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Abstract
The porosity and mechanical resistance of a ceramic membrane elaborated from animal
bone has been studied using a design of experiment (DoE). The effect of Sintering
temperature, Particle size and Starch content of the ceramic support membrane
elaboration were evaluated using a complete factorial design 23. Response Surface
Methodology was used for further optimization. The supports have been prepared from
animal bone with a two fraction 100 and 125 µm and a starch to enhance the performance
of the support. The supports sintered between 900 °C and 1300 °C. By using DoE, it was
found that the sintering temperature and particle size are the main controlling factors of
the physical properties of ceramic support membrane. The increase of Sintering
temperature had a positive effect on Mechanical strength and positive effect on porosity,
on other hand the increase of particle size had a negative on porosity. The optimal factors
to elaborate the membrane support by using DoE include a sintering temperature of
1300°C and starch content of 10% predicting the porosity of 15.7% and Mechanical
strength of 17 MPa.

1. Introduction

Due to their potential application in a wide range of industrial processes, membrane technologies
have received an increasing interest. The use of ceramic membranes has many advantages such as high
thermal and chemical stability [1,2], long lifetime, and physic-chemical inertia [1]. From a technicaleconomic point of view, new composite ceramic microﬁltration (MF)and ultraﬁltration (UF)
membranes have been produced recently from abundant natural materials like clay [3,4] and phosphate
[5] as well as from animal bones [6]. These inorganic membranes have the advantage that they can be
applied in extremely aggressive environments due to their distinct advantages.
In water treatment applications, the use of ceramic membranes is associated with numerous
advantages relative to polymer-based filtration systems. High-temperature stability, fouling resistance,
and low maintenance requirements contribute to lower lifecycle costs in such systems. However, the
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high production costs of most commercially available ceramic membranes, stemming from raw
materials and processing, are uneconomical for such systems in most water treatment applications.
The main concept of research on ceramic support membrane is to pay attention to support membrane
morphology (porosity, pore size, and surface texture) as well as thermal, mechanical, and chemical
stability. However, some factors such as chemicals mineralogical, particle size, organic additives, and
processing procedures such as shaping, drying, and sintering temperature influence the performance of
wet ceramic support membranes.
Preparation conditions can determine the membrane structure and performance ultimately. Thus,
the good performance of ceramic membrane can be obtained by manipulating preparation conditions.
In the past, researchers used one-factor-at-a-time experimental method, which not only consumed more
time and more cost but also neglected the effect of interaction between factors [7]. An experiment with
a good design and suitable model not only provides more information but also makes it possible to
achieve optimal experimental conditions, while, a chemical experiment with a failed design may
provide very poor information even when one uses a very good data analysis method to extract the
chemical information from it. Thus, an efficient design for a chemical experiment is very important for
chemists.
Many researches [8-11] have been written about designs of experiment in chemometrics. Design of
the experiment is used to obtain a response chemical process with desirable characteristics in an
efficient way.
Experimentally, many trials are required for evaluating, the effect of these factors and their mutual
interaction on ceramic properties. The Experimental Design is generally used for the reduction of the
number of experiments and the determination of a response value for any chosen natural variables
belonging to the investigated experiments domains.
The aim is to understand first the effect of the factors and their interactions, and then to model the
relationship between response y and factors (x1, x2, … xn) with a minimum number of experiments.
This requires an orderly and efficient mapping of the experimental domain. Experimental design, when
well applied, is therefore cost-saving.
This work consists to investigate the properties of the elaboration of ceramic wet support membrane
from animal bone and evaluate the effects of Particle Size, sintering temperature and Starch content
on porosity and mechanical strength using DoE approach. The selected factors that may have a
significant effect on the elaboration of membrane support will be studied for optimizing factor and
modeling the system by a mathematical model.
2. Materials and Methods
2.1 Experimental process
The shaping of a non-plastic ceramic powder requires the introduction of various organic
compounds, which will make it possible to obtain a plastic paste with well-defined characteristics in
the presence of water.
The plasticizer and binder organic additives are necessary to prepare a paste with rheological
properties allowing shaping by extrusion that is why we have to optimize the initial formulation. All
these additives can be removed during the heat treatment of the extruded part, which makes this process
very usable [6,12].
The mixture of animal bone powder (81.7 % w/w) and organic additives was obtained by the
mixture of bone powder and starch (corn starch RG03408, Cerestar) as the main factor, with Methocel
4% w / w (The Dow Chemical Company), Amijel 4% w / w (Cplus 12072, Cerestar) and PEG 1500
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0.3% w / w (Prolabo). The mixture is stirred at 250 rpm, for 30 min in order to obtain good
homogeneity. Water (32% w / w powders) and Zusoplast 0.24% w / w (Zschimmer and Schwartz) were
also added and put in place for 30 min.
The pastes were kept in a closed box for 2 days under high humidity to avoid premature drying
and to ensure complete diffusion of the water and organic additives. Thereafter they were shaped by
extrusion into a thin ﬁlm that was segmented to format ﬂat disk supports with a diameter of 4.9 cm.
Later, they were dried at temperature 40 °C during 24h of the flat support after extrusion. Finally, the
extruded pieces were sintered in the furnace at 900-1300°C. The process of ceramic preparation is
described in Fig. 1.

Figure 1: Diagram of porous support elaboration by extrusion method.

2.2 Mercury Porosimetry
The characterization of the quantity, size and size distribution of pores is an essential part of the
investigation of refractories. Mercury intrusion porosimetry (MIP) is an analytical technique used to
characterize the material’s porous nature relating to the total pore volume, pore size distribution, bulk
and apparent density which involves the intrusion of non-wetting mercury into the sample as a function
of pressure [13].
The volume of intruded/extruded mercury is measured as a function of pressure and with the help
of the Washburn equation based on the assumption of cylindrical pores. The imposed pressure p is
converted into the corresponding pore radius r: p = 2γ cos θ/r, whereas θ is the contact angle and γ the
surface tension of mercury [14].
Mercury porosimetry is an extremely useful characterization technique for porous materials. Pores
between about 500 µm and 3.5 nm can be investigated [15]. One should keep in mind that the mercury
intrusion porosimetry measures only open pores and solely the entryway between the surface of the
sample and the pore cavities (largest entrance of a pore) and not the radius of the pore cavities itself
[15].
This technique consists in gradually injecting mercury into a sample previously drained by
increasing the pressure of the mercury. The relationship between the saturation of mercury and pressure
can define the pressure curve which is linked to the structure of the pores. Porosity measurements by
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mercury intrusion were performed by the AutoPore IV 9500 (MICROMERITICS) which allows to
measure pore access diameters ranging from 0.003 to 1000 μm, for intrusion pressures between 0 and
200 MPa.
2.3 Design of experiment

There are different design of experiment methods including factorial designs, response surface
designs, mixing designs and Taguchi designs (also called robust Taguchi designs). The design of
experiment was applied to evaluate the effects of parameters and optimize conditions for various
responses. BoxeBehnken design of experiment (BBD) with three numeric factors on three different
levels were used by Raj Mohan et al. [16].
The complete DoE approach adopted in our study involves three factors, such as particle Size
(Granulometry)(X1), the starch content (X2) and sintering temperature (X3), whose objective is to
optimize the porosity (Y1) and mechanical resistance (Y2) considered as an answers,these factors which
will be evaluated at two levels (a lower level marked -1 and a higher level marked +1) showed in Table
1.
Table 1: Factorial design of experiment 23.

Granulometry (µm)

Starch content (%)

Sintering temperature (°C)

X1

X2

X3

-1

100

6

900

+1

125

10

1300

Level

The design of experiments is a statistical method of multifactorial analysis of experimental data which
provides a better understanding of the process than the standard methods of experimentation, since it
is able to predict how the inputs affect the outputs in a complex process where different factors can
interact among themselves. All the coefficients of the different polynomial equations [10,17]:
Y = 𝑎0 + ∑!"#$ 𝑎𝑖𝑋𝑖 + ∑!"#$ ∑!%#$ 𝑎𝑖𝑗𝑋𝑖𝑋𝑗 + ∑!" 𝑎𝑖𝑖𝑋𝑖𝑖2 + 𝜀

Eqn. 1

Where Y is the response variable; a0 is the intercept; ai, aij and aii are coefficients of the linear effect,
double interactions; Xi, Xj are the independent variables or factors and ε is error. An effective
experiment design is therefore proposing to vary several factors both according to rules precise and
rigorous organization: plans that we are going to study are multi factorials and usually called factorial
designs. These "2 level and k factors 2k" designs are the ones that should be used to research the factors
acting on an answer measured. These are the simplest to interpret and they are the most cost-effective.
Using a complete factorial design (Fig.2), we performed all the combinations of factor levels involved.
3. Results and Discussion
3.1 Experimental design and experimental results
The construction of a complete design is convenient to symbolize by -1 low level of each factor
by +1 high level. Which allows you to collect the elements relating to each factor in a table called
experience matrix, which is presented in correspondence with a column giving the experimental results
of responses (Y1, Y2). The following examples give the numerical values. The repeats to the eight
experiments are indicated opposite, allowing the calculation of the effects (Table 2).
M. Addiche et al., J. Mater. Environ. Sci., 2022, 13(2), pp. 151-161

154

Evaluate design

•Create of
experimental
designe
•Define factors
and responses

•Specify model
•Realize experiments

•Analyze data

Optimize responses

Select design

Figure 2: Schematization of a design of experiment.
Table 2: Design of experiment and Experimental Results

Factors
Experiments X1
1
2
3
4
5
6
7
8

-1
+1
-1
+1
-1
+1
-1
+1

Interactions

X2

X3 X1X2

-1
-1
+1
+1
-1
-1
+1
+1

-1
-1
-1
-1
+1
+1
+1
+1

+1
-1
-1
+1
+1
-1
-1
+1

Responses

X1X3 X2X3 X1X2X3 Y1: Porosity (%) Y2: Mechanical
resistance (MPa)
+1
+1
-1
12.6
13.01
-1
+1
+1
10.3
13.03
+1
-1
+1
11.5
12.90
-1
-1
-1
10
13.03
-1
-1
+1
14.2
17.0
+1
-1
-1
14.0
17.04
-1
+1
-1
14.9
16.89
+1
+1
+1
15.7
16.9

3.2 Pareto diagram
The diagram of contribution illustrates the significance of the operating parameters. The
negative or positive impact of the variables (sintering temperature, starch content and granulometry)
on the output (porosity and mechanical resistance). Figures 3 and 4 below show Pareto Diagram of the
porosity and mechanical resistance of ceramic paste. From the diagram, we observe that the
temperature has the highest positive effect on the porosity of the past followed by the granulometry of
powder.
In this diagram, the effect of sintering temperature, interaction X1X3, interaction X2X3, and
granulometry is important and contributes to maximize the response variations. On the other hand, the
start content does not have a significant effect. So, it is necessary to verify if this factor was not involved
in the effect of the response to remove it in the analysis of variance. The powder granulometry is an
important parameter because pore sizes and porosity of membranes are dependent on particles
diameter.
The average effect of a factor is defined from the observed or modeled difference of response variable,
when this factor undergoes a modality change. The scorecard and the average effect plot facilitate
estimation and visualization of average effects. The effects plot of the medium facilitates the return of
the information. This is an undeniable asset of the methodological approach associated with the design
of experiments.
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Figure 3: Pareto chart for porosity.
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Figure 4: Pareto chart for mechanical resistance.

All factors except starch content influence the porosity as shown in figures 5 and 6. This
phenomenon is obviously seen in pareto diagram. Fig. 5 shows that the more the particle size of the
increasing powder the more the porosity decreases. On the other hand, the increase in the sintering
temperature leads to an increase in percentage of porosity. Sintering corresponds to the thermal
consolidation of a material without fusion of at least one of its constituents. It is one of the most delicate
and often the most expensive operations in the preparation of ceramics.
3,9

SQRT(Porosity)

3,8
3,7
3,6
3,5
3,4
3,3
100,0

125,0

Granulometry

6,0

10,0

Starch content

900,0

1300,0

Sintering temperature

Figure 5: direct effects graph for porosity.
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SQRT(Mechanical resistance)

During the thermal cycle, the microstructure is put in place, by material transport between
grains, in order to minimize excess interface energies, which is generally accompanied by a decrease
in porosity. The latter manifests itself macroscopically by a withdrawal from the "raw" part. We notice
very well that the porosity is almost stable when working with 6% or 10% of starch as a porosity agent.
4,2
4,1
4
3,9
3,8
3,7
3,6
100,0

125,0

Granulometry

6,0

10,0

Starch content

900,0

1300,0

Sintering temperature

Figure 6: direct effects graph for mechanical resistance.

Table 3 breaks down the variability of porosity into separate lines for each of the effects. It then
tests the statistical significance of each of the effects by comparing the root mean with an estimate of
the experimental error. In this case, four effects have probabilities less than 0.05, which indicates that
they are significantly different from zero at the 95.0% confidence level. The R-squared statistic
indicates that the fitted model explains 99,9844% of the variability of porosity. The adjusted R-squared
statistic, which is preferable for comparing models with different numbers of explanatory variables, is
99,8905%. The standard error of estimate indicates that the standard deviation of the residuals is
0,0707107. The mean absolute error (AEM) of 0,025is the mean value of the residuals.
Table 3: Analysis of variance for Porosity

Source

Sum of
Square

Degree of
freedom

X1:Granulometry
X2:Starch content
X3:Sintering temperature
X1 X2
X1 X3
X2 X3
total error
Total (corr.)

1.28
0.125
25.92
0.405
2.42
1.805
0.005
31.96

1
1
1
1
1
1
1
7

Mean
Square
1.28
0.125
25.92
0.405
2.42
1.805
0.005

F-Ratio

P-Value

256.00
25.00
5184.00
81.00
484.00
361.00

0.0397
0.1257
0.0088
0.0704
0.0289
0.0335

3.3 Equation model
Interpretation starts with the calculation of the coefficients of the model. The coefficients of the
model are represented in Table 4 below. The statistical analyses showed that the values of the
answers would adapt to a model:
Porosity (%) = 51,6125 - 0,3446X1 - 0,02525X3+ 0,00022X1X3 + 0,0011875X2X3
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3.4 Response surface
The correlation matrix (table 5) indicates the levels of confusion between the effects. A perfectly
orthogonal plane gives a matrix with one on the diagonal and zero everywhere else. All non-zero terms
except those in the diagonal indicate that the effect estimates associated with these rows and columns
will be correlated. In this case, there is no correlation between the effects. This indicates that we get
good estimates of all of these effects
Table 4: Regression coefficients for Porosity.

Coefficient
Constant
X1:Granulometry
X2:Starch content
X3:Sintering
temperature
X1 X2
X1 X3
X2 X3

Estimate
51.6125
-0.346
-2.25625
-0.02525
0.009
0.00022
0.0011875

Table 5: Correlation matrix of estimated effects

(1)
(2)
(3)
(4)

Average
X1:Granulometry
X2:Starch content
X3:Sintering
temperature
(5) X1X2
(6) X1X3
(7) X2X3

(1)
1
0
0
0

(2)
0
1
0
0

(3)
0
0
1
0

(4)
0
0
0
1

(5)
0
0
0
0

(6)
0
0
0
0

(7)
0
0
0
0

0
0
0

0
0
0

0
0
0

0
0
0

1
0
0

0
1
0

0
0
1

The graph of response surface in Fig. 7, built after determining the most influential factors, makes it
possible to define all the combinations of operating conditions that make it possible to obtain the target
value of the response. They are thereforeSurface
very practical
delineate a desirable or optimal work area.
de réponseto
estimée
Sintering temperature=1100,0

16

Porosity

15
14
13
12
11
10
100

105

110

115

120

125

10
9
8
7
Starch
content
6

Porosity
10,0
10,6
11,2
11,8
12,4
13,0
13,6
14,2
14,8
15,4
16,0

Granulometry

Figure 7: Response surface at sintering temperature 1100°C.
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The surface at sintering temperature 1100°C shows that the porosity value varies from 12.4% to 13%
for all levels of granulometry and starch content, which confirms the results of the contour of the
response surface at the same temperature (fig.8).
Graphique de superposition des contours
sintering temperature=1100,0
10

13,0
15,0

Porosity
Mechanical resistance

starch content

9

8
12,4
7

6
100

105

110

115

120

125

Granulometry

Figure 8: contour of the response surface at sintering temperature 1100°C.

3.5 Optimal response
Our final objective is to maximize the porosity according to the parameters studied. Table 6 and
fig.9 show that the theoretical values of the parameters are in the range of experimental values and the
theoretical optimum corresponds to the experimental optimum which is equal to 15.6813 %.
Table 6: Factor settings at optimum.

Factor

settings

Granulometry (µm)
Starch content (%)
Sintering temperature (°C)

125.0
10.0
1300.0

Desirability Graph
Sintering temperature=1300,0
Desirability
0,0-0,1
0,1-0,2
0,2-0,3
0,3-0,4
0,4-0,5
0,5-0,6
0,6-0,7
0,7-0,8
0,8-0,9
0,9-1,0

1
Desirability

0,8
0,6
0,4
0,2
0
100

105

110

115

120

125

6

10
9
8
7 Starch content

Granulometry

Figure 9: Desirability Graph.

The sintering temperature is an important parameter which controls the pore diameter of the
support and its mechanical resistant. The thermal expansion depends also on the firing treatment.
Therefore, the best properties of the final support are achieved by adjusting the conditions for sintering.
(Table.7.) shows the Pores volume is function of temperature.
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Table 7: Pore diameter and pores volume versus firing temperature of the support

Temperature °C

Pore Diameter (Dp:µm)

900

Dp <1µm: 80%
<120µm: 20%
Dp<1µm:70%
300<Dp<10: 30%

1300

Conclusion
The use of experimental design is an effective tool to evaluate the important significant factors
influencing the elaboration of ceramic membrane. 2 factors namely the Sintering temperature and
particle size were found to exert a significant effect on the process. The two factors were optimized
using response surface methodology. The best performance of the elaboration of ceramic support
membrane was attend at sintering temperature of 1300°C and particle size of 125µm.
the investigation has demonstrated that the sintering temperature is the main controlling factor
of the technological properties of ceramic membrane support. The increase of sintering temperature
had a positive effect on the mechanical strength and on the porosity due the principal advantage of the
organic additives that they are eliminated by combustion during the thermal treatment. The starch
content has also a significant influence of the support porosity, this is can be explained that the growth
of starch content increases the porosity (Pores former during the burning out) and reduce the
mechanical strength.
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