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ABSTRACT

In the present study, the effect of titania sol concentration, hydroxy ethyl cellulose (HEC), and
sintering temperature of Titanium ultrafiltration membrane elaboration were evaluated using
Box-Behnken and investigated by pores diameter. The titania ultrafiltration membrane has been
prepared by the sol gel technique. A deflocculated suspension of titania was obtained by mixing
20 mL of titania sol (0.5-1 mol/L) and 10 g of HEC (2%-5% w/w aqueous solution) as binder. The
titania layer was deposited on the inner surface of clay support by slip casting with a contact
time (15 min). After drying at room temperature, the TiO, membrane was sintered (300°C-600°C)
for 2 h. The optimal factors to elaborate the TiO, membrane with pores diameter of 5 nm by
using Box-Behnken design include a sintering temperature of 600°C, TiO, sol concentration
of 0.5 mol/L and 2% of HEC. The interaction between the factors were relatively less important.
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1. Introduction

Membrane technology find now a wide application in
the desalination processes, in food industry, in the med-
ical industry, and in separation effluents, among other
process [1]. This increase of the application of membrane
in industry can be attributed to the various advantage such
as simple operation, good product quality, no chemical
alteration of constituents, easy scale up and better stability
[2]. Ceramics membrane have many advantages compar-
ing to polymeric ones in terms of resistance to aggressive
conditions, maintenance, and life span [3,4].

The choice of materials is very important for the
membrane preparation as it defines various properties
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like pore size, porosity, thickness and strength [2,3]. The
chemical and physical characteristics of these materials
are responsible for these membrane properties. Ceramics
membranes are prepared from different material, includ-
ing spinel, silica, titania, alumina, zirconia. Ceramics
membranes are generally prepared by using the follow-
ing steps: (i) powder or sol preparation; (ii) shaping;
(iii) temperature treatment of deposited layer [3,4].

The sol gel method is the most commonly used for the
ceramic ultrafiltration and nanofiltration membrane. It
was believed us one of the most important techniques in
fabrication of ceramic membrane. The advantage of the sol-
gel techniques is that the pores size of the membrane can be
desirably controlled, especially for small pores [4-6].
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The sintering is usually the final step in ceramic mem-
brane production. It consists of three important steps, the
initial stage, the intermediate stage and the final stage.
The membrane precursor and the particles have different
features and movement at each stage, including full den-
sification, grain coarsening and closing of pores. The tem-
perature regulation depends upon the membrane precursor
and especially the material type [7].

However, many trials are required for evaluating
the effect of these factors on the ceramic ultrafiltration
membrane elaboration. The optimization of experimental
conditions to elaborate the ultrafiltration membrane cannot
successfully done by using factor by factor optimization
only. For this reason, the application of the experimental
design methodologies can result in improved conditions
of the elaboration with lesser number of experiments. In
addition, response surface methodology (RSM) is a pow-
erful and widely used Mathematical method suitable for
modeling and optimizing chemicals reactions and or indus-
trial process. The objective of the optimization is to deter-
mine the optimum value of variable factors from the model
obtained via experimental design and analysis [8-14].

In this work, an asymmetric ceramic ultrafiltration
multilayer membrane was elaborate. The first part con-
sists to elaborate a new membrane support using natural
abundant clay from south of Morocco (Laayoune, Sahara);
The formation of microporous interlayer from zirconia and
formation of a thin ultrafiltration separation top layer from
TiO, sol will be described. The estimation of the best elabo-
ration conditions of titanium ultrafiltration membrane and
evaluate the effect of TiO, sol concentration, HEC content,
and sintering temperature will be studied by using BBD.

2. Materials and methods

2.1. Preparation of macroporous support
clay and ZrO, microfiltration membrane

The elaboration of ceramic support and zirconia inter-
layer has been reported in our previous work. For ceramic
support, the grain size of Moroccan Sahara clay used to
prepare the paste is 30 um. The sample was performed by
extrusion of the mixture of clay and organic additives. The
extruded pieces were dried at ambient temperature for 24 h
and transferred in an oven at 50°C for 24 h. The Optimized
response to elaborate the ceramic support of poros-
ity 38.79% and Mechanical strength of 12 MPa include a
starch of 4% and sintering temperature of 1,014.36°C [15,16].

For zirconia interlayer, the powder suspension tech-
nique was used to prepare the zirconia microfiltration
membrane layer. A deflocculated suspension of zirco-
nia was obtained by mixing zirconia powder, PVA (12%
w/w aqueous solution) as binder and water (with dis-
persant 0.2% w/w) like dispersing agent. The zirconia
membrane layer was deposited on the inner surface of
Moroccan clay support by slip casting (Fig. 1). After dry-
ing at room temperature, the ZrO, membrane was sin-
tered for 2 h. The optimal factors to elaborate the micro-
filtration membrane of a pores diameter of 0.24 pum and
thickness of 24 pm include a sintering temperature of
1,000°C, zirconia content of 5%, polyvinyl alcohol content
of 30% and contact time of 2 min [17,18].

Fig. 1. Scanning electron micrographs of membrane support
and zirconia microfiltration layer.

2.2. Preparation of TiO, membrane ultrafiltration

The ultrafiltration layer was prepared using sol gel route:

TiO, sol is prepared from the hydrolysis of Ti(iOPr),
by 111.6 g of water. After stirring for 1 h, 65.2 g of a nitric
acid solution is added. The solution is stirred and heated
at 60°C for 24 h to obtain the peptization. The sol is sieved
at 125 um and diluted to 250 mL.

The sol TiO, mixed with hydroxyethyl cellulose (aqueous
solution) as binder.

Ultrafiltration layer preparation: the former sol was
deposited in the inner part of the clay tubular support
by slip casting. The coating time was 2 h. The coated sup-
port was then dried for 24 h at room temperature, then
sintered for 2 h, after bonding at 250°C for 2 h.

2.3. Methods of characterization

Different techniques were used to investigate the
properties of titania ultrafiltration ceramic membrane.
The pore size distribution of the ultrafiltration layer was
determined by nitrogen adsorption/desorption (BET
method-Micrometrics Asan 2010). The morphology of
titania membrane was examined by scanning electron
microscopy (Hitachi, S-4500).

2.4. Box—Behnken design

The RSM using Box-Behnken (BBD) design was per-
formed to obtain the details regarding the significant
effects and to study the possible interactions between the
shortlisted significant factors with a positive effect on the
elaboration of ceramic support membrane and to deter-
mine the optimal value of every factor [9]. A three-level
three factorial Box-Behnken experimental design was
applied. The factor levels were coded as -1 (low), 0 (cen-
tral point) and 1 (high) [19-21]

In the optimization process, an empirical model was
developed to correlate the response of the Elaboration of
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ultrafiltration membrane process and is based on second-
order quadratic model given in Egs. (1) and (2):

k K kK

Y=b,+) X, +D b X+ Db XX +e 1)
i=1 i=1 i=1 j=1

Y =b,+bX, +b,X, +b,X,X, +b, X} +b,X; )

where Y is the response, b, is the constant; b, is the linear
coefficient, b, represents the quadratic coefficient, bij is the
interaction coefficient, X, is the coded variable level and
i or j is the number of the independent variables.

The results of the experiments design were analyzed
using statistical software to evaluate the effect as well as
the statistical parameters, the statistical plots. BBD having
15 experiments for titania ultrafiltration ceramic mem-
brane elaboration was studied and a matrix was estab-
lished according to their high and low levels, represented
by +1 and -1 respectively. The coded value of variables with
the response (Pores diameter) are illustrated in Table 1.
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elaboration was identified based on the P-value with 95%
of confidence level.

3. Results and discussion

3.1. Effects of the processing factors on the physical properties of
TiO, ultrafiltration membrane

The measured value of the technological properties
(pore diameter) of the sintered test specimens as a function
of titania sol concentration, hydroxy ethyl cellulose content
(HEC), and sintering temperature are given in Table 2.

A regression equation was obtained for each titania
membrane using BBD at a 5% level of significance. Analysis
of variance (ANOVA) and plots of observed values vs. pre-
dicted one were used to confirm the validity and precision
of model.

The results equations of pore diameter (nm) (Y,) are
reported after:

Y, =7.750+0.235A - 2.156 B + 0.358C — 0.265AA + 0.452 AB

The main effect of the microfiltration ceramic membrane +0.047CC -0.063AC —0.032AC - 0.250BC ®)
Table 1
Factor levels tested using Box-Behnken design
Parameters Experimental value
Low (-1) Central (0) High (+1)
Titania sol concentration (mol/L) 0.5 0.75 10
HEC content (%) 2 3.5 5
Sintering temperature (ST) (°C) 300 450 600
Table 2
Experiment design matrix and measured values of the considered responses using Box-Behnken
Run Coded values Experimental values Experimental Predicted
response responses
A B C [TiO,] sol Sintering HEC content Y, (nm) pore Y, (nm) pore
(mol/L) (A) temperature (°C) (B) (%) (C) diameter diameter
1 1 -1 0 1 300 3.5 10.5 10.391
2 0 -1 0.75 600 2 6 5.985
3 0 0 0 0.75 450 3.5 7.75 7.750
4 0 -1 -1 0.75 300 2 9.5 9.797
5 -1 0 -1 0.5 450 2 7 6.906
6 1 0 1 1 450 5 8 8.093
7 1 1 0 1 600 3.5 5.75 5.953
8 -1 -1 0 0.5 300 3.5 10 9.796
9 -1 0 1 0.5 450 5 7.5 7.688
10 0 0 0 0.75 450 3.5 7.75 7.750
11 -1 1 0 0.5 600 3.5 55 5.608
12 0 0 0 0.75 450 3.5 7.75 7.750
13 0 1 1 0.75 600 5 6.5 6.202
14 0 -1 1 0.75 300 5 11 11.015
15 1 0 -1 1 450 2 7.63 7.441

Y,: pore diameter (nm).
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Based on the experimental data, regression models
were fitted for Y, as shown in Eq. (3). The adequacy of the
initial model was tested via parity plot for observed vs. pre-
dicted values, as demonstrated in Fig. 2. As seen in Fig. 2,
the high values of the correlation coefficient (R* = 0.99) for
pore diameter demonstrates a good correlation between the
observed and the predicted responses by initial models.

Analysis of variance (ANOVA) was employed to
investigate the adequacy and significance of the model.
The effect of a factor is defined as the change in response
produced by a change in the level of the factor. This is fre-
quently called the main effect because it refers to the pri-
mary factors of interest in the experiments. The ANOVA
results showed that the equation adequately represented
the actual relationship between each response and the
significant variables. The F-value implies that the models
are significant and value of Prob. > F less than 0.05 indi-
cate that the models terms are significant. Especially larger
F-value with the associated P-value (smaller than 0.05,
confidence intervals) means that the experimental system

can be modelled effectively with less error [22].
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According to the ANOVA results (Table 3), the values
of F_, (59.63 for pore diameter (Y,) was higher and P-value
s were lower than 0.05 which shows the significance and
suitability of BBD model. Moreover, the normal probabil-
ity of the residuals almost indicated no departures from
the normality (Fig. 3). Among all the terms, the linear effect
of sintering temperature and HEC content were to have
a predominant effect owing to the low p-value (<0.05) for
the factors. However, the quadratic and the 2-way interac-
tion were not statistically significant on the elaboration of
ultrafiltration membrane.

As shown in the Table 4, High coefficient of determi-
nation (R%: 0.990) and adjusted coefficient of determination
(R, 0.974) indicate the good agreement of experimental
response values with model predicted values. The predicted
R-squared (R?_,: 0.852) was also in reasonable agreement
with adjustedP R-squared and showed a good prediction of
model.

Factors that influence the pore diameter (nm) was
evaluated by using factorials plots: the main effect [23,24].

Taking into consideration the value of linear coeffi-
cient shown in the above equations, the weight effect of the
considered parameters followed the order: B > C > A for
the pore diameter

The main effect which are helpful in visualizing which
factors most affects the response of each parameters rep-
resent deviations of the average between high and low
levels of each one of them as shown in Figs. 6 and 7.

Each level of factor effects the response differently;
if the slop is close zero, then the magnitude of the main
effects will be small. As the results show, the sintering tem-
perature appears to have a great effect on the response on
pore diameter as indicated by steeply slope due the great
surface followed by HEC and titania sol concentration.

The increase of the sintering temperature causes an
enlargement of the pore diameter but at high value of
sintering the pores tend to decrease [26,27]. Such effects
are related to the strong influence of temperature on the
melt formation and consequently on the sintering pro-
cess [3,7]. However, the HEC affects the properties of the
ultrafiltration layers, the increase of HEC content provokes
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Fig. 3. Normal probability of the residuals of pore diameter.
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Table 3
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Analysis of variance (ANOVA) for response surface for the prediction of pore diameter

Source Sum of Df Mean squares F-value P-value probability
square (SS) (MSS) (P)>F
Model 40.0308 9 4.4479 59.63 0.000
Linearity 38.667 3 12.8889 172.79 0.000
[TiO,] sol (mol/L)-A 0.4418 1 0.4418 5.92 0.059
Sintering temperature (°C)-B 37.1953 1 37.1953 498.63 0.000
HEC content (%)-C 1.0296 1 1.0296 13.80 0.014
Square 1.0942 3 0.3647 4.89 0.060
AxA 0.2593 1 0.2593 3.48 0.121
BxB 0.7560 1 0.7560 10.14 0.024
CxC 0.0083 1 0.0083 0.11 0.752
2-way interaction 0.2683 3 0.0899 1.21 0.398
AxB 0.0156 1 0.0156 0.21 0.666
AxC 0.0042 1 0.0042 0.06 0.821
BxC 0.2500 1 0.2500 3.35 0.127
Error 0.3730 5 0.0746
Lack-of-fit 0.3730 3 0.1243
Pure error 0.000000 2 0.00000
Total 40.4038 14
Table 4
Values of correlation coefficient (R?) related to the adopted models
Response R? coefficient of determination R? adjusted R? predicted
Y,: pore diameter (nm) 0.990 0.974 0.852
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Fig. 4. Main effects for pore diameter.

an increase of pore diameter. This effect is due of pore
forming during burning out around 250°C-300°C of HEC
[28,29]. The HEC is used as binder in casting process to
provide sufficient strength to the body so that the green
bodies can be modeled and retained in the desired shape
without breaking or damage, before and during sintering

process. Also, they cause to achieve a higher thickness in
function of time contact with desired support [1-4].

Figs. 5 and 6 show the graphical interaction indication
the combined effect of (sintering temperature and HEC
content) and (sintering temperature and [TiO,]). From this
figure it is clear that the increase in sintering temperature
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Fig. 5. Response surface plot of pores diameter of ultrafiltration
membrane vs. temperature and TiO, sol.
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Fig. 7. Scanning electron micrographs of TiO, membrane.

decrease dramatically the pores diameter. HEC as a pore

former improve the pores diameter specially at low sintering
temperature 300°C [28-30].

3.2. Response optimization

Performance of ceramic membrane is governed by its
morphology which depends on the physical, chemical,
and thermal properties. Porous texture in the ceramic is
controlled by pore-former that, under sintering condi-
tions release carbon dioxide gas. The path taken by the
released CO, gas thereby creates the porous texture of
ceramic support membrane and contributes to membrane
porosity. Response optimization for the current model
was performed with the target as minimum of diameter of
pores (high retention). The optimized predicting response

v‘\‘.“
RS
OO RSO TERRIRS
Sttt
R TSRS SO KS
e
D

SRS

I I

T, BRSPS
‘3“:: Natitiete

2

X3

101

Fig. 6. Response surface plot of pores diameter of ultrafiltra-

tion membrane vs. temperature and HEC.

to elaborate the TiO, ultrafiltration membrane with
pores diameter of 5 nm include a TiO, sol concentration

of 0.5 mol/L, sintering temperature of 600°C and a HEC
content of 2% (Fig. 7).

4. Conclusion

The application of Box-Behnken design is an effec-
tive tool to evaluate the important significant factors
influencing the elaboration of TiO, ultrafiltration ceramic
membrane. 3 factors namely the sintering temperature,
HEC content and titania sol concentration were found
to exert a significant effect on the process of pores diam-
eter. A detailed analysis of the results was conducted
using a multilinear regression method based on the
analysis of variance using Fisher test and the validation
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by the coefficient of determination R* were found to be
statically significant and presented low variability. The
optimized predicting response to elaborate the TiO,
ultrafiltration membrane with pores diameter of 5 nm
include a TiO, sol concentration of 0.5 mol/L, sintering
temperature of 600°C and a HEC content of 2%.
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