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A thorough investigation of the slip casting process for the manufacture of tubular alumina microfil-
tration membranes is presented. For this means an initial powder of an average particle size of 2 pm and
broad size distribution (up to 10 um) for imparting initial large pores during the slip casting process was
used. The dispersing ability of sodium carboxymethylcellulose (Na-CMC) and Tiron (CsH404S,Na,-H,0)
for slips containing 40, 50 and 60 wt. % of alumina was studied. It was shown that Na-CMC is not able to
act as a proper dispersant. The kinetics of the slip casting process and time dependences of cast two-
dimensional profile were investigated in function of slip concentration. The effect of sintering tempera-
ture on the pore microstructure of the final products was investigated. In all cases, the cross sections of
the tubular membranes consisted of two regions: an inner thick section, consisting of relatively large
pores, and a thin outer section, consisting of smaller pores. This phenomenon was attributed to Na-CMC
migration during drying prior to sintering. The ratio of the thicknesses of the two sections depended on
the slip concentration and sintering temperature. The average permeable pore size, based on dry nitrogen
permeability experiments, was in the range of 0.13-0.24 um. The controlled use of partial binder migra-
tion during cast drying for the production of graded microfilter membranes was addressed.
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1. Introduction

Ceramic membranes have attracted increasing interest in academic and industrial
sectors during the last two decades. Most scientific reports concerning ceramic mem-
brane processing discuss flat membrane preparation and far fewer have reported on the
manufacture of tubular membranes. The latter include extrusion [1, 2] and centrifugal
casting methods [3, 4]. Slip casting is a conventional ceramic processing method,
widely used for the production of dense alumina tubular sintered bodies, mostly tradi-
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tional ceramics [5]. However, there has been no reported research on the application of
the latter method to the manufacture of microfilter membranes. This is while slip cast-
ing is considered a relatively simple and economical industrial processing route for the
production of ceramic bodies and is applied to the manufacture of tubular microfilter
membranes by the industrial sector. The present investigation discloses for the first
time a systematic approach to study the slip casting process for the manufacture of
alumina tubular microfilters.

In conventional alumina slip casting, submicron powder is usually used [5, 6].
This is for guaranteeing slip stability during casting (avoiding particle sedimentation
and flocculation). Slip cast bodies obtained by such powders generally result in low
permeability of the sintered final products. Using larger particle sizes enhances per-
meability by introducing initial larger pores. In order to investigate this more compre-
hensively, the initial powder used in this study consisted of a wide range of particle
sizes, from submicron to ten microns with an average around 2 pm.

In this work, high purity alumina sintered microfilters were considered. Sodium
carboxymethylcellulose (Na-CMC) was used as dispersant in the first attempt. This
was performed according to the existing reports claiming the effectiveness of Na-
CMC in slip casting of high purity alumina, acting as a deflocculant, binder and flux-
ing agent with low residual sodium upon burnout, albeit for sub-micron powders
[7, 8]. The sedimentation, zeta potential and rheological behaviour of the slips in func-
tion of Na-CMC content and solid loading for the powder used in this work are pre-
sented in the first part. Furthermore, the effect of adding a polyvalent organic salt
(Tiron, C¢H404S,Na,-H,0) for improving significantly the slip stability was investi-
gated. This is while existing reports on alumina slips sedimentation behaviour have
considered only the effect of one additive as a dispersant [9—14]. To the best of the
authors knowledge, few reports have been published concerning the stabilization of
alumina slips and which consider both the dispersant as well as the binder [15]. Slip
casting was performed on slips containing both Tiron (as a dispersant) and Na-CMC
(as a binder and a fluxing agent). The effect of slip solid loading on the slip casting
process (two-dimensional cast profile in function of time and slip solid loading) is
presented in the second part of this study. In the third part, the effect of slip concentra-
tion and sintering temperature on the characteristics of the final sintered microfilter
membranes (microstructure, porosity, nitrogen permeability, effective permeable pore
size) were investigated.

Finally, the controlled use of partial binder migration during cast drying for the
production of graded microfilter membranes was addressed.

2. Experimental
A Martoxide alumina powder (MR42, 99.8 wt. % of a-alumina) was used. The av-

erage particle diameter was 2 um. The particle size distribution was as follows:
0.3 <djp<0.6 um, 1.5 <dso < 2.5 um and 3.0 < dgg < 5.0 um. The specific surface
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area was 2.5 mz-g’l. The impurities were as follows: Na,O < 0.10, CaO < 0.05, Fe,O;
< 0.04 and SiO, < 0.06 wt. %. Na-CMC from Merck was used for several purposes
(dispersant, binder, sintering aid). It had the viscosity of around 75 Pas at 25 °C when
dissolved in distilled water to get a 2 wt. % aqueous solution. Tiron from Acros Co.
was used as a dispersant.

Slips containing 40, 50 and 60 wt. % of alumina with Na-CMC alone (N slips) or
Na-CMC and Tiron (TN slips) were prepared according to the following procedure:
For the N slips, first appropriate quantities of alumina in distilled water were milled in
a fast mill for 15 min (first step). Afterwards, appropriate quantities of Na-CMC as
aqueous solution (1 wt. %) were added and the resulting mixture was fast milled for
5 min. For the TN slips, Tiron was also added in the first step as 0.0017 g per 1 g of
alumina powder. The latter optimum proportion was taken according to ref. [16]. Sta-
ble slips for the slip casting processes were produced using a Na-CMC content of
0.05 g per 100 g of alumina for the 40 and 60 wt. % of alumina concentrations.

Sedimentation tests were performed using test tubes filled with 10 cm’ of the slips.
The height of the sediment after 24 h was measured for each case. All the sediment
tests were repeated after a time interval of more than 2 months, to ensure that the ob-
served results were not affected by gross errors. The data presented further in the text
are the average results.

For the production of tubular green compacts by slip casting, appropriate molds
(hydrated calcium sulfate) were prepared. An Iranian plaster of Paris (industrial grade,
> 95 wt. % a-hemihydrate calcium sulfate) was used. The ratio of water to plaster of
Paris was chosen to be 3/4. After they had formed, the molds were dried for 3 days at
47 °C. The internal diameter of the tubular void was 50 mm.

The slip casting process was performed as follows: the mold was initially filled
with the slip (TN slips). As the air-slip interface fell under 5 mm, the mold was gently
filled with distilled water. Water was added to avoid crack creation of the upper sec-
tions which otherwise were not in contact with the slip. The bottom of the mold was
made impermeable by installing a PTFE disk. The slip casting process duration was
between 1 and 70 min. The cast compacts were taken out of the mold after 24 h and
dried at room temperature for 48 h. Afterwards, they were dried at 70 °C in an oven
for 1 h and consecutively put into an electric furnace for sintering. The heating rate
applied was 10 °C min ' and the soaking time was 2 h. The sintered samples were
fabricated from green compacts with slip casting times of 20 and 5 min for the slips of
concentrations 40, 50 and 60 wt. %, respectively. The sintering temperatures were
1375, 1400 and 1450 °C, respectively.

The density of the sintered product was measured according to ASTM C-373-88
(Archimedes’ principle). The densities of the dried cast compacts were also measured.
As it was not possible to apply the above standard test (because dried casts disinte-
grated in contact with water), a special method was applied. The dry weight of several
segments of the dried cast was measured. Then, the latter were covered gently with
a thin layer of vacuum grease, and the weight of the added grease was measured. In
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the last step, the surface coated segment weights of the submerged segments were
measured. From the above data, the buoyancy force due to the volume of water dis-
placed could be evaluated and corresponded to the total volume of the segment. As
a result, the density and porosity of the initial dry cast segments could be readily cal-
culated.

Microstructure evaluation was performed using an XL30 (Philips) instrument.
XRD diffraction patterns were taken using a PW3710 (Philips) instrument. Dry N, gas
permeability measurements were performed using a patented setup [17] in accordance
with the ASTM F 316 standard. Circular segments with an approximate projected
radius of 10 mm were cut out of the sintered tubular membrane supports. The effective
permeable pore diameter was calculated from the permeability measurements for the
Knudsen and Poiseuille flow regimes. The mathematical details may be found else-
where [16]. Zeta-potential measurements were performed using a Malvern zeta sizer
3000 HAS instrument. Rheological measurements (duplicate) were performed using
a Brookfield DV III apparatus. Surface porosity was evaluated using Oracle 2 software
through analysis of the SEM pictures.

3. Results and discussion

3.1. Slip characterization

The sedimentation heights of the slips containing Na-CMC (N slips) in function of
the slip alumina concentration and the quantity of additive added are shown in Fig. 1.
As the amount of solid content was different for the test tubes filled with 10 cm’ of the
40, 50 and 60 wt. % slips, the heights have been normalized for a constant mass of
alumina equal to 8.672 g (corresponding to the solid content of the test tube filled with
the 40 wt. % slip). The first interesting observation is that by increasing the slip con-
centration, the packing of the sediment improves. Considering the right hand asymp-
totes at high CMC concentrations, it is observed that the sediment height of the 60 wt. %
slip decreases by ca. 30 % with respect to the 40 wt. % slip. The better particle ar-
rangement at high solids loading is attributed to an intensified steric effect. At high
slip solid concentrations, the particles collide more frequently into each other and
fewer hydrated layers around each particle are expected [18]. In such circumstances,
organic layers of Na-CMC induce a steric effect, eventually acting as a lubricant, pre-
venting particle adhesion due to van der Waals forces.

The second remarkable observation, based on Fig. 1 is that there exists a distinct
minimum in the dependence of the height on Na-CMC concentration at each slip con-
centration. Referring to Fig. 2, it is observed that for the 60 wt. % of alumina slip,
viscosity steadily increases with the increase in Na-CMC content in the range of
0.0167 to 0.025 g/100 g of alumina. It should be stated that the slips did exhibit
a shear thinning behaviour. Nonetheless, the ratio shear stress/shear rate was approxi-
mately constant in the range of the shear rate 0-200 s ' used in this study.
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On the other hand, according to Fig. 1, the minimum sediment height (highest
packing) corresponds to the Na-CMC content of 0.02075 g/100 g of alumina. Such
a behaviour might be explained as follows: if the Na-CMC content lies between
0.0167 to 0.02075 g/100 alumina, more additive is adsorbed on the particles, inferring
a higher absolute value of zeta-potential (Fig. 3). More additive does not increase par-
ticle charge but, instead, enhances flocculation as a result of bridging effects due to
hydrogen bonds [7]. The result is an increase in viscosity, from 0.02075 to 0.025 g
Na-CMC/100 alumina content. For 0.0167-0.02075 g Na-CMC/100 g of alumina con-
tent, an increase in viscosity is still observed which, at first sight, does not seem to be
in concordance with the increase in the zeta-potential observed. This is attributed to
the high solid loading of the slip. At high slip concentrations, due to frequent colli-
sions, particles approach each other near their “sphere of influence” [19]. Any increase
in the zeta potential in this case results in more interaction (repulsion) between parti-
cles, due to a larger sphere of influence. Consequently, any shear stress applied to the
slip is accompanied with an increased momentum transfer between particles, due to
their strong interaction. Therefore, for concentrated slips, the zeta potential increase
may result in an increase in viscosity.

The shift of the minima towards higher values for less concentrated slips, as
shown in Fig. 1, may be explained as follows. The amount of Na-CMC added to slip at
the minimum for the 60 wt. % slip is 0.02075 g Na-CMC per 100 g of alumina. The corre-
sponding zeta potential is —14.96 mV. For a lower slip concentration, e.g. 50 wt. % of
alumina, the minimum sediment height corresponds to 0.0275 g Na-CMC per 100 g of
alumina. The corresponding zeta potential was measured to be —36.75 mV. The higher
value of the zeta potential at the minimum for the 50 wt. % slip shows that more
Na-CMC could be adsorbed on the surface of the alumina particles compared with the
60 wt. % slip. A possible explanation for such a phenomenon is that adsorption of
Na-CMC molecules on the surface of alumina particles may be restricted due to steric
hindrance at high solid concentrations. In other words, the higher the solid concentra-
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tion, the smaller is the amount adsorbed and, as a corollary, the smaller the absolute
value of the zeta potential.
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Although Na-CMC imparted significant dispersion to the slips, the rate of sedi-
mentation in the test tubes was appreciably high (sediment observed after 1 h). It
should be recalled that for “membrane support” manufacturing purposes, we have
intentionally used an alumina powder with ca. 10 wt. % particles of the diameter in the
range 3—5 um to obtain a porous support of a sufficient high permeability (see ref. [16]
for more explanation).To this effect, Tiron was added to the slips before the addition
of Na-CMC to try to enhance the slip stability. The sedimentation behaviour is illus-
trated in Fig. 4. It is observed that Tiron could significantly increase slip stability (the
sediment heights being significantly smaller with respect to N slips). It should be
noted that any sediment was observable only after 12 h. The authors of the present
work do not attribute any specific extremum to the curves in Fig. 4. The zeta-potential
of the 60 wt. % slip has a constant value of —31.37+3.21 mV in the Na-CMC concen-
tration range 0.0167—0.025 g/100 g of alumina. The viscosity dependence of the corre-
sponding slips on Na-CMC is shown in Fig. 2. Tiron addition results in a substantial
viscosity reduction. Comparing Figs. 4 and 1, it is observed that the trend in slip sta-
bility change versus slip alumina concentration has been reversed. The general expla-
nation is the reduction of steric effects in the case of Tiron addition. The particles’
surface is totally covered with Tiron and Na-CMC does not appreciably physically
adsorb on the Tiron layer. In other words, Na-CMC is present mainly in the aqueous
solution and its main effect is to increase the viscosity of the solution (as observed in
Fig. 2). Considering the 50 wt. % slip, although the zeta potential is lower than its
counterpart for the N slip, the better slip stability is attributed to fewer bridging effects
due to the absence of physically adsorbed Na-CMC on the particles.

3.2. Investigation of the slip casting process

Figures 5—7 show the dependences of the tubular cake thickness during slip cast-
ing on the sediment height at various slip casting times for the slips containing 40, 50
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and 60 wt. % of alumina. The Na-CMC concentration was 0.05 g per 100 g of alu-
mina. Tiron concentration was 0.0017 g per 1 g of alumina.

8 12 1
7 4 A 70 min A 4 70 min
435 min 10 1 A, 4 35 min
6 - = 5min A = 5min
ALa | 1 min 841 e ® 1 min
T 5 ¢
E £ A
@ et 3 £ g 4
§41°°° i ¢
= 3 * Ag 4 4 ‘
24 -a.. . = ST Ty,
-_t N = _“‘
- e 2 ENEguuEEE "~
171 m a Emg --.
0 T T T T T T 1 0 T T T T T T 1
0 25 50 75 100 125 150 175 0 25 50 75 100 125 150 175
Height [mm] Height [mm]

Fig. 5. Thickness in function of height for various Fig. 6. Thickness in function of height for various
slip casting times for the 40 wt. % of alumina slips  slip casting times for the 50 wt. % of alumina slips

20 -
18 A A 70 min
16 4 415 m.in
* 5min
—14 1 A4, = 1 min
£ A
E12 4
2
qc_) 10 4 A
S
z 81
[= 6 A
| 0000 oo, ,
4 4 " g xRN " KK t"
2418 @ u L 4
0 T T T T T T 1
Fig. 7. Thickness in function of height for various 0 25 50 75 100 125 150 175
slip casting times for the 60 wt. % of alumina slips Height [mm]

A common phenomenon takes place for all the slip concentrations used. At each
instant of the slip casting process, the cast may be considered as consisting of two
distinct regions: a zone of constant thickness and a zone of variable thickness. By
simple visual inspection of the cast after draining the slip, a zone of constant glittering
aspect could be observed which corresponds to the constant thickness zone. The rea-
son for the production of such an approximately “constant thickness” cast in the lower
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section of the tubular cast may be attributed to the slip sectioning into two distinct
zones at all slip casting times: A lower zone of approximately constant concentration
and an upper zone of high dilution.
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For all the slip concentrations under consideration, the length of the constant thickness
zone decreases with the slip casting time. It should be noted that the length of the constant
thickness zone was determined from Figs. 57 by finding the point at which the change in
the thickness is most abrupt, with respect to the increasing sediment height. Figure 8
shows the uniform tube length in function of the slip casting time for various slip concen-
trations. It is observed that the rate of length decrease is initially high, and then reduces at
longer slip casting periods. The initial period of the decreasing rate decreases with increas-
ing slip concentration. Actually the former rate is approximately constant during most of
the slip casting process in the case of 60 wt. % slips.

Figure 9 shows the uniform tube thickness in function of slip casting time and slip
concentration. At early times of the casting process, thickness could be correlated with
the slip casting time through the following well known equation [20]:

L = Kt* (1

where L is the thickness [mm], K a constant [mm'min *°] and t is the time of the slip
casting [min]. The value of K depends on the slip initial concentration and has been
calculated to be 0.646, 1.148 and 1.195 mm-min "> for the 40, 50 and 60 wt. % slip
concentrations, respectively.

It is noteworthy to consider the rate of water suction by the mold for each slip
concentration used. Slip concentrations of 40 and 50 wt. % of alumina result in ap-
proximately similar water suction by the molds (Fig. 10). The reasonable reproducibil-
ity of the process for the 40 wt. % of alumina slip may be observed referring to the
same figure. A slight discrepancy between the two curves for the 40 wt. % slip is due
mainly to the difference of the two molds. Generally, it is impossible to fabricate two
identical molds as far as the slip casting behaviour of the molds is concerned. The
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60 wt. % slip, on the other hand, results in a significantly reduced rate of water suc-
tion. This is attributed to a more packed cast structure for the latter slip concentration.
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Considering Fig. 11, it may be easily observed that the porosity of the dried casts
is a function of the slip concentration: the higher the slip concentration, the lower the
porosity. The reason for this phenomenon will be explained in the next section.

3.3. Sintered membrane characterization

It should be mentioned that only the “constant thickness” portion of the sintered
tubular membranes was investigated. Figures 12a, b show the SEM pictures of the
cross section of the inner and outer boundary surfaces of a membrane sintered at
1400° C using a 60 wt. % slip. As far as particle size distribution is concerned no sig-
nificant difference between the surfaces is observed.

Fig. 12. Cross sections of the inner (left) and outer (right) layers
of a sintered sample at 1400 °C using a 60 wt. % slip

The result is the same for the membranes sintered at the same temperature but us-
ing different slip concentrations. Generally, no significant particle size gradient exists
across the cross section of the membranes. Nonetheless, the outer surfaces consisted of
relatively small particles. These surfaces belong to a very thin layer which is the result
of small particle migration at the very beginning of the slip casting process. Such
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a phenomenon is well known in the processing of ceramics by slip casting [21] and
has been referred to as the “clogging effect”. The latter phenomenon occurs due to the
smaller inertia of smaller particles and a high fluid velocity from the slip towards the
mold at the very first stage of the slip casting process. The lower the slip concentra-
tion, the greater is the freedom of smaller particles to reach the slip—mold interface.
Accordingly, the outer surface of the membrane corresponding to the 40 wt. % slip
was observed to have smaller particles in comparison with the particles on the surface
of the membrane corresponding to the 60 wt. % slip (Fig. 13).
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Figure 14 shows the ratio of the radial shrinkage to the final thickness of the tubu-
lar membranes in function of slip concentration and sintering temperature. Division by
the thickness had been performed to cancel out the effect of different initial thick-
nesses of the slip cast membranes. The values corresponding to the 60 wt. % slip are
significantly larger than the values corresponding to the other slip concentrations (the
temperature of 1450 °C has been omitted intentionally and will be explained later).
The 50 wt. % slip shows a small deviation from the 40 wt. % slip between 1375 °C to
1400 °C. The deviation is even higher at 1450 °C.
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Table 1 summarizes the arithmetic average values of porosity of the sintered prod-
ucts for various slip concentrations and sintering temperatures. It is observed that po-
rosity undergoes an abrupt decrease between 1400 °C and 1450 °C. The latter change
increases with increasing slip concentration.

Table 1. Average porosity [%)] of the sintered products in function
of the slip concentration and sintering temperature

Slip concentration Sintering temperature [°C]
wt. %
[wt. %] 1375 1400 1450
40 39 38 30
50 39 40 23
60 40 40 19

The trends presented above may be partially explained referring to Fig. 11. The total
length of the error bar at each point corresponds to twice the standard deviation, calcu-
lated data obtained from at least 4 experiments. The larger the slip concentration, the
higher is the green body density. Increasing the slip concentration from 40 to 60 wt. %, a
6% increase in the raw density is observed. It is the opinion of the authors of this work
that the sole 6% difference in the raw density may not cause a 33% difference in density
at 1450 °C between the membranes corresponding to 40 and 60 wt. % slips. Sintering
behaviour depends upon packing structure, green density, coordination number and
particle size distribution [22]. We presume that increasing the slip concentration in the
range of 40-60 wt. % of alumina results in a higher homogeneity of the slip during non-
agitated slip-casting. In other words, due to more frequent particle collisions at higher
slip loadings, a better level of mixing of the particles takes place. This results in a
broader particle size distribution throughout the slip and in the cast cake [23]. The en-
hanced lubricating effect at higher solid loadings, due to less hydrated layers around
each particle, also improves particle packing during the slip casting process.

Table 2. Knudsen permeability and slope of the ratio permeability/average
pressure drop in the Poiseuille region for the sintered membranes

Sintering Slip Knudsen Poiseuille
temperature | concentration | permeabilityx10° regime slopex10'!
[°C] [wt. %] [m*s-Pa''m™] [m*s™-Pa?2m?]
1375 40 1.99 4.69
1400 40 1.69 4.36
1450 40 0.83 1.66
1375 50 2.24 4.51
1400 50 1.89 4.64
1450 50 0.98 0.19
1375 60 1.81 3.57
1400 60 1.73 4.01
1450 60 1.59 2.38
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The experimental estimates of the Knudsen permeability and slope of the perme-
ability/average pressure drop in the Poiseuille region are summarized in Table 2. The
relevant average permeable pore diameters have been calculated and are shown in
Fig. 15. For all slip concentrations, an increase in pore the diameter between 1375 °C
and 1400 °C and a decrease between 1400 °C and 1450 °C is observed. The 60 wt. %
slip results in smaller pores throughout the whole temperature range. Generally, all
calculated pore diameters lie in the lower extreme for inorganic microfilter mem-
branes (0.13 <d < 0.24 um). The explanation for this will become apparent in the text
below, and upon consideration of some important additional issues which shall now be
introduced.

Fig. 16. Micrographs of the middle (left) and inner (right) parts of the cross section
of a membrane sintered at 1450 °C using a 40 wt. % slip

As mentioned in the beginning of this section, no appreciable particle size gradient
could be observed throughout the entire cross section of the membranes. However, for
all the membranes produced, a clear gradient in “pore diameter” across the outer lay-
ers could be observed. Figures 16a, b show the micrographs of the middle part and
inner layer of the cross section of a membrane sintered at 1450 °C using a 40 wt. %
slip. It is clearly observed that the outer layer has undergone appreciable sintering in
comparison with the middle layer. SEM analysis of other samples showed that the
latter phenomenon is more intense for the membranes produced using higher slip concen-
trations. The inner and outer surface of a membrane sintered at 1375 °C for a 50 wt. % slip
are shown in Fig. 17a, b. It is clearly observed that the outer side has undergone more
densification, has smaller pores and also less surface porosity.

All these observations might be explained as follows: The porosity profile across
the cross sections of the outermost layers is a result of binder migration during the
drying step. The outer surfaces are subject to faster drying. This results in the “concen-
tration” of the dissolved Na-CMC near the outer side of the tubular casts. Actually
Na-CMC solidifies near the outer side. As this material is also a sintering aid (it pro-
duces active sodium oxide at high temperature), it causes the outer part of the cast to
sinter faster. The latter effect is more intense for the casts produced with higher slip
solid loadings because, as demonstrated before, higher slip concentrations produce
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denser initial casts. Generally, this phenomenon might be of great use in producing
graded membranes if used in a controlled manner. The difference in the sintering rate
of adjacent layers may result in high stresses between them, especially during the in-
termediate stages of sintering [16]. In our case, it was observed that the cast pertaining
to the 60 wt. % slips underwent longitudinal macrocracks at 1450 °C. This is why the
shrinkage of the latter sample was not reported in Fig. 14.

Fig. 17. Inner (left) and outer (right) surfaces of a membrane sintered at 1375 °C using a 50 wt. % slip

The explanations given above elucidate why the calculated microfilter pore diame-
ters are significantly small: they correspond mostly to the denser, outer layers (com-
pare Figs. 17a and b). The thickness of the latter layer for the membranes produced
using 40 wt. % slips was approximately 100, 250 and 470 pm at the sintering tempera-
tures 1375, 1400 and 1450 °C, respectively.

Referring again to Fig. 15, it is observed that a clear pore size enlargement occurs
in the 1375-1400 °C temperature range. This is attributed to “pore enlargement” of the
inner layers during the initial stages of sintering. Initial pore enlargement during the
initial sintering stage of alumina green compacts has been reported and discussed in
detail by several researchers [24-26]. It is observed that increasing the sintering tem-
perature up to 1450 °C results in a decrease in the pore size, due to significant densifi-
cation, especially for the outer layers.

£ 51
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g 7] ]
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Fig. 18. Apparent surface porosity for the inside % 14
and outside surfaces of the sintered membranes ‘% 0
fabricated using a40% Sllp in function ofthe 1360 1380 1400 1420 1440 1460
sintering temperature Sintering temperature [°C]

As outlined in the literature (see for example Ref. [16]), the apparent surface po-
rosity is of importance especially if the microfilter is to be coated further for the pro-
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duction of ultra- and nanofilters. Therefore, we report the latter parameter for the in-
side and outside surfaces of the sintered membranes produced using a 40 % slip
(Fig. 18). It is observed that the apparent surface porosity decreases approximately
linearly as the sintering temperature increases. The outside surface has less porosity
with respect to the inner surface at all temperatures.

4. Conclusions

The manufacture of tubular alumina ceramic microfilter membranes by the slip
casting method is a rather complicated process. As the final sintered membranes
should have reasonable permeability, the average particle size of the initial slip should
be larger than that used for conventional slip casting for the production of fully sin-
tered bodies. It was shown in the first part of this work that Na-CMC cannot act as
a proper dispersant for stabilizing such alumina slips. The addition of another dispers-
ant, such as Tiron, is indispensable in order to obtain stable slips.

Based on the detailed study performed on the slip casting process, the thickness
and two-dimensional profile of the casts, in function of time and slip concentration,
are predictable within the ranges of 40-60 wt. % of alumina, and 0—70 min slip casting
times.

As far as the membrane characteristics of the final sintered body are concerned,
the optimum slip concentration was found to be 40 %. Higher solid loading results in
a lower permeability and a smaller effective permeable pore size of the final product.
The optimum sintering temperature range is 1375-1400 °C. Within the latter range,
the average permeable pore size increases. Higher temperatures result in excessive
total and outer layer surface porosity reduction and the creation of macrocracks, espe-
cially for high slip concentrations. It is noteworthy to mention that industrial slip cast-
ing is generally performed with concentrated slips (typically having a solidity of more
than 50 wt. %) in order to minimize water consumption. Therefore, we did not inves-
tigate further slips of concentrations lower than 40 wt. %.

In all cases, the cross sections of the tubular membranes consisted of two regions:
an inner thick section consisting of relatively large pores and high porosity, and an
outer, thin section, consisting of smaller pores and lower porosity. This phenomenon
was attributed to binder migration during drying prior to sintering. The ratio of the
thicknesses of the two sections depended on the slip concentration and the sintering
temperature. The average pore sizes of the membranes were calculated to be within
the 0.13—0.24 um range, and their dependences on the slip concentration and sintering
temperature was determined.

Generally, binder migration should be minimized in order to avoid unwanted mac-
rocracks (especially longitudinal) and prematurely high sintering of the outer layers of
the cast. The results of our experiments strongly suggest that proper control the
“binder migration” phenomenon may be profitably used for the production of func-
tionally graded membranes and is worth further investigation.
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