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ABSTRACT

The central focus of this research work is upon the development and characterization of a new
ceramic microfiltration membrane. The support was prepared in a flat configuration using 100 pm
calibrated powder made from mixed natural clay and natural phosphate. The firing temperature of
the support amounts to 1,050°C for 3 h. After firing, the produced support was characterized using
multiple methods (infrared spectroscopy, permeability, mechanical strength, scanning electronic
microscopy, and mercury porosimeter). This support has subsequently become ready to prepare
the microfiltration layer based on titanium oxide (TiO,) through the use of the slip-casting method.
The MF layer was firing to 950°C for consolidation. This microfiltration membrane has a permea-
bility of 1,566.9 L/h-m*bar. Finally, the membrane application to the treatment of textile effluents
by photocatalysis revealed a good degradation of dyes with a removal rate of 97.41%.
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1. Introduction

Notably, ceramic membranes were synthesized through
investing in an inorganic material such as titanium [1,2],
alumina [3], silicon carbide [4,5], zirconium oxides [6,7], or
some glassy materials [8,9]. Basically, ceramic membranes
exhibit a sandwich-like structure of three layers [10,11].
The first layer corresponds to the support layer, the second
or middle layer stands for the transition layer, and the last
refers to the function layer. As its name suggests, the sup-
port layer is beneficial in terms of providing support and
mechanical strength to the membrane system. The transi-
tion layer is significant in terms of preventing particles from
moving through the membrane [10]. The function layer rep-
resents a crucial part of the system, serving to identify the
membrane [12]. Relying on this layer, the membrane sys-
tem is divided into multiple categories like microfiltration,
ultrafiltration, and nanofiltration.

* Corresponding author.

Inorganic ceramic membranes display certain merits
over polymeric membranes, involving high mechanical
thermal, strength, and chemical stability [10,11]. The mem-
branes can withstand a very wide variety of temperatures
and pH conditions owing to their thermally and chemically
inert ceramic character. Additionally, they do not present
irreversible structural changes that may influence their
operational behavior. Microporous glasses, zeolites [13,14],
titania, y-alumina [15], and zirconia are frequently invested
in the elaboration of ceramic membrane materials. The meth-
ods applied to prepare the inorganic ceramic membrane
include mostly the following methods: chemical extraction,
sol-gel method [16], solid-state sintering, phase-separation,
chemical vapor deposition [17], and synthesis. However,
inorganic ceramic membranes exhibit a wide distribution
of pore sizes that are relatively large (2600 nm), making
them ineffective in separation processes including microfil-
tration, UF, and NF.
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Currently, using membrane separation processes is
becoming highly significant in numerous industrial appli-
cations. This refers basically to their high effectiveness in
terms of such separation processes as wastewater treat-
ment in industrial effluents, food industries, and additional
environmental applications [18].

In this respect, ceramic membranes display high chem-
ical and thermal stability, long life, pressure resistance, and
good mechanical strength with regard to organic mem-
branes [19,20]. These inorganic membranes are notably
made of alumina, silica, zircon and titanium [21,22] clay [23],
kaolin [24], and phosphate [25].

While preparing the ceramic membrane, local clays
were invested in order to elaborate flat and tubular ceramic
membranes for the microfiltration process. Multiple
researchers have addressed the development of low-cost
ceramic membranes for microfiltration relying on natural
materials. Some scientists have produced and character-
ized flat and tubular ceramic microfiltration membranes
resting on natural Moroccan pozzolan [26,27]. Others have
developed new tubular ceramic membranes derived from
local Moroccan perlite so as to treat industrial wastewater
[28]. Their work has interestingly highlighted outstanding
separation properties.

Membrane selectivity is accomplished through the depo-
sition of a porous thin layer of inorganic oxides like ZrO,
and TiO, [29,30]. In order to guarantee the separation of
solutes through suitable a pore radius, the deposition pro-
cess needs to be selected carefully. Meanwhile, the support
grants mechanical strength [31,32]. It is therefore notewor-
thy to observe that ceramic membranes display an asym-
metric and composite structure formed by the deposition
of a layer on previously fabricated support; such deposition
can be achieved by slip-casting [33]; dip coating [34], and
sol-gel [35]. The prepared membranes presented promis-
ing separation characteristics when implemented in various
industrial wastewaters [36].

Within this framework, this research paper focuses
on the development and characterization of microfiltra-
tion membranes generated by the slip-casting method on
a flat ceramic support based on TiO,. The prepared mem-
branes were invested in to treat textile effluents through
photocatalysis.

2. Characterization of the powder
2.1. Raw materials

As far as our study is concerned, the raw materials
serving to prepare the ceramic support were: Tunisian nat-
ural phosphate and clay, both derived from the SEKHIRA
region. The used phosphate presents a high organic mat-
ter content, enabling us to create pores without synthetic
additives.

2.2. IR spectrum

IR spectroscopy is among the used methods to iden-
tify the groups that characterize the functions. The powder
tested using IR spectral analysis is depicted in Fig. 1. An IR
transmittance spectrum of the ground sample was deter-
mined in the 4,000-400 cm™ range with a “Perkin Elmer”

spectrophotometer. The IR spectrum of our sample exhibits
a band of 3,625 cm™ assigned to the characteristics of the
stretching of structural hydroxyl groups OH [37], A char-
acteristic band is recorded at 1,637.5 cm™ corresponding to
the OH deformation of water [37]. The peaks around 1,427
and 875 cm™ are assigned to the presence of CaCO, [38].
The adsorption band around 1,004 cm™ is suggestive of the
antisymmetric elongation of Si-O [39]. The band located
at 802 cm™ is ascribed to the vibration of the stretching of
Si—O-Si [40]. The characteristic band recorded at 468 cm™
is attributed to the valence vibration of the Si-O group [41].

2.3. Thermal analysis

Thermogravimetric analysis (TGA) was conducted so as
to specify the mass loss due to an increase in temperature.
The temperature rise program is 10°C/min up to 1,050°C.
Fig. 2 illustrates a first loss in mass of 3.31% between 350
and 400 K, which stands for the condensation of water
resulting from the elimination of the hydroxyl groups
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Fig. 1. IR spectrum of 50% clay and 50% phosphate.
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Fig. 2. Thermogravimetric analysis curve.
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on the surface [42]. A second loss in mass of 3% between
700 and 900 K accounts for the thermal decomposition
of mineral carbonates [43]. A third loss in mass of 4.11%
occurred between 1,000 and 1,100 K, indicating sintering.

3. Elaboration and characterization of support
3.1. Elaboration of porous support

The dried homogeneous mixture of 50% phosphate
and 50% clay (<150 um) was compacted uniaxially twice:
a first pressing followed by a second one with a pressing
time that does not exceed 4 s, under 120 MPa in cylindrical
molds creating flat discs, were next sintered in a program-
mable oven. This double pressing step is necessary as it
helps ensure a more uniform thickness across the membrane.
This uniformity is significant for consistent membrane per-
formance. It can equally increase the density of the mem-
brane material in order to improve its mechanical strength
and make it more robust and less susceptible to damage
during use. The thermal cycling was performed in four steps:

A first annealing of 2 h at 250°C with a rate of rise of
2°C/min to ensure the evaporation of the residual water, a
second annealing of 2 h at 450°C with a rise rate of 2°C/min
to degrade the organic matter present in the phosphate, a
third annealing of 2 h 30 min for dehydration and a fourth
annealing at the sintering temperature of 1,050°C, with a
rise rate of 2°C/min.

3.2. IR spectrum

The IR spectrum of the sintered sample at 1,050°C (Fig. 3)
reveals that the 1,979 cm™ band is ascribed to the character-
istics of the stretching of CO [44], which corroborates the
presence of carbonates and other organic impurities in the
clay. The peaks at 1,028 and 959 cm™ are assigned to the anti-
symmetric elongation vibration of the PO, groupings [45].
Peaks 599 and 566 cm™ refer to the antisymmetric defor-
mation of the PO, group [46]. The band towards 457 cm™
corresponds to the valence vibration of the Si-O group [41].
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Fig. 3. IR spectrum of 50% clay and 50% phosphate sintered at
1,050°C.

3.3. Mechanical resistance

The three-point bending method was applied in order
to determine the mechanical strength of the ceramic sup-
port cooked at 1,050°C. Departing from this test, it can
be inferred based on Fig. 4 that the breaking stress (o) is
maximum at the sintering temperature (o = 27.26 MPa).
It seems therefore, that this is the most adequate tempera-
ture to ensure convenient mechanical strength.

3.4. Determination of support permeability

The pure water permeability of the support was tested
on a laboratory-scale filtration pilot (Fig. 5). This permea-
bility of the support was specified through the flow values
estimated after stabilization. The flow of water permeation
basically evolves as a function of time as stabilizes. Its value
depends largely upon the pressure fixed with reference to
the Darcy law. The flow increases along a linear line when
the pressure increases. The permeability of the support
(Fig. 6) is of the order of 2,526 (L/h-m?bar).

3.5. SEM image and EDX analysis

EDX analysis of the surface of the membrane demon-
strates a high amount of Si with O, Ca, Al, etc. A similar
microstructure of SEM images was obtained from a layer
coated on porous clay-phosphate supports. It was detected
that the layer was homogeneous, without cracks and firmly
adhered to porous clay-phosphate material. The transversal
view of the SEM image (Fig. 7a) and the linear EDX anal-
ysis of the image (Fig. 7b) exhibited a regular membrane
thickness of 100 pum, while Ca and Si corresponded to
the abandoned elements.

3.6. Mercury porosimetry

The mercury porosimeter allowed us to determine the
distribution of pore diameters as well as the open porous
volume of a ceramic support relying on clay and sintered
phosphate at 1,050°C (Fig. 8). The differential intrusion
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Fig. 4. Evolution of the stress at break (o) of the substrate as a
function of the sintering temperature.
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Fig. 6. Evolution of the flow (L/h-m?) of the support according to
the pressure (bar).

curve as a function of the diameter of the pores plotted in
Fig. 8 reveals that the served supports at the optimal sinter-
ing temperature of 1,050°C have an average pores diameter
of 10.36 um with an average porosity of 41.66%.

4. Elaboration and characterization of the microfiltration
layer

In order to develop the microfiltration layer, titanium
oxide (TiO,) was invested as a powder. Hence, by means of
the dip-coating method, TiO, powder and distilled water
were mixed with organic binder (12% solution by mass
of PVA) respecting the following percentages: 5%, 65%,

Membrane
module

L X

and 30%. The deposition time amounted to about 5 min.
Following drying at room temperature for 24 h, the micro-
filtration layer was sintered at 950°C for 2 h.

The sintering program consists of a first 1 h level at
300°C corresponding to the departure of water and APV
and a second level of 2 h at 950°C. These temperatures
should not interfere with sintering to avoid the risk of
cracking membranes.

The deposition of a microfiltration layer on the ceramic
support is an intrinsic step in the manufacture of mem-
branes. One of the main reasons for the deposition of this
layer is to improve the separation efficiency as well as the
selectivity of the membrane and to reduce the pore diam-
eter with smaller pore sizes, which will be implemented
by the process dip-coating method [38]. The active layer
is designed to have specific characteristics that allow it to
selectively retain or separate certain components of a mix-
ture. In the case of ultrafiltration membranes, the layer is
designed to efficiently remove particles and macromol-
ecules while allowing small molecules and solvents to
move through.

As for the permeability test, the ceramic membrane was
applied to a filtration device. The chosen flat ceramic mem-
brane was conditioned in pure water for 24 h before the
filtration tests were conducted. The average permeability
of the titanium oxide microfiltration membrane depicted
in Fig. 9 amounted to 1566.9 L/h-m*bar.

5. Application of the membrane to the treatment of the dye
(turquoise blue) by photocatalysis

To ensure the degradation of the turquoise blue under
the presence of the light ray, the phenomenon of photo-
catalysis using the TiO, as a photocatalyst was selected.
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Fig. 7. (a) SEM morphology of the sintered substrate at 1,050°C and (b) EDX analysis of the sintered substrate at 1,050°C.
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Fig. 10. Representative figure of the photocatalytic effect on
the TiO, microfiltration membrane.

Subsequently, the ceramic was mounted on the filtration
driver and the solution was poured on the membrane at a
concentration of 100 mg/L.

As an initial step, the stability of the ceramic from a
photocatalytic point of view was searched for. From this
perspective, the membrane was put in the filtration pilot
facing the solar radiation so as to achieve photocatalysis and
degradation of the color. The basic objective underling this
step was to observe the effect of TiO, layer on the degrada-
tion of turquoise blue. The stabilization time was around
60 min. In a second step, the solution was left to stabilize
for 15 min. Next, the filtration device and the chronometer
started to count the time that the test piece took to fill up
with 10 mL. This procedure was repeated several times until
the entire color degradation of the solution was obtained.
Results of the filtration with photocatalysis revealed
that the blue color was completely eliminated. The color
was determined using 665 nm spectrophotometry.

The dye removal rate was 97.41%, which proves the high
performance of this protocol (photocatalysis + filtration)
for dye degradation (Fig. 10).

6. Membrane regeneration

The reusability of the membrane was also investigated
so as to validate its application in industrial wastewater
treatment. Therefore, after each experiment, the membrane
should be regenerated by a wash cycle following the pro-
tocol of passing an aqueous NaOH solution (2%) at 80°C
for 20 min, followed by a deionized water rinse until the
pH is new. Then, it was washed with aqueous nitric acid
(2%) at 60°C for 20 min, followed by a rinse with deionized
water until the pH is neutral [14]. The efficiency of regen-
eration is determined by measuring the water permea-
bility of the membrane. This permeability should be very
similar to that obtained with freshly prepared membranes.
Fig. 11 displays a quasi-complete regeneration of the mem-
brane. This result suggests that membrane performance
is maintained for a long time.
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Fig. 11. Determination of water permeability for new and
regenerated microfiltration membrane.

7. Conclusion

In the current research work, a new TiO, MF ceramic
membrane developed on a substrate produced from Tunisian
natural clay and phosphate was assessed for the treat-
ment of wastewater from the textile industry. It was tested
experimentally using various charges. The main finding of
this study yields the following concluding remarks:

¢ thepermeability of the supportisroughly 2,526 L/h-m?bar.

e the mechanical strength of the supports reaches its
maximum at the sintering temperature of 1,100°C
(0=30.87 MPa).

e SEM analysis revealed a porous structure for the
ceramic. The cross-sectional view of the SEM image as
well as the linear EDX analysis of the image displayed
a regular membrane thickness of 100 pm. There is also
a smoothing of the grains on the surface giving rise to
a low roughness, which may entail the deposition of a
layer.

e the substrates used at the optimum sintering tem-
perature of 1,050°C have an average pore diameter of
10.36 um and an average porosity of 41.66%.

e the permeability of the filter layer is
2,526 L/h-m?bar.

e the application of the membrane to the treatment of
textile effluents by photocatalysis demonstrates a good
degradation of dyes with a removal rate of 97.41%.

nearly

These results can be regarded as promising, worthwhile,
and valuable as this new ceramic membrane can facilitate
the treatment and management of industrial wastewater.
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