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Dip-coating technique for the manufacture of alumina microfilters
using PVA and Na-CMC as binders: a comparative study
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Abstract

�-Alumina microfiltration flat-membranes have been prepared using the dip-coating procedure. The effect of slip concentration (<30 wt.%),
coating time and binder type (PVA and Na-CMC) on the thickness, porosity, roughness and effective pore diameter of the membrane layers
has been investigated. A new method for the characterization of the membrane layer based on gas permeation has been presented and the
pertaining equations derived. The method is applicable if permeability measurements embrace both Knudsen and Poiseuille flow regimes.
© 2004 Elsevier Ltd. All rights reserved.
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. Introduction

Despite the available vast open literature concerning the
ip-coating and sintering of “nanopore” layers on ceramic
upports, much less has been disclosed regarding the same
rocess for layers known as microfilters. Recall that in the

iquid–solid separation domain, ceramic microfilters have al-
eady found widespread industrial application while ceramic
ano and ultrafilters are still mainly a subject of academic
esearch.

In the manufacture of composite membranes through dip-
oating, the control of the deposited layer thickness is cru-
ial. The minimum layer thickness is of the order of the
aximum in substrate surface roughness.1 In practice, layer

hicknesses for microfilters are in the range of 20–30�m.2

u and Meng3 studied the influence of the dipping time
n the thickness of�-alumina microfilters prepared by dip-
oating. The membrane characteristics (such as the effective
ore diameter) and the effect of other controlling parame-

ers were not considered. It is the aim of the present work

to study the effect of slip concentration, coating time
binder type on the thickness, porosity, roughness and e
tive pore diameter of�-alumina microfilter layers prepar
by the dip-coating method. It is shown that the linear relat
ship between the thickness of the sintered membrane an
square root of time proposed by Gu and Meng3 is generally
invalid.

In addition, a new method for the characterization of
sintered membrane layer based on gas permeation ha
disclosed and the pertaining equations have been derive
method is applicable if permeability measurements emb
both Knudsen and Poiseuille flow regimes.

2. Experimental

The�-alumina substrates were prepared according t
optimum procedure reported elsewhere.4 These had an ave
age open porosity of 0.41 and a surface roughness (Ra) in the
range of 0.6–0.8�m.

The substrates were coated using a dip-coating techn
∗ Corresponding author. Fax: +98 0262 62 21 888.
E-mail address: cavusfalamaki@yahoo.com (C. Falamaki).

A Martoxide alumina powder (ZS-402/M) with a specific sur-
face area of 7 m2 g−1 was used for the preparation of aqueous
slips. PVA (4 cm3 per 100 g solid, 2 wt.% aqueous solution)
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was used as binder in one series of the experiments to prevent
cracking during drying. For this set of experiments STPP (2 g
per 1000 g solid) was used as dispersing agent. In another set
of experiments, sodium carboxymethylcellulose (Na-CMC)
was used as binder. No additional dispersing agent was added
as the latter slip was relatively stable in the alumina con-
centration range under study. The slip was planetary milled
for 30 min to break any agglomerates formed. In the case
of slip viscosity and particle size distribution determination,
the measurements were performed immediately after the fast
milling step. The dipping was also performed immediately
after the fast milling step. The coating was done manually
in an open beaker on one side of the support disks. The
withdrawal speed was approximately 0.02 m s−1. This was
accomplished by covering the other side using an adhesive-
tape. The samples were initially dried at room temperature
for 24 h and then at 60◦C overnight. Afterwards, the samples
were heated up to the sintering temperature (1150◦C)with
a heating rate of 3◦C min−1. The soaking time was
1 h.

Dry and wet N2 permeability tests were performed ac-
cording to ASTM F316 using a special holder made in our
laboratory.5 Wet permeability tests were done using paraf-
fin as saturation medium. Particle size distribution measure-
ments were done using the light scattering technique (Fritsch,
Analysette 22). Surface roughness was measured using a
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Fig. 1. Viscosity as a function of rotational speed for the slips containing
Na-CMC as binder.

Fig. 2. Weight gain as a function of dip-coating time and slip concentration
of the sintered samples (Na-CMC used as binder).

A simplified equation for the evaluation of the layer thick-
ness during the dip coating process is as follows7:

L =
[

2P

µ[((ε/φ) − 1)[(1/Kavg) + ((ε/φ) − 1)/εsKs]]

]0.5

t0.5

(1)

whereL is the membrane layer thickness (m);t, time (s);
P, the total filtration pressure (Pa) which is equal to the
average capillary suction pressure caused by the substrate;
µ, the slip viscosity (kg m−1 s−1); ε, the average membrane
void volume fraction;φ, the slip volume fraction of solids;
Kavg, the average permeability of the consolidated layer (m2);
εs, the substrate porosity; andKs, the substrate permeability
(m2).

Fig. 2shows the weight gain of the sintered samples as a
function of dip-coating time and slip concentration. A linear
relationship between weight gain and the square root of time
exists. If the variation of coat porosity with dip-coating time
is neglected (negligible particle aggregation, incompressible
cake), the thickness is directly proportional to the weight gain,
and therefore, Eq.(1) holds. Then, referring to the same fig-
ure, it might be concluded that increasing slip concentration
from 10 to 20 wt.%, the slope decreases slightly mainly be-
cause of viscosity increase. Increasing the slip concentration
R 100 surface roughness tester (TIME). Micrographs w
aken using a Stereo Scan 360-Leica (Cambridge) instru
iscosity measurements were performed using a Brook
TV DV-III rotating-spindle viscometer. In some cases,

hickness of the coatings had been determined by obse
arefully polished sections of the samples with a light mi
cope (Metallux, Leitz).

. Results and discussion

.1. Slips containing Na-CMC

Preliminary experiments showed that, in the concentra
ange of 10–30 wt.% alumina, Na-CMC acted as a binde
ffective deflocculant simultaneously. Addition of a disp

ng agent like STPP increased flocculation and elimin
lip stability.

A series of experiments concerning slip rheology
erformed from which the results are necessary for
ext discussion. The slip viscosity is a determining fa
f membrane thickness and the compactness of the
ursor particles.6 Apparent viscosity as a function of s
oncentration and shear rate has been shown inFig. 1.
he term apparent alludes to the low magnitudes of to
uring the experiments which makes the observed vis

ty data prone to some error but usable for compar
eans. It is observed that viscosity increases with inc

ng shear rate showing that the slip behaves as a di
uid.
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Fig. 3. Average porosity of the sintered layers as a function of slip concen-
tration (Na-CMC used as binder).

up to 30 wt.% results in a higher slope due to the dominant
effect of a higher value ofφ.

Referring again toFig. 2, the existence of an additional
“adhering layer” on the slip-coated film is observed for all
the slip concentrations under consideration. Extrapolation of
each line to the point corresponding to zero time gives us the
weight of the adhering layer. The latter increases as the slip
concentration increases. This is mainly attributed to a higher
slip solid content, as during the experiments, the volume of
the adhering liquid seemed to be approximately constant for
each case.

Fig. 3 shows the average porosity of the sintered mem-
brane layers as a function of slip concentration. The latter
has been calculated using the weight gain (W), layer thick-
ness (t) and membrane surface area (A) through the following
relation:

1 − ε = W

ρAt
(2)

whereρ is the density of�-alumina. Porosities are in the
range of 0.65–0.72 and follow a decreasing trend with respect
to slip concentration increase.Fig. 4shows an SEM picture

F used
a and
1

Fig. 5. Variation of surface roughness (Ra) as a function of dip-coating time
and slip concentration (Na-CMC used as binder).

of a sample using a 20 wt.% alumina slip concentration and
a dip-coating time of 12 s. Significant inhomogeneity in mi-
cropore structure across the cross section is observed. We
observed such an inhomogeneity in all the samples for which
Na-CMC was used as binder.Fig. 5shows the variation of the
sample roughness (Ra) as a function of slip concentration and
slip coating time. It is observed that roughness increases with
increasing slip concentration for a specified dip-coating time.
Surface roughness is interrelated with the aforesaid sample
inhomogeneity. There exists an abrupt increase inRa from a
20 to 30 wt.% slip concentration. This might be attributed to
the higher casting rate (approximately double) in the case of
30 with respect to 20 wt.% slip concentration. Considering
slip concentrations 20 and 10 wt.% alumina,Ra initially in-
creases sharply and afterwards decreases slightly. The rising
section also exists for the 30 wt.% slip concentration. These
results point towards the fact that during the coating process,
particles approaching the substrate tend to agglomerate as
more time is elapsed.

Fig. 6 shows the sintered layer thickness as a function
of the square root of time and slip concentration. If it is at-
tempted to fit a straight line to the data points corresponding to
each slip concentration, it emerges that the correlation factor
becomes significantly poorer as slip concentration increases.

F d slip
c

ig. 4. SEM picture of the cross section of a sintered sample (Na-CMC
s binder). Slip concentration and dip-coating time had been 20 wt.%
2 s, respectively.
ig. 6. Sintered layer thickness as a function of square root of time an
oncentration (Na-CMC used as binder).



952 C. Falamaki et al. / Journal of the European Ceramic Society 26 (2006) 949–956

Fig. 7. Weight gain as a function of dip-coating time and slip concentration
of the sintered samples (PVA used as binder).

Gu and Meng3 derived a linear relationship between the thick-
ness of the sintered membrane and the square root of time.
They assumed a constant porosity for the sintered membrane
layers prepared at different coating times at constant slip con-
centration. Our results clearly show that such a relationship is
here invalid. The experimental data presented in the previous
paragraph support the fact that for a constant slip concentra-
tion, the state of agglomeration in a direction normal to the
membrane surface is subject to variation. On the other hand,
the initial particle packing characteristics (porosity and pore
size distribution) are well-known to have a determining ef-
fect on the process of solid-state sintering (final shrinkage
and porosity).8 Hence, even if the wet membrane porosity
remains approximately constant with dip-coating time, dif-
ferent shrinkages will result in different final porosities.

3.2. Slips containing PVA and STPP

Fig. 7 shows the weight gain of the sintered samples as
a function of dip-coating time and slip concentration. It is
observed that for a slip concentration range of 5–25 wt.%,
the coating process is relatively fast and maximum weight
gain takes place in less than 2 s.

It had not been possible to perform the dip-coating process
in periods less than 2 s because of experimental difficulties
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Fig. 8. Particle size distribution within the slip as a function of slip concen-
tration (PVA used as binder).

Fig. 9. Sintered layer thickness as a function of slip concentration for a
dip-coating time of 25 s (PVA used as binder).

tering were approximately the same, according to the ap-
proximate direct proportionality between weight gain and
slip concentration(Fig. 7), we would have expected a simi-
lar shrinkage behavior during sintering. In other words, the
experimental points inFig. 9 should be more or less on a
straight line. Taking into account the observation that the
slip particle size distribution is a weak function of slip con-
centration within the range under study, the trend observed
in Fig. 9 may be attributed to a difference in initial poros-
ity. Recall that higher porosities accompanied with inherent
large packing inhomogeneities may lead to significant less
consolidation.Fig. 10shows the average porosity of sintered
membrane layers as a function of slip concentration. It is ob-
served that porosity increases with increase of slip concentra-
tion. As the relative amounts of binder and stabilizer per gram
dry powder have been taken constant for each slip concen-
tration, the degree of compaction should not be a significant
function of slip concentration due to the repulsive–attractive

Table 1
Geometric mean diameter as a function of slip concentration for the slip
containing PVA and STPP

Slip concentration (wt.% alumina) Geometric mean diameter (�m)

5 0.40
15 0.42
30 0.45
ike high submerging speeds resulting in suspension tu
ence and inaccuracy of time measurements.

Fig. 8 shows the effect of slip concentration on the p
icle size distribution after the planetary milling step. La
gglomerates up to 130�m are observed to exist for slip co
entrations 5, 15 and 30 wt.% alumina. Nevertheless,
ractional volume is negligible. On the other hand, excep
he 30 wt.% concentration, the general trend of the curv
lmost the same.Table 1summarizes the geometric mean
meter of the slips. A slight increase with increasing slip
entration is observed which may be reasonably attribut
ore agglomeration because of higher concentrations u
Fig. 9shows the effect of slip concentration on the th

ess of the sintered samples for a constant dip-coating
f 25 s. A nonlinear relationship is observed. Actually

he porosity (Φm) of the membrane coatings prior to s
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Fig. 10. Average porosity of the sintered layers as a function of slip concen-
tration (PVA used as binder).

forces between particles.Fig. 11shows the bubble point test
results for the sintered samples using different initial slip con-
centrations. The latter test gives an approximate evaluation
of the maximum effective pore size within the membrane
layer. It is clearly observed that increasing slip concentra-
tions result in larger pores.Fig. 12 shows micrographs of
coatings obtained for 15 and 25 wt.% slip concentrations. It
is presumed that the casting rates increase with slip concen-
tration in the range under study. This is possible as, refer-
ring to Eq. (1), increasing slip solid content increases the
coating rate if the effect of viscosity increase is not signif-
icant. Therefore, it may be presumed that higher porosities
with increasing slip concentrations are mainly due to a more
violent mass transfer of particles resulting in less compact
layers.

Fig. 13shows how pinhole defects due to entrapped air
may develop during the dip-coating process. The bubbles
have an appreciable size (almost of the same order of the layer
thickness), and therefore, may be detrimental. Such defects
could be observed for slip concentrations equal and larger
than 30 wt.% alumina. It should be mentioned that for gas per-
meation modeling, the sample corresponding to the 30 wt.%
slip concentration was deprived of such defects, according to
optical and scanning electron microscopy inspections. Slip
de-airing is an essential step in processing slips in the latter

F cen-
t

Fig. 12. SEM pictures of cross sections of sintered coatings using PVA as
binder: and a dip-coating time of 12 s: (a) 15 wt.% and (b) 25 wt.% slip
concentration.

concentration range. This may be achieved by addition of a
surfactant and conditioning for some period of time.9

The results of surface roughnessRa measurements were
rather scattered averaging about 1.85�m. However, the stan-
dard deviation followed an increasing trend with slip con-
centration increase and decreasing trend with the time of
dip-coating (Fig. 14).

Fig. 13. Pinhole defects at the slip–substrate interface of a sintered sample
for a slip concentration of 30 wt.% and a coating time of 2 s (PVA used as
binder).
ig. 11. Maximum permeable pore diameter as a function of slip con
ration for a coating time of 25 s (PVA used as binder).
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Fig. 14. Standard deviation ofRa for the samples prepared using PVA as
binder.

At this stage, it is useful to discuss the efficiency of the dip-
coating comparing actual and maximal weight gain.. Consid-
ering the open void volume of the substrate, it is possible to
evaluate the theoretical amount of the saturation weight gain.
The latter is calculated as the productVs× εs× Cslip where
Vs is the substrate volume;εs, the substrate porosity; and
Cslip, the slip concentration. Referring toFig. 15, it is ob-
served that the saturation weight gains are much less. The
latter is in the range of 13–18% for PVA and 20–28% for
Na-CMC. One possible cause might be a different hydrody-
namic state near the cake-slip interface which is responsible
for the retrogression of some of the solid particles to the bulk
of the slip slurry. More retrogression is observed in the case
of PVA used as binder. On the other hand, a large part of the
coating can “disappear” as the substrate is drawn out of the
suspension due to the instability of the “mobile” part of the
formed membrane layer cake.

3.3. Modeling of gas permeation

In order to evaluate the structural parameters of the mem-
brane layers, gas permeation has been modeled based on the
methodology presented by Falamaki et al.10 The highlight
of the latter work is that the permeability of a membrane
support (without coating) is measured over a wide range of
pressure drops. Accordingly, the flow regimes belonging to

F e of
t

Fig. 16. Typical permeability curves for the substrate (I) and composite
membrane (II) using a 10 wt.% slurry concentration, 12 s dip-coating time
and Na-CMC as binder. The corresponding dashed lines (due to Knudsen
regime) cross the vertical axis at 1/RK

s and a, respectively. The slope of
the corresponding solid lines (due to the Poiseuille regime) are 1/RP

l andb,
respectively.

pure Knudsen and pure Poiseuille flows are identified and
individually used for the evaluation of the average permeable
pore size and tortuosity ratio. In the present work, the same
methodology is used but for the support-membrane compos-
ite structure. For the discussion that follows, refer to the typ-
ical permeability versus average pressure curves of the sub-
strate (curve I, before dip coating) and composite membrane
(curve II, after dip coating and sintering) shown inFig. 16
(Na-CMC as binder, 10 wt.% slip concentration and 12 s dip-
coating time). All the curves exhibit a Knudsen and Poiseuille
flow region and this had been indicated.

The key point behind is that considering the Knudsen flow
regime of the composite membrane, it is certain that both the
flow in the substrate and in the membrane layer are of the
Knudsen type. The same is true for the Poiseuille flow regime.
It should be emphasized that previous works dealing with the
characterization of micro, nano and ultrafilters through the
gas permeation method used the “transition flow regime”,
where both Knudsen and Poiseuille flow play a role and per-
meability changes linearly with the average pressure.11,12Ac-
cording toFig. 16, the slope of the transition zone between
Knudsen and Poiseuille regime is not constant (nonlinear re-
lationship), and therefore, a more robust method is needed.

Considering first the Knudsen regime of curve I, the per-
meability of the substrate may be evaluated as:

w s-
s e
( inter-
f ub-
s e
e shed
l

ig. 15. Plateau weight gain as a function of slip concentration and tim
he sintered samples.
QP0

A(P1 − P2)
= 1

RK
s

(3)

hereQ is the flow rate(m3 s−1); P0, the atmospheric pre
ure (Pa);A, the membrane area (m2); P1, the inlet pressur
Pa);P2, the pressure at the substrate–membrane layer
ace (Pa); andRK

s , the Knudsen flow resistance of the s
trate (s m−1). The value of 1/RK

s can be evaluated from th
xperimental curve due to the substrate only (curve I, da

ine).
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The permeability of the membrane layer is:

QP0

A(P2 − P3)
= 1

RK
l

(4)

whereP3 is the composite membrane outlet pressure (Pa) and
RK

l is the Knudsen flow resistance of the membrane layer
(s m−1). RK

l is unknown. On the other hand, considering the
horizontal section of the permeability curve belonging to the
composite layer, we get:

QP0

A(P1 − P3)
= a (5)

wherea is a known experimental constant. Combining Eqs.
(3)–(5), we obtain:

1

RK
l

= a

1 − aRK
s

(6)

Considering the Poiseuille flow region, the permeability
of the substrate is:

QP0

A(P1 − P2)
= 1

RP
s

1

2
(P1 + P2) (7)

whereRP
s is the Poiseuille flow resistance of the substrate

(Pa s m−1). The value of 1/RP
s can be evaluated from the ex-

perimental curve due to the substrate only (curve I, solid line).
T
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Table 2
Effective pore diameter calculated using Eqs.(5), (9)–(11)for the sintered
membrane layers

Number Binder
compound

Dip-coating
time (s)

Slip
concentration
(wt.%)

Effective pore
diameter (�m)

1 PVA 2 20 0.14
2 PVA 4 20 0.11
3 PVA 12 20 0.10
4 PVA 4 10 0.08
5 PVA 4 30 0.10
6 Na-CMC 2 10 0.09
7 Na-CMC 4 10 0.10
8 Na-CMC 8 10 0.11
9 Na-CMC 2 20 0.11

10 Na-CMC 4 20 0.10
11 Na-CMC 8 20 0.13

the data presented inTable 2, no strong correlation between
slip concentration and pore size for a specific binder can be
deduced. This means that although the degree of layer mi-
crostructure inhomogeneity and size of maximum pores be-
tween samples may be different, but the effective pore size
lies within a narrow region and is less affected. The effective
pore diameter is dictated by the size of the smallest con-
nected pores.13 By definition, microfilters have an effective
pore diameter in the range of 0.05–2�m. Hence, the prepared
membranes could be appropriate for bacteria microfiltration
where the pore size should be smaller than 0.2�m.

4. Conclusions

Using PVA as binder and in a range of slip concentration
between 5 and 30 wt.%, dip-coating takes place rather fast and
saturation is achieved at times lower than 2 s. In these systems,
slip concentration is the main controlling parameter of the wet
membrane layer thickness. Instead, using Na-CMC as binder,
it is possible to control the layer thickness for a constant slip
concentration changing the dip-coating time. The effective
pore diameter, within the experimental conditions studied,
falls within a narrow size range of 0.08–0.14�m and is not
affected significantly by the slip concentration, dip-coating
t
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he permeability of the membrane layer is:

QP0

A(P2 − P3)
= 1

RP
l

1

2
(P2 + P3) (8)

here RP
l is the Poiseuille flow resistance of the me

rane layer (Pa s m−1).RP
l is unknown. Then, considering t

oiseuille flow regime of curve II for the composite layer,
et:

QP0

A(P1 − P3)
= b

1

2
(P1 + P3) (9)

hereb is a known constant. Then, combining Eqs.(7)–(9),
he following relation may be obtained:

1

RP
l

= b

1 − bRP
s

(10)

he membrane-layer effective pore radius is then evalu
s below:

= 16η[8RT/πM]0.5RK
l

3RP
l

(11)

herer is the effective pore radius (m);η, the gas viscosit
kg m−1 s−1); R, the universal gas constant (j mole−1 K−1);
, the temperature (K) andM, the gas molecular weig
kg kgmole−1).

Using Eqs.(6), (10) and (11), pore effective diameters ha
een calculated for different series of membranes prod
sing PVA and Na-CMC as binder. The results for the ef

ive pore diameter are shown inTable 2. Generally speaking
ore diameters are within the range of 0.08–0.14�m. From
ime or kind of binder.
The open porosity of the membrane layers is a func

f slip concentration and increases with slip concentra
ncrease, independent of type of binder. The final rough
s at least 2.5 times larger than that of the substrate (bo
VA and Na-CMC). Hence, if used as intermediate laye
olishing step might be essential.

A new method for the characterization of the membr
ayer based on gas permeation has been presented and t
aining equations derived. The method is applicable if pe
bility measurements embrace both Knudsen and Pois
ow regimes.
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