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Abstract: In the last decade, the development of a new generation of membranes based on low-cost
materials has been widely studied. These membranes demonstrate significantly higher performance
than the conventional ceramic membranes currently used in membrane separation technology. This
work is focused on the development of a low-cost flat UF ceramic membrane composed completely
of sepiolite using a uniaxial pressing method with dimensions of 5.5 cm of diameter and 3 mm of
thickness. The sintering temperatures used were from 650 to 800 °C. Several properties, such as
morphology, porosity, permeability, mechanical strength, and chemical resistance, are investigated.
The results show that the mean pore diameter is increased from 40 to 150 nm when the sintering
temperature increases from 650 °C to 800 °C. At these temperatures, excellent mechanical strength of
18 MPa to 22 MPa and high chemical resistance were achieved. SEM results revealed a crack-free
structure with a uniformly smooth surface. Permeability tests were conducted using dead-end
filtration. The sepiolite membrane demonstrated an improvement in its water permeability from 18 to
41 L-m~2-h~1.bar~! when the sintering temperature increased from 650 °C to 750 °C. The efficiency
of the sepiolite membranes sintered at 650 °C and 700 °C were evaluated with the application of
the removal of paracetamol (PCT) and indigo blue (IB) dye separately from two synthetic aqueous
solutions representing the pharmaceutical and textile sectors. Excellent removal efficiency of almost
100% for both contaminants was observed at ambient temperature and a pressure of 3 bars. Membrane
regeneration was achieved through simple rinsing with deionized water. According to this finding,
the UF sepiolite membrane demonstrated reversible fouling, which is consistent with the fouling
coefficient “FRR” value higher than 90%.

Keywords: sepiolite; ceramic membrane; removal; paracetamol; indigo blue dye

1. Introduction

Over the last few years, the consumption of drinking water representing a very limited
part of the total available water resources has continued to rise, principally due to industrial
expansion, especially in various developing nations of the world. Consequently, water
quality decreased irreversibly due to the increase in the load of numerous pollutants in
the environment.

The industrial sectors are considered to be the highest water consumers after the
agricultural sector [1]. Textile and pharmaceutical industries are very water-intensive [2,3]
and consequently produce large quantities of contaminated wastewater due to the use
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of dyes and various chemical agents [4,5], resulting in environmental degradation when
untreated wastewater is discharged.

The production of dyes per year was estimated as 800,000 tons, including 200,000 tons
of textile dyes [6]. In addition, different types of pharmaceutical compounds, including
analgesics, anti-inflammatory drugs, and antibiotics, are released into the environment
following their use. These substances have been detected in water resources. Moreover,
improper or unlawful disposal of pharmaceutical waste can significantly contribute to
environmental pollution [7]. Many findings confirm that dyes and pharmaceutical com-
pounds can have serious damage to the environment and human health [8,9]. According
to Mittal [10], artificial dyes can cause several adverse effects like cancer, allergies, and
hyperactivity in children. Furthermore, the presence of high levels of pharmaceutical
compounds in wastewater poses a risk to human health and impacts the ecosystem.

Regarding human health, it has been reported that serious harmful effects, such as
gene toxicity, disruption of the endocrine system, and cancer could be caused by these
contaminants [11]. Consequently, it is of vital importance to have access to efficient water
treatment technology for resolving this problematic.

According to the literature [12,13], several technologies have been applied for treating
wastewater, including coagulation—flocculation, adsorption, photocatalysis, ion exchange,
and membrane separation processes. Membrane processes have emerged as promising
substitutes for wastewater treatment and reuse in several industrial applications [14,15]
and have exhibited many interesting benefits compared to other technologies [16], such as
operational simplicity, ease of process automation, low space requirement and long-life
performance [14,17].

Nowadays, membrane separation processes, such as ultrafiltration (UF), nanofiltration
(NF), and reverse osmosis (RO), are widely used for the removal of organic and inorganic
contaminants from wastewater [18].

In general, NF is the most effective process for removing dyes and pharmaceuti-
cals [19,20]. However, due to its small pore size, high pressure is required, which increases
the operating cost [21,22]. Ultrafiltration represents a cheaper process; however, by operat-
ing with conventional UF membranes, dye and pharmaceutical substances could not be
eliminated effectively due to the larger membrane pore diameter in comparison to the size
of these substances.

Ceramic membranes are characterized by better retention properties, higher permeabil-
ity, and less susceptibility to fouling [23,24]. According to the literature, the use of ceramic
membranes has gained attention in various industrial applications compared to polymeric
membranes [18] due to their good chemical and thermal stability, high mechanical strength,
and longer life [18,25].

Generally, commercialized ceramic membranes are mostly fabricated from metallic
oxides, such as alumina (Al,O3), zirconia (ZrOy), glass (SiOy), and titania (TiO,). These
materials are chosen for their interesting properties, such as excellent mechanical, thermal,
and chemical stability, ensuring prolonged durability. However, the use of these materials
leads to a high cost of manufactured ceramic membrane due to the high sintering temper-
ature usually needed (between 1400 °C and 1600 °C) and the high cost of the membrane
starting materials [18].

Therefore, considerable attention has been paid by researchers to reduce the cost of
ceramic membrane preparation while maintaining high performance. Several researchers
have focused on the development of low-cost ceramic membrane manufacturing based
on cheap raw materials, such as natural clay, apatite powder, dolomite, kaolin, zeolite,
smectite, bentonite, sepiolite, and mineral coal fly ash [14,26,27].

In this context, flat bentonite membranes have been successfully developed for textile
wastewater treatment [28,29]. Bouazizi et al. [28] prepared flat sheet ceramic membranes
based on natural bentonite mixed with low amount of starch as porosity agent. It was
found that this membrane, sintered at 950 °C, exhibited high performance in terms of
mechanical and chemical stabilities with uniform porosity. Saja et al. [25] used natural
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perlite to elaborate a microfiltration membrane with a sintering temperature of 950 °C. This
membrane performed well when applied to the treatment of food and tannery effluents.
Reporting to the finding of Bousbih et al. [30], a UF membrane made from a mixture of
natural kaolin clay, Amijel (as plasticizer), Methocel (as binder), and starch (as porosity
agent), sintered at 1000 °C, was prepared. This UF membrane exhibits good performance
in the treatment of two textile effluents.

Despite the various studies on the fabrication of low-cost ceramic membranes based
on low-cost materials, such as clay, some constraints, such as the need for the addition
of organic additives like plasticizer, binder, and a porosity agent are crucial from an
environmental point of view because their disadvantages of causing air pollution during
the process of sintering are already mentioned in the literature [18]. In this context, the
fabrication of exclusively clay membrane is poorly described in the literature. Moreover, the
study of the possibility of a decrease in the temperature during the sintering phase can be
considered another interesting aspect as it has a determining effect on energy consumption
during membrane fabrication and on membrane cost.

Natural sepiolite is a mineral hydrous magnesium silicate clay that can be considered
a suitable material in ceramic membrane manufacturing due to its low-cost, low-sintering
temperature and abundance in nature [31,32]. This low-cost material is a typical nanofibrous
clay with a structural formula of SijpO30Mgg(OH)4(H0)4-8H,O [33]. In their pristine
form, sepiolite fibers exhibit microporosity with noteworthy rheological and adsorption
characteristics. Each sepiolite fiber reveals a distinctive arrangement of silicate blocks
and interconnected tunnels, extending in the same direction of the fiber. These blocks
comprise an octahedral magnesium oxide/hydroxide sheet wedged between tetrahedral
silicate sheets. The terminal magnesium ions found at the octahedral sheet edges form
bonds with coordinated water molecules [34]. Furthermore, silanol (Si-OH) groups are
positioned along the blocks’ external edges, creating opportunities for activation of sepiolite
properties [33].

To the best of our knowledge, few studies have investigated the use of sepiolite as a
starting material for ceramic membrane preparation. One example is the use of sepiolite
for ceramic UF membrane preparation using dispersing method [31].

The current study reports the elaboration and characterization of flat UF ceramic
membrane exclusively made from natural sepiolite clay without any additional additives
or porosity agent which represents the novelty of this study. The potential of the novel UF
membrane to remove indigo blue dye (IB) and paracetamol (PCT) from synthetic aqueous
solutions was evaluated.

2. Experimental
2.1. Raw Material

Raw sepiolite material from Turkey was ground for further processing in a planetary
ball mill (Retsch PM 100). This procedure was performed using six stainless steel balls at a
rotation speed of 300 rpm for 5 min. The resulting material was sieved through a sieve of
100 um. This milling process ensured adequate mixing and milling of the sepiolite particles,
resulting in homogenized and purified material ready for subsequent experiments and
membrane development.

2.2. Flat Membrane Preparation

Flat sepiolite membranes were prepared using the uniaxial pressing technique, as
described in Figure 1. The sepiolite powder (<100 pm) was homogeneously mixed with a
few drops of water and then uniformly dispersed in a stainless steel mold to press under a
pressure of 100 KN for 6 min. By applying such high pressure, the sepiolite particles are
compacted and tightly packed to form a dense and uniform disk. The membranes were
then sintered in a programmed oven at various temperatures with a plateau at 300 °C
for 2 h to remove impurities. The final heating temperature according to the program of
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temperature increase was between 650 °C and 800 °C. A low heating rate of 2 °C/min was
chosen to avoid cracking formation in the ceramic membrane.

Raw sepiolite powder (grinding, sieving)

The mixture is poured nto a stamless steel mold

Uniaxial pressing - Apphed a pressure of 100 KN

Plate configuration

Sintring at 630 to 800°C ' L
Flat sepiolite support

Figure 1. Scheme of preparation of flat ceramic membrane using the pressing method.

2.3. Characterization

X-ray diffraction (XRD) of the sepiolite sample was performed using a powder diffrac-
tometer (Bruker D8 Advance diffractometer was manufactured by Bruker Corporation,
with headquarters in Billerica, MA, USA.) with CuK radiation (A = 1.5418 A) scanning
from 4° to 60° in 26 scans. The chemical composition of the raw sepiolite was determined
through atomic absorption (Perkin-Elmer was manufactured by PerkinElmer, Waltham,
MA, USA). Simultaneous thermogravimetric (TGA) and differential scanning calorimetry
(DSC) analyses were performed with an SDT Q600 V20.9 build 20 (TA Instruments, New
Castle, DE, USA) thermal gravimetric analyzer (between 22 and 900 °C) at a heating rate of
10 °C/min under nitrogen atmosphere. A Zeiss MERLIN scanning electron microscope
(SEM, Carl Zeiss, Merlin, Germany) was used for the examination of the membrane mor-
phology. The determination of the particle size distribution (PSD) of the sepiolite was
performed using a Mastersizer 2000 instrument (Malvern Instruments, Malvern, Worcester-
shire, UK). The mechanical resistance was measured according to the three-point bending
test using a Lloyd mechanical testing machine (model LRX, Lloyd Instruments, Fareham,
UK). The porosity was determined by using the principle of Archimedes [35]. This method
is based on the following steps: The sepiolite membrane was first weighed dry to obtain its
dry mass (Mg). Then, the submerged mass (Mg,,) of the membrane immersed in distilled
water was weighted. Finally, the membrane was taken out of the distilled water, and the
excess liquid on the the membrane surface was wiped off with tissue paper to weight the
saturated mass (Msat). The sepiolite membrane porosity P (%) was calculated using the
following Equation (1):

o\ Msqr — My
P(%) Moyt — My (1)

The chemical resistance of the support was assessed by weight loss after soaking in
a concentrated solution of HCI with a pH of 1.5 and NaOH solution with a pH of 13 for
3 days.

Finally, to evaluate the removal efficiency of PCT and IB through sepiolite membranes,
a UV-Vis spectrophotometer (UV 7205 JENWAY spectrophotometer, London, UK) was
used. Contaminant concentrations were measured at specific wavelengths using 245 nm
for paracetamol and 620 nm for indigo blue dye. The turbidity was measured using a



Sustainability 2024, 16, 1860

50f18

turbidimeter (HACH, model 2100A, Ames, IA, USA) before and after the experiment. A pH
meter (SevenCompact pH meter 5220, Mettler Toledo, Greifensee, Switzerland) was used
to measure the pH during the experiment. These instruments enabled accurate and precise
analysis of concentration levels and pH values, allowing us to assess the effectiveness of
the membranes in removing paracetamol and indigo blue dye contaminants.

2.4. Filtration Experiments

Filtration tests were performed using a laboratory dead-end filtration system, as shown
in Figure 2. The flat membrane, with a filtration area of 19.6210~% m?2, was initially im-
mersed for 24 h in distilled water before being placed in the membrane module. Membrane
filtration was performed in a pressured system using compressed air at room temperature.

Dead-End membrane filtration
Pressure

C— 1

Stainless steel

Control pressure gauge

v
cell

Membrane\

Feed
solution

Permeate

Air compressor

Figure 2. Schematic representation of laboratory dead-end filtration system.

The permeate flux (Jiv) was determined by measuring the time required to collect a
fixed volume of permeate, as described in Equation (2):

\Y%
Jw = A )

where V is the volume of permeate, t is the time, and A is the surface area of the membrane.

Permeability values (Lp) were determined, according to Darcy’s law [36], by calculat-
ing the slope of a linear plot of distilled water flux and applied transmembrane pressure
(AP), according the following Equation (3):

Jw =Lp- AP ®)

To evaluate the retention efficiency of the elaborated sepiolite membrane, IB dye and
PCT aqueous solutions were used as synthetic effluents.

The IB dye and PCT were provided, respectively, by SITEX company located in Ksar
Hellal (Tunisia) [36] and Dar Essaydaly pharmaceutical company located in Sfax (Tunisia).

The concentration of the permeate was measured using UV spectrophotometry and
compared with the initial concentration to determine the retention percentage, as given
by Equation (4):

R(%) = ( - %)-100 (4)

where R (%) represents the retention of the contaminant, Co and Cp refer, respectively, to
the initial concentration and the permeate concentration in mg/L.
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2.5. Evaluation of the Fouling Resistance Capacities

The evaluation of the fouling resistance abilities in the sepiolite membrane system was
conducted during filtration at a pressure of 3 bar for both synthetic contaminated solutions.
Two coefficients, the flux recovery ratio (FRR) and the flux decay ratio (FDR) [37], were
determined using the following equations:

_ _Je),
FDR = (]w ]w> 100 )
_ (Iway,
FRR = ( ]w> 100 (6)

where Jw refers to the water permeate flux of the clean membrane, Jc denotes the stabilized
permeate flux of the membrane when treating contaminated water, and Jwa refers to
the water permeate flux of the membrane measured after rinsing with distilled water
following water treatment. A higher FDR value indicates a greater decrease in the permeate
flux, showing a higher susceptibility to fouling, while a higher FRR value indicates better
recovery of the permeate flux after cleaning, demonstrating the membrane’s ability to
regain its initial performance. FDR and FRR may be calculated and compared to determine
the UF membrane’s capacity to resist fouling [38].

3. Results and Discussion
3.1. Characterization of Sepiolite Powder
3.1.1. Chemical Analysis

The chemical composition of raw sepiolite, as mentioned in Table 1, indicates that the
main constituents are silica and magnesium oxides with percentages of 51.2% and 27.68%,
respectively, in addition to the presence of a minor amount of other components, such as
calcium, potassium, and iron oxide.

Table 1. Chemical composition of raw sepiolite.

Parameters

LOI*

Si02 MgO CaO F9203 Na20 Kzo

Sepiolite (phase %)

14.3

51.2 27.68 5.49 0.12 0.15 0.03

* Loss of ignition.

3.1.2. Granulometry by Laser Diffraction of Sepiolite

The laser granulometry test of sepiolite particles, obtained after grinding and sieving
through a sieve of 100 pm, provides information about the size distribution and relative
abundance of different particle sizes. As shown in Figure 3, the majority of the sepiolite
particles (>89%) were smaller than 100 um. The presence of a small percentage greater
than or equal to 100 pm can be explained by the shape and the irregularities of the sepiolite
particles. Also, sepiolite particles may tend to form clusters or agglomerates due to their
physical and surface properties, leading to the presence of some particles larger than
100 pm. In addition, the sepiolite particles exhibited a wide range of particle sizes. The
majority (73%) of sepiolite particles have diameters within the range of 263 um. This
suggests that the sepiolite sample consists of a significant proportion of particles in the fine
to medium size range.
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Figure 3. Particle size distribution of natural sepiolite.

3.1.3. X-ray Diffraction

XRD analysis is a fast analytical technique mainly used to obtain information about
the crystalline components present in raw sepiolite. As shown in Figure 4, the strong and
intense peak was centered at 26 of 7.2°, which is comparable to the JCPDS card (70-1597)
for the sepiolites [39]. This peak presents the main sepiolite characteristic reflection of the
layer spacing djjp = 12 A [39,40]. Other characteristic reflections of sepiolite occurring
at 20 of 11.7°, 17.7°, 19.7°, 20.6°, 28.2°, 34.9°, and 39.6° were present. Notably, 20 of
20.7° corresponds to quartz characteristics, while 26 of 29.5° is attributed to carbonate
impurities. Based on the aforementioned results, XRD analysis showed the same structural
characteristics as the previous literature [39,40].

2500 &

2000

—

1500

Intensity (a.u.
)
S
1

500

0= T T T T T T T T
10 20 30 40 50 60

2 Theta (degree)

Figure 4. XRD spectrum of natural sepiolite used in this study.

3.1.4. Thermal Analysis

TGA and DSC analyses were performed using a single instrument to characterize the
thermal properties and behavior of the material. Figure 5 shows the coupled TGA and DSC
analyses of the raw sepiolite. The weight changes of the sample when the temperature
increased show that about 11% of weight loss occurred between 22 °C and 130 °C due to
evaporation or loss of water in the sample. The temperature of weight loss corresponds to
the water boiling point at a standard atmospheric pressure of about 100 °C. Consequently,
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the weight loss of 11% indicates that the sample contains a significant amount of water,
which is associated with the endothermic peak at 68 °C [33]. A mass loss of 5.8% in the
temperature range of 150 °C and 461 °C, combined with an endothermic peak at 281 °C,
corresponds with the release of the bound water from the sepiolite [33,41]. The mass losses
of 6.7% and 2.13% associated with the decomposition of the carbonate impurities and the
dehydroxylation process occurred in the temperature ranges 500-685 °C and 690-900 °C,
respectively. Also, the thermal treatment in the range of 500-685 °C can be attributed
to the dehydration of the strongly bound water from sepiolite clay. In a previous study,
the temperature range of 730-860 °C indicated the loss of structural water, which lead to
little change in the sepiolite structure [42]. The exothermic peak at 850 °C indicates the
transformation of sepiolite into orthoenstatite (MgSiOs) [33,41]. This phenomenon was the
result of bound water losses, which were in coordination with terminal Mg2+ ; consequently,
the terminal Mg?* in the octahedral layer was coordinated with the silica layer. In a similar
vein, Zhang et al. [43] focused on phase transformation and morphological evolution
by investigating the effects of thermal treatment on sepiolite fibers. They observed that
significant crystal transformations occurred in the sepiolite at temperatures above 810 °C,
which indicates that the thermal treatment allows a change in the crystal structure of
the sepiolite.

100 T . T . T . T 4
-06% ____DsC L3
90 I
T -2
l 5.8% L
1 2
R 60 m— :
= 2
< 213%~0 O
° R
= 707 L1 B
T
)
60
--3
50 . T T T T T T T -4
0 200 400 600 800

Exo up

Temperature (°C)
Figure 5. Thermal analysis curve of natural sepiolite used in this study.

3.2. Characterization of the Sepiolite Membranes
3.2.1. Visual Inspection

The flat sepiolite membranes were produced using the uniaxial pressing method and
sintered at different temperatures from 650 to 800 °C. At first, the color of the sepiolite
membranes was white during the sintering process at different temperatures. This indicates
that the thermal treatment has not caused significant changes in the membrane color.
The uniform white color demonstrates that the composition and surface properties of
the sepiolite membrane are relatively stable under the conditions of tested sintering. In
addition, the configuration of the flat membranes was maintained even after being exposed
to different temperatures ranging from 650 to 750 °C. It is important to highlight that the
membrane surfaces are homogenous without any significant deformation or macrodefects
in this temperature range. However, the sepiolite membrane surface, treated at 800 °C,
showed significant deformation, making it not suited for the filtration process. This
indicates that the treatment process above 800 °C exceeds the threshold at which the
sepiolite membrane can maintain its structural integrity.
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These visual inspection results provide valuable information about the behavior of
sepiolite membranes in the sintering process. The uniform white color of the sepiolite
membranes indicates that the composition remains stable and that no significant chemical
reactions or impurities affect the color. However, at a temperature of 800 °C, the structure
of the membrane is compromised.

3.2.2. Determination of Water Permeability

Water permeability, Lp (L/h-m?-bar), is an important factor in determining the optimal
operating conditions for the membrane. To evaluate permeability, a test was conducted
using distilled water at a pressure range of 1-4 bar. As shown in Figure 6, the evolution
of the water permeability with pressure follows Darcy’s law, and the water permeabilities
for the S650, S700, and S750 membranes were 18, 39, and 41 L/h-m2-bar, respectively. This
behavior was consistent with previous studies, as reported in the literature [44,45]. The
increase in permeability L, with increasing sintering temperatures is likely attributable to
the corresponding enlargement of the pore sizes, strengthening the influence of pore size
on membrane permeability characteristics [45].

m S650
200
e S700
_ A S750
160 )
Flux = 41.2 Pressure
< 1204 Flux = 39 Pressure
€
£ -
S
X 804
=) (]
w | ° n
Flux = 18.7 Pressure
40
0 T T T T T T T T T 1
0 1 2 3 4 5

Pressure (bar)
Figure 6. Permeability of S650 and 5700 membranes.

3.2.3. Mechanical Strength and Porosity

Mechanical resistance tests were conducted using three-point bend strength to evaluate
the effect of the sintering temperature (from 650 °C to 750 °C) on sepiolite membrane resis-
tance. All the treated membranes at temperatures ranging from 650 °C to 750 °C exhibit
excellent mechanical strength. The mechanical strength increased from 18 MPa to 22 MPa
as the sintering temperature increased. This behavior was observed and confirmed by
the literature results that the mechanical strength is strongly affected by the variation of
the sintering temperature [28,46]. Increased mechanical strength with increasing sintering
temperature indicates that higher temperatures promote stronger intermolecular bonds
and improve the overall structural integrity and densification phenomena of the sepiolite
membrane [25,46].

Contrary to the mechanical strength, as shown in Figure 7, the porosity decreased with
an increasing in sintering temperature. This result is consistent with the trends found in the
literature [38,44], indicating that an increase in the sintering temperature promotes particle
fusion and compaction, thereby reducing the overall porosity of the sepiolite membrane.
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This densification leads to a decrease in the volume of void spaces within the material,
resulting in a more compact and homogeneous structure which reduces the porosity.
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Figure 7. Variation of mechanical strength and porosity with sintering temperature.

3.2.4. Chemical Resistance

Chemical resistance is an important parameter to evaluate the membrane material
because the use of a filtration system requires that the membranes are regularly cleaned and
regenerated. Therefore, various cleaning solutions such as enzymes, acids, and bases are
usually used, especially acids and bases [14]. Therefore, the chemical resistance of sepiolite
membrane was studied, as illustrated in Table 2. It is clear that the sepiolite membranes
treated at 650 °C and 700 °C (5650 and S700) exhibit a good chemical resistance in acidic
and basic media with a loss of weight less than 3%. However, better chemical resistance
was observed in acidic media. The weight loss after 3 days of immersion did not exceed
1.3 wt.%. The presence of silicate minerals in the composition of sepiolite and their fibrous
structures are responsible for their resistance to both media [33,47]. The prolonged exposure
(3 days) can explain the slight loss of weight due to certain ions deteriorating or leaching.
The membrane treated at 750 °C (5750) presented relatively poor chemical resistance, with
a weight loss of up to 6% in both media. Based on the results of the thermal analysis,
this behavior can be attributed mainly to thermal transformations and structural changes
occurring during high-temperature treatments like decomposition and dehydroxylation
processes and, consequently, more active functional groups [33,41].

Table 2. The effect of the sintering temperature on the mechanical strength, chemical resistance,
permeability, and porosity of sepiolite membranes.

Chemical Resistance (after 3 Days)

Mechanical Lp SN
Membranes Strength (MPa) % Weight Lostin % Weight Lost in (L/h-m2-bar) Porosity (%)
Acidic Medium Basic Medium
5650 18 1.01 2.69 18 37
5700 21 1.26 2.73 39 31.7
5750 22 6.61 7.2 41 30.2
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Therefore, S650 and S700 membranes are retained for subsequent studies conducted
on the application of UF for the removal of PCT and IB dye from contaminated solution.

3.2.5. SEM Characterization

The SEM results for the S650 and S700 membranes at different magnifications (600 pm,
2 um and 200 nm) provide useful information about their microstructure characteristics, as
shown in Figure 8. It is clear that the microstructure was strongly affected by the sintering
temperature [25,48]. At a magnification of 600 um, the S650 and S700 membranes exhibited
homogeneous surfaces without any macrodefects. At a magnification of 2 pm, SEM images
revealed more complex details of the membrane structure. A notable observation was the
reduction in the volume of porosity, indicating a reduction in the total volume of the empty
space within the membrane. However, the pore size increased, indicating larger openings
and channels within the membrane structures. These results suggest that high sintering
temperature treatment at 700 °C produced dense membranes with larger pores than at
650 °C and consequently increased membrane permeability (Table 2). Similar findings have
been reported in the literature regarding the use of several types of clay for the production
of inorganic membranes, demonstrating a correlation between sintering temperature and
membrane characteristics, such as a reduction in the porosity volume and an increase in the
pore size [25,44,49]. From a higher magnification of 200 nm, it is very clear that the structure of
sepiolite membranes involved disordered fibrous layers. The pore sizes of the S650 and S700
membranes, estimated from the SEM results, were around 40 nm and 150 nm, respectively.
Therefore, these two membranes work in the domain of ultrafiltration.

a1

2.00um
¥

Figure 8. Cont.
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Figure 8. SEM micrographs of S650 and 5700 membranes (3 magnifications: 600 um, 2 pm, and 200 nm).

3.2.6. Application to Wastewater Treatment

The flat sepiolite membranes 5650 and S700 were applied to the treatment of two
different synthetic solutions: a paracetamol drug (PCT) aqueous solution and an indigo blue
(IB) aqueous solution to assess the efficiency of the membranes for contaminant removal
(Table 3). Taking into account the size of the substances to be removed, the S650 membrane
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was employed for PCT removal from the PCT solution and the S700 membrane for IB removal
from the IB dye solution. Filtration was performed at a transmembrane pressure (TMP) of
3 bar for 60 min. Figure 9 illustrates the evolution of the permeate flux for PCT and IB
solution with time. The $650 membrane exhibited a stabilized permeate flux of 50 L /h-m?
during one hour of filtration for PCT solution. However, for the IB solution treatment using
the S700 membrane, the permeate flux decreased slightly from 85 to 78 L/h-m? during the
first 20 min and then stabilized. The decrease in permeate flux with time is a typical behavior
of membranes, which can be explained by the concentration polarization effect and the
consequent fouling phenomenon [50]. Thus, the filtration results reveal a good resistance of
both membranes to fouling mostly for the couple PCT solution S650.

Table 3. Characteristics of the synthetic solutions used in this study.

Synthetic Chemical Molecular Weight Concentration Turbidity Water Solubility Structural Formula
Solutions Formula (g/mol) (mg/L) (NTU) at 25 °C (g/L)
H
N
Paracetamol - 1y o 151.16 40 - 25 \I(
(PCT) g1l9 2 . . O
HO
(0}
H
di 1 N
In 1(gIc];)B U CeH 10N, O, 262.26 25 107 - —
N
H
(o)
—a— PCT (S650)

90 —e— |B (S700)

80 - D N

704

60
5.:.\ 504 = ® =% ® ® ® = 2 ® B B =&
E 4
= 404
<
=
L 30

20

10

0 T T T T T T T T T T T T
0 10 20 30 40 50 60

Time (min)

Figure 9. Permeate flux versus time during ultrafiltration of PCT and IB solutions by S650 and S700
membranes, respectively (T = 25 °C; TMP = 3 bar; pH of PCT solution = 7.5; pH of IB solution = 11).

Figure 10 shows the complete removal of PCT and IB dye during ultrafiltration. The
high PCT retention can be explained by the adsorption of the molecules on the functional
groups of the S650 surface [51]. However, the IB retention can be explained by the electro-
static interactions. In fact, according to the pH of the IB solutions, 11, the S700 membrane
surface was negatively charged which led to electrostatic repulsion and, consequently, high
retention [39].
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Figure 10. Evolution of the retention percentage of the different pollutants using S650 and S700
membranes.

Figure 11 illustrates the photos of the IB solution before and after ultrafiltration. Total
decolorization was observed for the permeate, confirming the high color retention by the
5700 membrane. In addition, the permeate seems very clear with high turbidity removal.

E.

Initial solution Permeate Retantate

Figure 11. Photo of IB dye solution before and after treatment with the S700 membrane.

3.2.7. Determination of Fouling Coefficients and Membranes Regeneration

The fouling resistance ability is essential for understanding the efficiency of the mem-
brane. In addition, it has great significance in various filtration applications. It can be
evaluated by determining the FRR and FDR coefficients.

Table 4 shows that both 5650 and 5700 membranes exhibited very high FRR fouling
coefficients of 96.7% and 93%, respectively, during the filtration operation of PCT and IB
dye aqueous solutions, which confirm the high recovery of permeate flux after regeneration
by simple rinsing. This behavior was confirmed by the low FDR values of 18% for 5650
and 34% for 5700, indicating the slight reduction in permeate flux and, consequently, the
lower susceptibility to fouling [36,37]. This finding demonstrates the high anti-fouling



Sustainability 2024, 16, 1860

15 of 18

ability of 5650 and 5700 membranes and their capacity to regain their initial performances
after filtration tests. This behavior was not always observed with commercial ceramic
membranes or low-cost ceramic membranes fabricated from other starting materials, which
require the use of acidic and basic solutions to remove the accumulate foulants and to
recover the initial flux after filtration. This operation leads to an increase in the cost of
the filtration process taking into account the cost of the various chemicals used and also
the decrease in membrane life [14,27]. In this study, membrane regeneration requires only
rinsing with deionized water. As shown in Figure 12a,b, the permeability values of the
unused and regenerated S650 and 5700 membranes were close after four cycles, confirming
the efficiency of the cleaning process.

Table 4. Determination of the fouling coefficients for S650 and S700 membranes.

Membranes FRR (%) FDR (%)
5650 96.7 18
5700 93 34.4
100 4 @ = Unused S650
A Cycle2
80 v Cycle3 Flux=18.7 Pressure
¢ Cycle4
A
~ Flux=16.8 Pressure
& 604 A ¥ Flux=15.5 Pressure
E v/////; Flux=13.3 Pressure
=) ///0 e
o 40+ //// 7
o /y//,/
gt
20 Z
=2
4
o
0 T T T T T T T T T 1
0 1 2 3 4 5
Pressure (bar)
160 2 Flux=39 Pressure
1 ®  Unused S700 pz
140 4 w Flux= 38.4 Pressure
A Cycle2 « Flux=35.6 Pressure
1 v Cycle3 ~~" Flux=33.5 Pressure
120 & Cycle4 -
| b
__ 100
NE. i
£ 804
= |
5 60
LL <4
40 1
20 -
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0 1 2 3 4 5

Pressure (bar)

Figure 12. Membrane regeneration results after four rinsing cycles for (a) 5650 and (b) S700.
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4. Conclusions

In this study, low-cost flat ceramic membranes with exclusively sepiolite clay as the raw
material were successfully fabricated using an easy method without any organic additives.
The determination of the sintering temperature shows that at 650 °C and 750 °C, SEM images
exhibit homogeneous structures with average pore diameters of 40 nm (650 °C) and 150 nm
(700 °C), mechanical strengths of 18 MPa (650 °C) and 21 MPa (700 °C), and water perme-
ability of 18 L/ h-m?-bar (650 °C) and 39 L/h-m?-bar (700 °C). This finding demonstrates
the positive impact of sepiolite material on the membrane preparation conditions. Indeed, a
sintering temperature between 1400 and 1600 °C is usually required for commercial ceramic
membranes and between 950 and 1150 °C for low-cost ceramic membranes. Comparing sinter-
ing temperature as a key indicator of energy consumption during membrane manufacturing
indicates that the use of natural zeolite material had a notable impact on reducing the required
sintering temperature and, therefore, energy consumption.

Taking into account the average pore size and water permeability, it seems that the
manufactured membranes are suitable for UF application.

Subsequently, both membranes were successfully used to eliminate paracetamol drug
(PCT) and indigo blue dye (IB) from aqueous solutions. The complete removal of both
substances was achieved at an ambient temperature and a pressure of 3 bar.

Moreover, after the filtration process, the sepiolite membranes almost completely
recovered their initial performances after simple rinsing with deionized water, which can
have a positive effect on the membranes’ life duration.

Therefore, this study highlights the importance of choosing a natural and low-cost
starting material based on clay for low-cost ceramic membrane fabrication. This choice
leads to easy and simple membrane preparation with relatively low sintering temperatures,
thus reducing energy consumption and membrane fabrication costs.
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