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Abstract

a-Al,03 membrane coating (top layer) was formed by dip-coating and investigated based on full factorial design of experiments. Statistical
analysis showed that the effects of two variables; dipping time and withdrawal speed of the substrate, were highly significant in determining
the thickness of the top layera (< 0.001). A modified model was developed to interpret quantitatively the formation process of the top
layers onto the porous substrate during dip-coating. In this model, the effects of all variables affecting the top layer thickness were considered
simultaneously. The experimental data corresponding-£3,0; membranes obtained from suspensions with different volume fractions of
ceramic powder showed good agreement with the model. The root mean square deviation was less than 0.02.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction dry porous support is dipped into a ceramic powder suspen-
sion and subsequently withdrawn from it, a wet and more
Gel-casting process is a novel forming method for or less dense cake of well-defined thickness can be formed
fabricating complex three-dimensional ceramic parts. Re- on the substrate surface. After being dried and sintered, a
cently, this process has been extensively used in producingceramic-composite membrane is obtained. Careful control of
porous ceramic parts employed in drug delivery systems, the thickness of the membrane top layer is a critical stage of
bio-ceramics and sensotg, ceramic foams, and porous  the dip-coating process and has a significant effect on mem-
support systems for membrarfes. brane quality and properties. Therefore, full analysis and
Generally, a ceramic-composite membrane is built up of control of this so-called “dip-coating” process is necessary.
three distinct components; a porous support system, with  Numerous experimental and theoretical studies of the
a few millimeters thickness and pore size in the range of dip-coating process are to be found in the literature. Meng
0.5-10um, which provides mechanical strength to the mem- and coworker used a model to quantitatively describe wet
brane; an intermediate layer, with 10-10f thickness and ~ membrane formation on a porous substrate by capillary
pore size in the range of 0.05-Qu&, which acts as tran- filtration during the dip-coating proce$sThe model is de-
sition phase and prevents the top layer from penetrating rived on the basis of the slip-casting process, and the effect
into the porous structure of the support; and finally a top of the withdrawal speed of the substrate on the thickness
layer, with 1-1Qum thickness and pore size in the range of of the top layers has not been considered. Krozel ét al.
2-50 nm, which plays the main role in membrane filtration investigated the fluid mechanical aspects of halted substrate
processes, sdeg. 16 motion using gravimetric means, based on the following
The intermediate and top layers are often deposited on thetwo basic theoretical models: (1) Jeffrey’s solution for tran-
porous support system by a dip-coating procedure. When asient coating and drainage, where capillary forces were
considered to be negligibfe;(2) the Landau—Levich so-
msponding author. Iutiqn for steady state coatiri§, which was modified by
E-mail addressmehrir@modares.ac.ir (M. Kokabi). White and Tallmadgé.l In the latter model the effect of
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Fig. 1. Schematic representation of three distinct components of a membrane: (A) top layer, (B) intermediate layer, and (C) porous support system.

dipping time on the thickness of the top layers was also  Usually, the permeability of the substratiés) is much

not considered. Other researchers have used these modbigger than that of the membrari€), thereforeEq. (1)is

els for ceramic membrane formation by the dip-coating simplified as follows:

processes. Xia et al. used Meng model to investigate the ¥ 12

thickness growth of yttria stabilised zirconia (YSZ) mem- p, =2 <8sa m;) (3)
branes on porous substratésand McDonagh et al., used naR

the Landau-Levich solution to characterise a sol-gel de- considering the membrane shrinkage during the drying and

rived silica film as a function of the withdrawal speed of the  sintering processes, the thickness of the sintered membrane
substraté3 Although these models have been proposed to (haves) can be expressed as:

describe membrane formation by dip-coating, the effects of 12

both dipping time and withdrawal speed of substrate have . . €s0Km
) . . . haves = Bhave = 28 t (4)

not been considered simultaniously. Developing a model to naR

interpret these coupled effects is the aim of this work.

wherep is defined as:

g dm
2. Theory T 1l—en

(5)

em IS the porosity of the sintered membrane.
The film permeability is determined by the following
equation:

2.1. Dipping time theory

Dipping time theory has been recently developed for ce-
ramic membrane formation by the dip-coating process. _ &
this model, the growth of film thicknesh4) is interpreted ™™ KoK.S2(1 — em)?
as a function of substrate permeabilitsf and of the per-
meability of the film K,) previously deposited on the sub-
strate:

(6)

whereKgy is a particle shape factor a accounts for the

tortuosity of the porous medium. The productikaf andK,

12 was generally put at about 5 for particle packidgS; is

have = 2 |: £s0 t] 1) the surface area of the particles per unit volume of the solid
naR[(1/Km) + (a/es)(1/K9)] (m=1).

wherees is the substrate porosity,is the dipping time (s),

n is the viscosity of suspension (NTAs), o is the surface
tension of the liquid (solvent) in the pores of the support
(Nm™1), R is the radius of support pores (m), andis

2.2. Withdrawal speed theory

For Newtonian liquids, the principle considered in the
prediction of the Landau—Levich model is the limiting film

defined as: thickness fin):8
w4 (2) (nU)?/3
o0 o= 0944 (7

. . ol/8(pg)1/2
wheregg and ¢, are the volume fractions of the particles

in the suspension and in the wet membrane, respectively. where p is the density (gm?), g is the acceleration due
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Fig. 2. An instantaneous view of a dip-coating process. Three major
regions are labelled. The critical plane separates regions (I) and (Il).

to gravity (ms?2) and U is the withdrawal speed of the
substrate (m3h). It is customary to introduce a scaled film
thickness ) and a capillary numbemN;5) as follows:

3781

to obtain the average film thickness for constant withdrawal

speed?
U 1/3
Tave = 0.994NL8 [1 - o.297<"—> } (11)
o
or
_ )3 AN
have= 09947 1 0207( (12)

It is believed that a modified model could be used to
induce better quality in products, better process control,
and consistency. The present study is aimed at achieving
a quantitative understanding of the simultaneous effects of
the previously mentioned variables, i.e. dipping time and
withdrawal speed of the substrate, on the top layer thick-
ness, also at developing a modified model to describe wet
membrane formation on the substrate during the dip-coating
process.

3. Experimental procedure

3.1. Materials

The characteristics of materials used in this work are given
in Table 1andFig. 3.

1/2
T=h <ﬁ> 8)

nU

U
Nca e n_ (9)
So that the Landau—Levich expression may be written as (atg 5 Preparation of supports
h = heo):
Tno = 0.994NY° (10)

This theory is valid forN¢z <« 1. The constant thickness
region (I) inFig. 2 typically constitutes the majority of the

Supports were prepared by the gel-casting process. The
flow sheet is illustrated irrig. 4. Appropriate amounts of
monomers (5wt.%) were dissolved in deionised water to
make the pre-mix solutions. Then, ceramic suspensions

film on the substrate, and pertains to Landau—Levich theory. were prepared by dispersing the required volume fraction

White and Tallmodge patched regions (l) and (ll) together

of support alumina powder (40 vol.%) to a pre-mix solution

Table 1

Characteristics of materials

Materials Function Molecular formula Characteristics Supplier

a-Alumina Ceramic phase (coating) «-Al;O3 SeeFig. 3g average particle size: | dm Good Fellov#

a-Alumina Ceramic phase (supports) «-Al,03 SeeFig. 3 average particle size: 3m Good Fellov#

Polyethylene glycol (PEG) Polymeric binder HOE,0), H Average molecular weight: 35,000; solid whiteMerck?

powder

Acrylamide (AM) Monofunctional monomer  f3CONH, Molecular weight: 71.08; solid white powder Mefck

N,N'-Methylene Difunctional monomer (C2H3CONH,)2CH,  Molecular weight: 154.2; solid white powder Sigfna
bis-acrylamide (MBAM) (crosslinker)

Ammonium persulfate Initiator (N 2S,0s Molecular weight: 228.2; solid white powder Mefck

N,N,N',N'-Tetramethyl Accelerator GH1gN>2 Molecular weight: 116.2; liquid, yellow Merék

ethylene diamide
(TEMED)

Ammonium
poly(methacrylate)
(APMA)

Dispersant

(GH5027 NH4+))L

Average molecular weight: 15,000; aqueous R.T. Vanderhilf
solution: 40 wt.%

a Cambridge Science Park, Cambridge, UK.
b E. Merck, D6100 Darmstadt, Germany.
¢ Sigma Chemical Co., St. Louis, MO, USA.
d R.T. Vanderbilt Co., Norwalk, CT, USA.
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3.4. Characterisation

3.4.1. Supports

The bulk density, the open porosity, the closed porosity,
and the total porosity of the porous support systems were
determined using the Archimedes method with a theoretical
density of 3.9 g cm? for a-alumina. The microstructures of
the supports were observed by SEM (a Philips XLC scan-
ning electron microscope). The average pore size and pore
size distribution of the sintered porous samples were deter-
mined by the “bubble point” and “gas (nitrogen) absorption”
methods’16-18

3.4.2. Coated layers
As mentioned, the Archimedes method was used to deter-

mine the porosity of the sintered membranes. The thickness

of the sintered coated layers was directly determined based

on mass balance as follows:
mo —mjq

PthA(l — em)

wherem; andmy are the weight of the substrate before and
after dip-coating and sintering (g), respectivedy, is the
theoretical density of ceramic (solid) phase of the membrane
(gm~3). Ais the planar area of the membraneé?{napprox-
imated to that of the outer surface of tube. SEM was used
to investigate the microstructure of the coated layers.

(13)

haves =

(b} 3.5. Statistical design of the experiments

Fig. 3. Powder used in (a) ceramic phase of coating and (b) ceramic

phase of supports. Experimental design is generally applied to determine the
dependence of a target variable such as the membrane thick-
ness on the set of the (processing) variables.

containing 0.3 ml of APMA (ammonium poly(methacrylate)) To qualify the effects of all of the variables on the

per 100g of ApOs.'* Suspensions were mechanically membrane thickness, a full four level factorial design of

stirred for at least 2 h and ultrasonicated for 15 min to pre- experiment was adopted to predetermine the number of

vent air trapping. As the gelled parts were demoulded and experiments needed to be carried out. The variables are the

dried (by a liquid desiccant drying metht), they were ma-  dipping time and the withdrawal speed of substrate. The

chined to the desired net-shape, and then sintered at’100 number of experimentdNj required for quantifying the ef-

for 5h. fects of all variables is then given by the following equation:

N = (levelg“@ables— 42 — 16 (14)
3.3. Dip-coating of supports

An appropriate amount of polymeric binder, polyethlene 4. Results and discussion
glycol (5wt.% based on dried alumina powder) was dis-
solved in deionised water, then the required volume fraction 4.1. Quantitative calculation of the membrane thickness
of alumina powder was added to the polymer solution and
dispersed by ultrasonic mixing and intensive stirring. Dur-  Table 2shows the porosity, pore size, and pore size dis-
ing the dip-coating process, any sedimentation should betribution of the porous support systeth3he viscosity of
avoided. the suspensions with 10 vol.% of alumina atZ5was mea-

A computer-controlled dip-coating apparatus was used suredn = 17 mPas. It was assumed that the surface tension
for the dip-coating of the porous support systems. They of the solution was not affected by the change of solute con-
were dipped into the prepared suspensions and withdrawncentration and equaled that of the solvent surface terSion,
at speeds ranging from 10 to 40 mm minafter a dipping ¢ = 74 x 103N m~1, and the volume fraction of particles
time ranging from 8 to 34 s. The coated layers were dried at in the wet membrane was considered to be 0.5-0.6 (typi-
ambient temperature and then sintered at T8D@r 1 h. cally, ¢ = 0.55). The permeability of the membran€y()
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Fig. 4. The preparation process of alumina porous support systems by water-based gelcasting.

was calculated 55 x 10-"m? (Eq. (6). The results for and withdrawal speed of substrate, on the membrane thick-
the membrane thickness in the full factorial experimental ness were highly significant(< 0.001). It was concluded

design are given ifable 3 that in the appropriate model for describing the wet mem-
brane formation on the substrate during the dip-coating pro-
4.2. Statistical analysis cess, the effects of the above variables must be considered,

simultaneously.
A statistical analysis of the results has been carried out
to identify the effect of individual variables. The statisti- 4.3. The influence of the dipping time on the membrane
cal technique popularly known as two-way analysis of vari- thickness
ance (ANOVA) was used to determine the significance of
each variablé® The results are set out ifable 4 It was The results given ifrig. 5show that the membrane thick-
found that the effects of the variables, i.e. dipping time ness increases linearly with the square root of the dipping

Table 2
Porous support system characteristics
Open porosity Close porosity Pore size distribution Average pore size
volume fraction (%) volume fraction (%) (diameter) f.m) (diameter) pm)
Porous support system 41.3 11.2 0.3-1.16 0.7

Standard deviation (variance) 8:810°° 2.6 x 107> - -
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Table 3 Table 5

The results of four full factorial experimental design Curve fitting results on the basis of Meng model

Number Withdrawal speed Dipping Membrane Withdrawal speed  Solid line slope Solid line R?

(mmmin1) time (s) thickness um) (mm min1) (wms™h intercept (Lm)

1 11.6 8 121 11.6 9.50 —14.7 0.9998
2 11.6 14 21.2 21.1 10.20 —4.8 0.9997
3 11.6 24 31.8 30.6 10.48 7.7 0.9911
4 11.6 34 40.9 40.1 10.53 18.6 0.9994
5 211 8 24.0 Meng model 10.69 0.0 1.0000
6 21.1 14 33.3

7 211 24 45.5

8 21.1 34 54.5

9 30.6 8 37.9 20

10 30.6 14 455 y=5.1039x-42.014 :

12 30.6 34 68.2

13 40.1 8 48.5

14 40.1 14 58.1 101

15 40.1 24 69.7

16 40.1 34 80.3

12 14
100

Intercepts of Solid Lines

210 4
¢ U=11.6 mm/min

80+
s U=21.1 mm/min %
4 U=30.6 mm/min [U("m . ]
—_~ 220 4 min:
i e U=40.1 mm/min
= 601 = Meng model Fig. 6. The linear correlation between the line intercepts and the with-
§ drawal speed with an order of 2/3, on the basis of Landau-Levich theory.
< <
=
= 404
Table 6
Curve fitting results on the basis of White model
201 Dipping time (s) Solid line slope Solid line R2
(wm (mmmimr1)=2/3)  intercept (Lm)
8 5.6 -17.3 0.996
0 T T T , 14 5.6 —-8.2 0.995
2 3 4 5 6 24 5.9 1.5 0.996
t )™ 34 6.0 95 0.998
White model 6.0 1.3 1.000

Fig. 5. The membrane thickness vs. the square root of the dipping time.

time ¢°®). This relation is in agreement with the model de- bet the line int s and the withd | d with
rived by Meng et al. Eq. (4). etween the line intercepts and the withdrawal speed wi

an order of 2/3, on the basis of Landau—Levich theory. Thus,

It should be noted that all lines Fig. 5are nearly parallel. . . ) . )
the final regression equation obtained may be written as

This also fits the Meng model. The intercepts of the lines,

however, increase as the withdrawal speed of the substratJO“OWS'

increasesTable 9. Fig. 6 illustrates the linear correlation  fi4, = 10.7/Y2 + 5.10%3 — 420 (15)
Table 4

Two-way analysis of variané@

Source of variation Sum of squares Degrees of freedom Mean square Corfiputed Significanta
Withdrawal speed 3204.50 3 1068.0 123.3 <0.001
Dipping time 2030.30 3 676.7 34.7 <0.001
Error 77.67 9 8.66 - -

Total 5312.47 15 - - -




A.A. Babaluo et al. / Journal of the European Ceramic Society 24 (2004) 3779-3787 3785

Table 7
The experimental and calculated values of membrane thickness
Number Membrane thicknesguifn)
Suspension with 10vol.%; = 17 mPas Suspension with 15vol.% = 19 mPas
Calculated Experimental Calculated Experimental
1 10.5 121 18.3 21.2
2 18.6 21.2 28.2 31.8
3 28.8 31.8 40.8 44.0
4 37.1 40.9 51.0 59.1
5 235 24.0 323 38.5
6 31.6 33.3 42.2 46.7
7 41.9 455 54.8 59.5
8 50.1 54.5 65.0 69.5
9 345 37.9 44.0 49.6
10 42.6 455 54.0 62.0
11 52.9 60.6 66.6 69.4
12 61.1 68.2 76.8 94.3
13 44.3 48.5 54.6 61.5
14 52.4 58.1 64.5 79.5
15 62.7 69.7 77.2 87.8
16 71.0 80.3 87.3 99.7
RMSD = 0.0126 RMSD= 0.0166
4.4. The influence of the withdrawal speed on the times (Table §. The linear relationship between the line in-
membrane thickness tercepts and the square root of the dipping time is shown in

Fig. 8 Thus, the final regression equation obtained may be
Fig. 7 presents corresponding data for membrane thick- written as follows:
ness as a function of the withdrawal speed of the substrate _ 1/2 2/3
with an order of 2/3, at different dipping times. The linear have=8.9r7% + 6.0U7" — 42.0 (16)
relations, indicate a good agreement between the experimen- - .
tal data and the Landau—Levich modgty (12). However, 4.5. Modified model proposed for forming membrane

the fitting lines have different intercepts for different dipping it was found that in the model proposed for wet membrane

formation during the dip-coating process, the effects of both
variables; dipping time and withdrawal speed of substrate
must be considered. It is believed for this purpose, that a
modified model, i.e. the superposition of both previous men-
tioned models, can be proposed based on the experimental

1007

401

807 ot=8s results obtained frorgs. (15) and (16)
mt=14s
E At=24s 20
3
@ 60 o t=34s
D
£ m White model y=8.8789x—-42.016
2 2 _
2 10 R’ =0.9988
*

20

-10

Intercepts of Solid Lines

9 11 13
[U ('”%nnj g - )"

Fig. 7. The membrane thickness vs. the withdrawal speed with an order Fig. 8. The linear correlation between the line intercepts and the square
of 2/3. root of the dipping time, on the basis of Meng theory.
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A modified model could be proposed by superposition of

Meng and Landau—Levich models, based on this hypothe-
sis. The model shows that when the suspension and sub-
strate are fixed, the membrane thickness increases linearly
with the square root of the dipping tim&®) for a constant
withdrawal speed of substrate. This linear relation fits with
the predictions made by Meng model. Also, the membrane
thickness has a linear dependency on the withdrawal speed

substrate with an order of 2/3, for a constant dipping time.

wherea; ande; are the correction factors in the Meng and The linear relations show a suitable coupling between this
Landau—Levich theories, respectively. These correction fac- modified model and Landau—Levich theory.

tors can be calculated by dividing the fitting coefficients
of Egs. (15) and (16)espectively to the theoretical coeffi-
cients:

8.9 8.9

The experimental data corresponding to the membranes

formed from suspensions of 10 and 15 vol.% oAl 203
powder, showed very good agreement with the modified
model proposed.

1 2(es0Km/naR)Y/2 107 (18)
and
51 51 References
W= Goom e TE = gg = 08 (19)
994 =/=(0 /> (pg) ™) : 1. Liu, Y. F., Liu, N. Q., Wei, H. and Meng, G. Y., Porous mullite

Therefore, the final model obtained may be written as fol-

lows: 5
Ko\ 12
have=0.83{2,3<850 "‘z) }
naR
3
B(nU)?/3

nU

o

1/3
X (1— O.297< > )} —42 (20)
After obtaining the modified model, a set of adequacy tests
were performed to see how it fitted with the actual experi-
mental dataTable 7shows the experimental and calculated
values of membrane thickness. The root mean square devia-
tion (RMSD) of the experimental and calculated results has
been defined as:

1/2
M 2

1 we — we

RMSD = — — 21 9.
|2 () | @

in which M is the number of data an@® and W°¢ are the

experimental and caculated results, respectively. The RMSD%

of membrane thickness results has been calculated 0.0126,
and 0.0166 for the suspensions with 10 and 15 vol.% of alu-
mina, respectively. The RMSD magnitudes represent a de-

sirable agreement between the experimental and calculated3-

results obtained from the modified model.

14.

5. Conclusions
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