 616–622.

[16] W. Sakamoto, H. Nakaoka, T. Yogo, S. Hirano, Dispersibility of BaTiO3 aqueous
slurries with poly ammonium acrylate based dispersant, J. Ceram. Soc., Japan
111 (2003) 811–814.

[17] K. Nagata, H. Yamamoto, Estimation and confirmation of adsorption behavior
of acrylic polymer on alumina from a molecular chemistry standpoint of adipic
acid adsorption, J. Ceram. Soc., Japan 116 (2008) 1208–1213.

[18] C. Shih, B. Lung, M. Hon, Colloidal processing of titanium nitride with poly-
(methacrylic acid) polyelectrolyte, Mater. Chem. Phys. 60 (1999) 150–157.

[19] A. Pettersson, G. Marino, A. Pursiheimo, J.B. Rosenholm, Electrosteric
stabilization of Al2O3, Zr2O, and 3Y-ZrO2 suspensions: effect of dissociation
and type of polyelectrolyte, J. Colloid Interface Sci. 228 (2000) 73–81.

[20] J. Cesarano III, I.A. Aksay, A. Bleier, Stability of aqueous a-Al2O3 suspensions
with poly(methacrylic acid) polyelectrolyte, J. Am. Ceram. Soc. 71 (1988) 250–
255.

[21] J. Davis, J. Binner, The role of ammonium polyacrylate in dispersing
concentrated alumina suspensions, J. Eur. Ceram. Soc. 20 (2000) 1539–1553.

sample B

flowability

sample F

after 1day

after 3day

0.288 0.238

final sediment

packing fraction [-] 0.288 0.238

Fig. 9. Observation of the final sediments and their flow behavior for samples B and F.

T. Mori et al. / Advanced Powder Technology 23 (2012) 661–666 665



Author's personal copy

[22] T. Tadros, A. Zsednai, Application of depletion flocculation for prevention of
formation of dilatant sediments, Colloids Surf. 43 (1990) 105–
116.

[23] J. Burns, Y. Yan, G. Jameson, S. Biggs, Relationship between interaction forces
and the structural compactness of depletion flocculated colloids, Colloids Surf.
A 162 (1999) 265–277.

[24] Y. Yan, J. Burns, G. Jameson, S. Biggs, The structure and strength of depletion
force induced particle aggregates, Chem. Eng. J. 80 (2000) 23–30.

[25] K. Furusawa, M. Ueda, T. Nashima, Bridging and depletion flocculation of
synthetic latices induced by polyelectrolytes, Colloids Surf. A 153 (1999) 575–
581.

[26] M. Michalkova, K. Ghillanyova, D. Galusek, The influence of solid loading in
suspensions of a submicrometric alumina powder on green and sintered
pressure filtrated samples, Ceram. Inter. 36 (2010) 385–390.

[27] K. Furusawa, New Technology and Applications of Dispersion and Emulsion
Systems, Techno-System (2003), pp. 114–133.

[28] J. Goodwin, Colloids and Interfaces with Surfactants and Polymers, Wiley, 2004
(pp. 87–93).

[29] R.J. Hunter, Foundations of Colloid Science, vol. 1, Oxford Science Publications,
1985 (pp. 482–493).

[30] A. Kitahara, Fundamentals of Interface and Colloid Chemistry, Springer, 1994
(pp. 120–128).

[31] L.V. Woodcock, Developments in the non-newtonian rheology of glass forming
systems, Lect. Notes Phys. 277 (1987) 113–124.

[32] L.H. Allen, E. Matijevic, Stability of colloidal silica I. Effect of simple
electrolytes, J. Colloid Interface Sci. 31 (1969) 287–296.

[33] R.J. Hunter, Foundations of Colloid Science, vol. 1, Oxford Science Publications,
1985 (pp. 89–95).

[34] A. Kitahara, Fundamentals of Interface and Colloid Chemistry, Kodansha, 1994
(pp. 107–112).

[35] A. Kitahara, K. Furusawa, M. Ozaki, H. Oshima, Zeta Potential – Physical
Chemistry of Fine Particles Interface, Scientist Press, 1995 (pp. 93–106).

[36] Y. Fukuda, T. Togashi, M. Naito, H. Kamiya, Analysis of electrosteric interaction
of polymer dispersant in dense alumina suspensions with different counter-
ion densities using at atomic force microscope, J. Ceram. Soc., Japan 109 (2001)
516–520.

666 T. Mori et al. / Advanced Powder Technology 23 (2012) 661–666


