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Fig. 1. Schematic illustration of material fabrication process.
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The particle-packing structure of Al2O3 slurry was evaluated by using constant pressure filtration. The influences

of initial solid concentration and dispersant amount on the cake forming behavior were discussed. It was shown

that the packing fraction of formed cake is almost independent of filtration pressure under 10 vol� of initial

solid concentration. However at a relatively high solid concentration �20 and 35 vol��, the packing fraction of

cake increased with filtration pressure. The cake forming behavior was classified into four patterns by plotting

the resistance of the formed cake as a function of particle volume in the formed cake; the plots were �a� a

straight line, �b� a convex curve, �c� a concave curve, and �d� a combination of a concave curve and a flat line.

The particle dispersion and flocculate degree were discussed on the basis of the results obtained by constant–pres-

sure filtration. �Received April 27, 2005; Accepted September 15, 2005�

Key-words : Constant-pressure filtration, Packing fraction of cake, Cake forming behavior, Degree of particle

dispersion or flocculation, Particle interaction

1. Introduction

The density and structure of green bodies produced by slip

casting or tape casting, and spray-dried granules are in-

fluenced by slurry properties. Slurry characterization plays an

important role in ceramic fabrication processes to control the

properties of final products.1�,2�

Many investigations have been performed to evaluate slurry

rheological properties such as apparent viscosity.3�,4� How-

ever, it has been reported that the apparent viscosity of slurries

does not have a good relationship with the packing density of

green bodies.5�–8� It has also been reported that the structure of

spray-dried granules strongly depends on the degree of floccu-

lation in the prepared slurries, and granules prepared from

well-dispersed slurry are irregular and the majority of them

are hollow, while flocculated slurry results in essentially spher-

ical and solid granules.9�,10�

Wet shaping can be described as a condensation, dehydra-

tion and drying process as shown in Fig. 1.11� During conden-

sation the distance between particles decreases. If the repulsive

force between particles is strong, particles are well dispersed

and packed denser. On the other hand if the attractive force

between particles is dominant, particles flocculate easily and

form a network structure with a low density. In addition, the

external force acts in the dehydration and drying process, the

formed particles' network structure should be compressed

where the external force is sufficiently large to break the net-

work structure. Therefore, the final packing density of the

green body should be determined by particle interaction and

the external force acting in the condensation, dehydration and

drying process. The apparent viscosity that represents the

fluidity of slurry is an important property for handling,

however the slurry does not flow anymore during the conden-

sation, dehydration and drying process. This means that it is

important to evaluate not only the fluidity but also the con-

densation behavior of slurry for optimal design of wet shap-

ing.

The slurry condensation behavior has been usually charac-

terized by sedimentation or centrifugal sedimentation and

there are many reports12�–16� associated with the sedimentation

test. However, the experimental time is very long because the

particle size is on the submicron order in the ceramics indus-

try, therefore a new evaluation method is required to shorten

experimental time.

From this viewpoint, we developed a hydrostatic pressure

measurement method17� that can easily evaluate slurry conden-

sation behavior in short periods. In addition, a constant-pres-

sure filtration method18� was proposed to evaluate the depen-

dency of external force on the packing fraction �particle

volume fraction in a cake� of formed cake more easily.

Filtration has been widely investigated in the solid-liquid
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Fig. 2. Experimental flow.

Fig. 3. Adsorption isotherms for dispersant on Al2O3 surfaces as

function of the additive amount of dispersant.

Table 1. Dispersant Dosage �mg�g-Al2O3�

Fig. 4. Experimental apparatus used for constant-pressure filtra-

tion.
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separation field and the filtration theory has already been

established.19�–23� However, for slurry characterization, it is

more important to estimate the average packing fraction of

cake or the change in packing fraction during filtration than to

describe the filtration behavior precisely, and the filtration

equation including the average filtration resistance and the

mass ratio of wet cake to dry cake is not necessarily in a suita-

ble form.

In our previous report,18� we established a new analysis

method of filtration based on Kozeny–Carman's equation

whose physical meaning is simple and well understood. We

have already reported the experimental data for the flocculate

system,18� therefore, in this report, the effects of dispersant

amount, initial solid concentration and filtration pressure on

the slurry condensation behavior were systematically investi-

gated.

2. Experiment

2.1 Slurry preparation

Figure 2 shows the experimental flow. The raw material was

a-Al2O3 �AES–11E with average particle size of 0.48 mm,

Sumitomo Chemical� and polyacrylic ammonium �molecular

weight is 6000–10000, Toa Gosei� was used as dispersant. The

initial solid concentrations were 1, 3, 5, 10, 20 and 35 vol�.

The dispersant amounts were 1.6, 2.4, 3.6 and 6.0 mg�g Al2O3

for slurries of 35 vol�.2�,18� Figure 3 shows the adsorbed

amount of dispersant for each slurry measured using a total

organic carbon analyzer �Model TOC–506, TORAY�. The

dotted line indicates the ideal 100� adsorption of the

dispersant on the particle surfaces. The adsorbed dispersant

amounts were 1.1, 1.8, 2.5 and 2.2 mg�g Al2O3 for slurries

with 1.6, 2.4, 3.6 and 6.0 mg�g Al2O3 additions, respectively.

The saturated adsorption was achieved with 3.6 mg�g Al2O3

addition; therefore 1.6 and 2.4 mg�g Al2O3 additions result

in unsaturated adsorption, whereas 6.0 mg�g Al2O3 results in

excessive addition. For other initial solid concentrations, the

additive amounts of dispersant were determined so as to have

equal adsorbed amounts for slurries of 35 vol�. The additive

amount of dispersant,Mq, for the slurry with the solid concen-

tration q, was calculated using Eq.�1� proposed in our previ-

ous report.18�

Mq�M0�C0

rl

rp �
1

q
	

1

q0 � �1�

In this equation, M0 denotes the adsorbed dispersant amount

and C0 denotes the non adsorbed dispersant amount for slur-

ries of 35 vol�. Table 1 shows the dispersant amounts for

slurries with different solid concentrations.

Slurries were prepared by ball-milling for 1 h using alumina

balls in a polyethylene bottle. The slurries were degassed for

10 min by vacuum treatment and then subjected to apparent

viscosity measurements using a rotational viscometer �Vis-

co–BL, Tokimec Inc.� at 298 K, at a shear rate of 4.5 s�1.

2.2 Constant-pressure filtration

Figure 4 shows the schematic illustration of the experimen-

tal apparatus for constant-pressure filtration. The prepared

slurry was poured into an acrylic cylinder with an inner
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Fig. 5. Effects of solid concentration and adsorbed amount of dis-

persant on apparent viscosity of slurries.
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diameter of 35 mm and then compressed at specified pressures

of 50, 100 and 200 kPa using air. The initial slurry amount

was 80 ml for a slurry of 1 vol� and others were 40 ml to

obtain the cake with a measurable height. The time change of

the filtrate was measured using an electric balance and record-

ed on a computer.

If a liquid with the viscosity m passes through the cake with

the average packing fraction F and the thickness L, the

relationship between the pressure acting on the cake P and the

filtration rate d[�dt is described as following Kozeny–Car-

man's equation.24�

P��Rm�S 2
v k

F2

�1	F�3
L�m d[

dt
�2�

Rearranging Eq.�2� gives

P

mS 2
v k

dt

d[
�

F

�1	F�3
�LF�Rm
� �3�

where LF denotes the volume of the particles within the

formed cake. The specific surface area Sv was calculated from

the final cake height and packing fraction and the calculated

value was substituted in Eq.�3�. In Eq.�3�, P�mS 2
v k is

constant, therefore the left side depends on dt�d[, the inverse

of filtration rate. That is, the left side of Eq.�3� represents the

filtration resistance.

Because the cake height can not be measured during the ex-

periment it was calculated from the filtrate using the following

mass balance equation.

FL�q�[�L� �4�

If the average packing fraction of formed cake is constant dur-

ing filtration the plot of the left part of Eq.�3� versus cake LF

becomes a straight line. On the other hand, if the average

packing fraction changes, then the plot is out of line. That is,

if the packing fraction increases, the plot is a concave curve or

if the packing fraction decreases, the plot is a convex curve.

Therefore, the cake forming behavior can be predicted by the

shape of this plot.18�

3. Results

3.1 Apparent viscosity

Figure 5 shows the effects of dispersant amount and initial

solid concentration on the apparent viscosity of prepared slur-

ries. For slurries with adsorbed amounts of dispersant of 1.1

and 2.2 mg�g Al2O3, the apparent viscosities were almost the

same below a solid concentration of 10 vol�; however, they

increased rapidly beyond 20 vol�. For slurries with adsorbed

amounts of dispersant of 1.8 and 2.5 mg�g Al2O3, the appar-

ent viscosity was independent of solid concentration.

3.2 Constant pressure filtration

3.2.1 Filtration pattern

Figure 6 shows the plots of the left part of Eq.�3� versus

LF. For slurries with an adsorbed amount of dispersant of 1.1

mg�g Al2O3 �Fig. 6�a��, the shape of the plot was a straight

line below 10 vol� and a convex curve at 20 vol� at all filtra-

tion pressures whereas it changed complicatedly at 35 vol�,

that is, a straight line at 50 kPa, a convex curve at 100 kPa and

also a straight line at 200 kPa. For slurries with an adsorbed

amount of dispersant of 1.8 mg�g Al2O3 �Fig. 6�b��, the plot

was a straight line below 20 vol� and a convex curve only at

35 vol�, regardless of filtration pressure. For slurries with an

adsorbed amount of dispersant of 2.5 mg�g Al2O3 �Fig. 6

�c��, the plot was a concave curve above 10 vol�. However,

below 5 vol� the plot was a concave curve at the initial stage

of filtration, changed to a convex curve or a straight line at

first and then changed to a concave curve. For slurries with an

adsorbed amount of dispersant of 2.2 mg�g Al2O3 �Fig. 6

�d��, the plot was a concave curve up to a certain volume of

formed cake, after that, the plot became roughly parallel to

the x-axis. Furthermore, the plot was a concave curve above

20 vol� except for that of 35 vol�, at a filtration pressure of

200 kPa.

3.2.2 Dependency of filtration pressure

Figure 7 shows the dependency of filtration pressure on the

final packing fraction of cake. The plots at a pressure of zero

correspond to the final packing fraction of sediment obtained

from the gravitational sedimentation test.12� For slurries with

an adsorbed amount of dispersant of 1.1 mg�g Al2O3 �Fig. 7

�a��, the packing fraction was almost constant below 10 vol�

at all filtration pressures. Above 20 vol�, the packing frac-

tion increased with filtration pressure. For slurries with an

adsorbed amount of dispersant of 1.8 mg�g Al2O3 �Fig. 7

�b��, the dependency was similar to those of 1.1 mg�g Al2O3,

however, the packing fraction increased only in the case of

slurries with a concentration of 35 vol�. For slurries with

adsorbed amounts of dispersant of 2.5 and 2.2 mg�g Al2O3

�Figs. 7�c� and �d��, the packing fractions were almost the

same at all solid concentrations and filtration pressures. As a

consequence, for a relatively dilute slurry �below 10 vol��,

the packing fraction of cake was almost independent of filtra-

tion pressure for all adsorbed amounts of dispersant, while

that of dense slurry �20 and 35 vol�� increased with filtration

pressure at small adsorbed amounts of dispersant �1.1 and 1.8

mg�g Al2O3�.

4. Discussion

4.1 Classification of filtration behavior

Figure 8 shows typical filtration curves in Fig. 6. Here, the

filtration curves were classified into four patterns, A, B, C,

and D.

Pattern A is a straight line plot and is observed for relatively

dilute slurries with adsorbed amounts of dispersant of 1.1

and 1.8 mg�g Al2O3 regardless of filtration pressure. Pattern B

is a concave curve plot and occurs in the case of relatively

dense slurries with adsorbed amounts of dispersant of 2.5

and 2.2 mg�g Al2O3. Pattern C is a convex curve plot and

is found in the case of dense slurries �20 and 35 vol�� with

small adsorbed amounts of dispersant �1.1 and 1.8 mg�g
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Fig. 6. Effects of solid concentration and filtration pressures on filtration pattern. The adsorbed amounts of dispersant are �a� 1.1, �b� 1.8,

�c� 2.5 and �d� 2.2 mg�g Al2O3.
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Al2O3�. Pattern D is a straight line or concave curve plot until

a certain cake volume and after that a flat line. Pattern D is

shown in the case of slurries with an adsorbed amount of dis-

persant of 2.2 mg�g Al2O3, below 10 vol� at all filtration

pressures. For dilute slurries �below 5 vol�� with an ad-

sorbed amount of dispersant of 2.5 mg�g Al2O3, the plot

became a combined pattern of a straight line or a concave

curve, and a convex curve. �This is called a combined pattern

later�

The classification results of filtration behavior are summa-
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Fig. 7. Dependency of filtration pressure on the final packing frac-

tion of cake. The adsorbed amounts of dispersant are �a� 1.1 ,

�b� 1.8, �c� 2.5 and �d� 2.2 mg�g Al2O3.

Fig. 8. Schematic diagram of the typical filtration patterns.

Table 2. Grouping of Filtration Pattern

Fig. 9. Typical example of combined pattern. Sample slurry was

1 vol�, 2.5 mg�g Al2O3. Filtration pressure was 100 kPa.
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rized in Table 2. The values in Table 2 represents the ratio of

the period of each filtration pattern to all filtration periods.

For example, in the case of an adsorbed amount of dispersant

of 2.5 mg�g Al2O3, a solid concentration of 1 vol� and a

filtration pressure of 100 kPa �Fig. 9�, 73� of the plot was

pattern B and 27� was pattern C. In the case of an adsorbed

amount of dispersant of 1.1 mg�g Al2O3, a solid concentration

of 1 vol� and a filtration pressure of 50 kPa, the plot was pat-

tern A from the start to the end of filtration.

4.2 Cake forming behavior

Figure 10 shows a schematic illustration of cake forming

behavior corresponding to each filtration pattern. If the

average packing fraction of the formed cake is constant during

filtration, the plot becomes a straight line, namely, pattern A.

In the case of slurries with an adsorbed amount of dispersant

of 1.1 mg�g Al2O3 below 10 vol�, considering the results in

Fig. 6, particles could be well dispersed and form a relatively

dense cake with homogeneity as shown in Fig. 10A�a� . In

contrast, for a slurry with an adsorbed amount of dispersant

of 1.1 mg�g Al2O3 and a solid concentration of 35 vol�, par-

ticles may form a network structure with almost the same

packing fraction as that of the slurry with the initial solid con-

centration, as shown in Fig. 10A�b�.12�

Generally, the local solid compressive pressure at the same

distance from the bottom increased with cake height.14�,25�,26�

If the lower layer of the formed cake was compressed by the

increased compressive pressure, the average packing fraction

of cake increased as the filtration proceeded and the plot

became a convex curve, pattern B.

The total pressure drop of the cake is equal to the filtration

pressure and is constant under constant pressure filtration.

Therefore, the pressure gradient of cake decreased as cake

height increased. If the packing fraction of the upper cake

decreased with decreasing pressure gradient, the average

packing fraction decreased, resulting in pattern C �a concave

curve�. In Table 2, pattern C appeared in the case of slurries

with smaller adsorbed amounts of dispersant �1.1 and 1.8

mg�g Al2O3� and higher solid concentrations �20 and 35

vol��, which means the attractive forces between particles
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Fig. 10. Schematic illustration of cake forming behavior and distri-

bution of packing fraction in formed cake.
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are relatively strong.

If the effect of particle settling can not be ignored, only the

liquid left over the cake permeates through the cake as in the

previous report.27� In this case, the plot becomes pattern D.

Pattern D appeared in the case of slurries with lower solid con-

centrations and excessive additive amounts of dispersant, sug-

gesting that particles formed aggregates. However, the num-

ber of aggregates was too small to form a network structure

and as a result each aggregate settled separately.

For slurries with lower solid concentrations �1–10 vol��,

the plot was pattern D at an adsorbed amount of dispersant of

2.2 mg�g Al2O3, while the plot was a combined pattern at 2.5

mg�g Al2O3, although the dispersant amounts of all these slur-

ries were over the saturation value. This is probably due to the

difference in non adsorbed polymer concentration. That is,

slurries with an adsorbed amount of dispersant of 2.5 mg�g

Al2O3 had smaller concentrations of non adsorbed polymer,

causing a decrease in osmotic pressure, which induced parti-

cles to coagulate.28�,29� Therefore, for these slurries, all parti-

cles in slurry could not form aggregates, which means some

aggregates settled rapidly and then some smaller particles set-

tled, resulting in the combined pattern.

Summarizing the dependency of filtration pressure, for slur-

ries with smaller adsorbed amounts of dispersant �absorbed

amounts of dispersant are 1.1 and 1.8 mg�g Al2O3� and exces-

sive addition �2.2 mg�g Al2O3�, the filtration pressure had lit-

tle influence on the plot's pattern, while the ratio of pattern A

increased with an increase in filtration pressure for slurries

with an adsorbed amount of dispersant of 2.5 mg�g Al2O3.

5. Conclusions

Slurry compressibility was evaluated using constant pres-

sure filtration and the effects of the solid concentration, dis-

persant amount and filtration pressure on the packing fraction

of formed cake and cake forming behavior were discussed.

The following conclusions were deduced:

�1� For relatively dilute slurry �below 10 vol�� the pack-

ing fraction of cake was almost independent of filtration pres-

sure at all adsorbed amounts of dispersant, while that of dense

slurry �20 and 35 vol�� increased with an increase in filtra-

tion pressure at small adsorbed amounts of dispersant �1.1

and 1.8 mg�g Al2O3�.

�2� The cake forming behavior was classified into four

patterns; the resistance of the formed cake �a� increased

linearly �b� increased as a curve �c� decreased and �d� in-

creased and then remained constant.

�3� The results reported in this paper suggest that the

difference in flocculation degree could be evaluated qualita-

tively from the pattern of the filtration plot.
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Nomenclature

C0 : non adsorbed dispersant concentra-

tion at 35 vol�

�kg�m�3�

k : Kozeny constant �–�

L : cake thickness �m�

Mq : dispersant dosage of slurry with con-

centration q

�mg�g–Al2O3�

M0 : dispersant dosage of slurry �q�0.35� �mg�g–Al2O3�

P : filtration pressure �Pa�

Rm : medium resistance �m�1�

Rm
 : coefficient defined by Eq.�3� �m�

Sv : specific surface area of particle �m�1�

t : filtration time �s�

[ : filtrate volume per unit area �m�

q : solid concentration of slurry �–�

F : packing fraction of cake �–�

m : liquid viscosity �Pa�s�

rl : liquid density �kg�m�3�

rp : particle density �kg�m�3�


