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ABSTRACT

The work explores the preparation and characterization of flat pyrophyllite membrane for micro-
filtration. The pyrophyllite clay was characterized by X-ray fluorescence, X-ray diffraction and
thermogravimetric-differential thermal analysis to determine both its chemical and mineralogical
composition also to understand its thermal behavior with respecting the sintering temperature.
The ceramic membrane was made under uniaxial pressing of pyrophyllite clay and starch followed
by sintering at different temperatures. The optimal temperature of 1,150°C presents a flat membrane
with a porosity of 40.50%, an average pore size of 0.80 um, a mechanical strength of 30 MPa and a
permeability of 1,000 L h™ m= bar. Besides, the membrane exhibited good turbidity removal effi-
ciency 99.40% of raw seawater and reduced 77.41% of chemical oxygen demand. Furthermore, the
cleaning of the prepared membrane made it possible to recover 80% of its initial water permeability.

Keywords: Pyrophyllite clay; Ceramic membrane; Microfiltration; Seawater pretreatment

1. Introduction

The presence of water in our surroundings is a very
precious thing. As we know, the sources of water are very
limited to fill the humans needs especially in countries with
limited water resources. Indeed, many parts of the world
do not have access to drinking water and urgently need
economical, reliable and efficient methods to treat local raw
water sources [1].

* Corresponding author.

Therefore, great efforts have been devoted to the devel-
opment of strategies for water treatment. Currently, desalina-
tion technology is a promising alternative for the production
of potable water from saline and brackish water in regions
with arid climates, and it is still seen as the best option to
increase water supply in the coming years [2].

The membrane technology is one of the important tech-
nologies of seawater treatment currently developed, which
is considered a promising approach due to its potential
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application in a wide range of industrial processes, its ver-
satility, ease to use, cost-effectiveness and energy-efficiency
[3]. Thus, they have undergone significant developments for
many applications for pretreatment of seawater for desali-
nation in terms of microfiltration (MF) and ultrafiltration
(UF) and they are considered as the most critical membrane
technologies.

Nowadays, polymer membranes are widely available
and they have been used extensively for the pretreatment of
seawater due to their simple functionality and high poros-
ity. However, certain limitations such as easy dirt build-up
and short life make these membranes impractical for the
long term. Indeed, these limitations have stimulated more
efforts towards developing more durable membranes, such
as ceramic membranes that can endure harsh conditions and
can last longer [4].

Recently, ceramic membranes have attracted much
attention from the scientific community due to their low
fouling tendency, better thermal, chemical and mechan-
ical stability and great structural integrity. Also, ceramic
membranes are less susceptible to irreversible fouling than
polymeric membranes [5]. Besides, they can be adaptable
to much more aggressive approaches of cleaning without
harmful the membrane integrity [6]. Which allows them to
be characterized by a long lifespan (>15 y) and recyclability
of the membrane material [7]. Consequently, ceramic mem-
branes can be used for industrial applications which weren’t
possible before.

Particularly, ceramic membranes of MF are an interest-
ing alternative to explore seawater pretreatment applica-
tion. These membranes have been used for the separation
of solid-liquid in various fields (e.g., chemical, pharma-
ceutical, food, etc.) as well as for water treatment indus-
try [8]. Presently, the ceramic membranes were used for
the pretreatment process for the desalination pilot plant
in China. The pretreatment with membranes was flexibly
combined with other pretreatment processes and oper-
ated at a broad range of environmental conditions [9]. The
notable interest in using inorganic membrane especially
for MF is because of its many advantages, such as flexi-
bility in configuration and the membrane material which
allow achieving the highest recovery of a specific element
or compound [6], low thermal expansion and conductiv-
ity, excellent thermal shock resistance and chemical and
mechanical stability [1]. It'’s well-known that available com-
mercial ceramic membranes are limited by their high cost
which is due to the use of various expensive oxides such
as alumina, titania, zirconia and silica, also to the fact that
these oxides often require high sintering temperature that
increases energy consumption [10,11]. Therefore, the use
of natural materials is the best solution to reduce the price
of ceramic membranes [12]. For several years great effort
has been devoted to the preparation of MF ceramic mem-
branes using different low-cost materials such as phos-
phate, perlite, pozzolan, clay, etc. In the same perspective,
Misrar et al. [13] elaborated a ceramic membrane of MF
made from Moroccan Ghassoul clay and they studied the
addition effect of the calcareous algae on the microstruc-
tural properties of this membrane. Singh et al. [14] devel-
oped a new low-cost tubular ceramic membrane-based
kaolin for recovery of lignin from water and methanol.

Li et al. [15] investigated an alumina-mullite composite-
based hollow fiber ceramic membrane by phase-inversion
and sintering method Indian bentonite clay and zeolite
were successfully exploited to prepare a ceramic mem-
brane in order to remove copper from the aqueous [16].
In addition, natural phosphate was used in the membrane
technology field whether for the fabrication of natural
zeolite clinoptilolite-phosphate composite membranes for
water desalination by pervaporation [17]. Recently, in our
laboratory some ceramic membranes of MF were success-
fully prepared from Moroccan geomaterials. Achiou et
al. [19], studied the preparation and characterization of
tubular membrane based on pozzolan for pretreatment of
seawater [18]. A membrane made from natural bentonite
clay used for wastewater textile treatment and clarification
of tanning effluent was prepared by Bouazizi et al. [12].
Saja et al. [3] fabricated a membrane from perlite for the
treatment of textile effluent. Also, phosphate and natural
clay were exploited for manufacturing flat membranes by
uniaxial pressing method, these membranes were used
for seawater pretreatment [20,21]. Newly, Mouratib et al.
[22] have manufactured a low-cost membrane based on
alumina and silica-rich water treatment sludge, this flat
membrane was used for wastewater filtration.

In general, much effort has been dedicated to the syn-
thesis of alternative nature-based membranes using clay.
Among these clay types and as a mineral substance, pyro-
phyllite is a cheap and abundant naturally-occurring clay.
Also, it is a crystalline hydrated aluminosilicate with a
chemical composition of Al 0,-45i0,H,O, which is com-
posed of two tetrahedral layers surrounded by one octahe-
dral layer interconnected by oxygen ions [23]. Pyrophyllite
clay has recognized the most significant attention owing
to its physical and chemical properties, which it provides
high refractory and average plasticity properties to the
ceramic and it exhibits hydrophilic behavior extremely
desired to water filtration. In fact, pyrophyllite clay has
been a growing interest in many domains such as catalysis
[24], adsorption [23] and in preparation of ceramic mem-
branes. Much research on the development of pyrophyl-
lite membranes has been reported in the literature. Jeong
et al. [25] successfully developed a pyrophyllite-alumina
ceramic membrane for domestic wastewater treatment.
Low-cost pyrophyllite-based tubular membrane was pre-
pared and applied in submerged fluidized bed membrane
reactor added with granular activated carbon as fluidized
particles for synthetic dye removal [26]. Ha et al. [27] fab-
ricated an alumina-coated pyrophyllite-diatomite compos-
ite support and reported an initial decrease in the average
pore size of a pyrophyllite-diatomite composite support
layer from 1.02 to 0.12 um by depositing an alumina coat-
ing layer. Furthermore, the elaboration of pyrophyllite
membrane by dry route could lead to obtaining membrane
with new performances. Uniaxial pressing is the most suit-
able technique for flat membrane manufacturing because of
its simplified and fast shaping process in comparison with
other usual techniques of preparation such as extrusion [3].

According to this point of view, this study aims to pre-
pare and characterize inorganic membrane from pyrophyl-
lite clay as a less expensive natural material by a pressing
and sintering technique. In order to evaluate and optimize
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the membrane properties, five sintering temperatures
from 1,000°C to 1,200°C were investigated and the result-
ing membranes were characterized in terms of porosity,
mechanical strength, pore sizes and water permeability.
The performance of the optimized flat pyrophyllite mem-
brane was evaluated for pretreatment of raw seawater to use
it as feed for reverse osmosis. Finally, the study of fouling
phenomena of the pyrophyllite membrane was carried.

2. Materials and methods
2.1. Raw materials

Pyrophyllite is a dioctahedral 2:1 clay mineral without
interlayer cations (similar to talc). It is white, micaceous and
feels greasy. The natural Moroccan pyrophyllite extracted
from Gunfouda Region (located in the south of Morocco)
was employed as principal raw materials for porous ceramic
synthesis. Its color appears as white to yellowish-white.
The pyrophyllite sample was crushed into small frag-
ments, grounded into a fine powder and sieved through a
63 pum sieve. Corn starch (RG03408, Cerestar) was used as
a porosity agent. Sodium hydroxide (NaOH, 98 wt.%) was
acquired from Solvachim.

2.2. Ceramic membrane preparation

Firstly, after grinding, pyrophyllite clay was dried at
100°C for 4 h then sieved using a sieve of 63 um. 90 wt.%
of the obtained clay powder and 10 wt.% of starch were
mixed and homogenized in mortar. The homogeneous
mixture was poured into a cylindrical mold then subjected
to uniaxial pressure at 954 bar using a hydraulic press
during 10 min. The obtained green disk with a diameter
of 4 cm and a thickness of 2 mm was sintered at several
temperatures in a programmable furnace (Nabertherm
L9/13/P320) according to a thermal program and taking
into account the results of thermal analysis in agreement

with the differential thermal analysis (DTA)/thermo-
gravimetric analysis (TGA) results. The temperature was
increased from room temperature to the first plateau
at 250°C for 2 h to remove absorbed and constitutional
water then to a second plateau at 480°C for organic matter
decomposition. Finally, the temperature was raised to the
last plateau for sintering at a temperature ranging from
1,000°C to 1,200°C. After sintering the flat membrane was
naturally cooled down to room temperature. All flat disks
were sintered at a holding temperature and ramp of 2 h
and 5°C/min respectively.

2.3. Experiments of filtration

Filtration experiments were performed out on tan-
gential MF using stainless steel with a filtration area of
5.30 cm? Fig. 1 illustrates the laboratory pilot used in
this study. This pilot consists of a circulation pump, feed
tank of 4 L, membrane housing and pressure gauges.
The hydraulic permeability of optimized membrane was
determined by distilled water filtration under various
pressures at room temperature. According to Darcy’s law,
the permeability L, (L h™ m™ bar™) is considered as a per-
meate flow function J (L h™ m™) and the corresponding
applied transmembrane pressure (AP) that varied from
0 to 4 bar. The flux and permeability were calculated by
Egs. (1) and (2), respectively. It should be noted that each
filtration experiment was carried out on three different
membrane samples.

1%
©TAxt @
J,=L,xAP @)

where V (L) is the volume of permeate, A (m?) is the
effective membrane area and ¢ (h) is the filtration time.

Fig. 1. Lab-scale pilot used in this study. 1: Feed tank, 2: Membrane housing, 3: Valve, 4: Pressure gauge, 5: Circulation pump,

6: Compressor, 7: Permeate.
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The performance of elaborated membrane was evalu-
ated by the pretreatment of raw seawater under a pressure
of 1 bar for 2 h. This raw seawater was collected from the
Atlantic Ocean near Mohammedia City in Morocco. To
remove the larger particles each sample was filtered firstly
through a sieve of 50 um. Additionally, the membrane was
soaked in bi-distilled water for 24 h before any filtration
test. The main analyzed parameters to judge the perfor-
mance of the MF membrane were flux, pH, conductivity,
turbidity, absorbance and chemical oxygen demand (COD).
The rejection ratio R(%) was calculated according to the
following formulas Eq. (3).

X . -X
R(%) = ———E 100 3)

feed

where X, ,and X are the values of turbidity, absor-
bance or COD in the feed and permeate respectively.

To study the fouling phenomena in detail, four empir-
ical models including complete pore blocking [Eq. (4)],
standard pore blocking [Eq. (5)], intermediate pore blocking
[Eq. (6)] and cake filtration [Eq. (7)] were used respectively
to describe flux decline of the pyrophyllite membrane dur-

ing the MF experiments of the two feed solutions.

In(7,')=In(J;')+K, )
JJ7 =10 +K, ®)
J. =1, +K, ©®)
J.2=]72+K @)

where | is the flux, t is the filtration time, K is the slope
and ] is the y-intercept.

In order to describe the flux recovery capacity of the
MF membrane used for raw seawater pretreatment, anti-
fouling characteristics of pyrophyllite membrane were
investigated at room temperature under a pressure of
1 bar. Firstly, the fouled pyrophyllite membrane was rinsed
with distilled water then 0.1 M NaOH solution using the
conventional cross-passage method for 1 h. Secondly, four
antifouling parameters are determined: flux recovery ratio
(FRR), total flux decline ratio (TFR), reversible flux decline
ratio (RFR) and irreversible flux decline ratio (IFR) defined
respectively by Egs. (8)-(11) as reported by Shokri et al. [28]:

FRR = Jur 100 (8)
w0
TFR = 120~ 100 ©)
w0
RFR = L= v 100 (10)
w0
IFR = Joo =Ju1 o 409 (11)

w0

where |  is the water permeate flux, | is the permeate flux
of raw seawater, | is the water permeate flux of cleaned
membrane during 1 h.

2.4. Characterization techniques and analyses

Firstly, the particle-size distribution of pyrophyllite
powder was performed using laser diffraction particle size
analyzer (Mastersizer 2000, Malvern). The X-ray fluores-
cence analysis was carried on Spectro Xepos (AMETEK).
The X-ray diffraction (XRD) was recorded with the use of
PANalytical X'Pert Pro X-ray diffractometer using CuKa
radiation source (A = 1.5406 A). The crystalline phases
were identified by the JCPDS (Joint Committee on Powder
Diffraction Standards) database. The thermal analyses
(TGA/DTA) were performed using a thermobalance of
VersaTherm type under air and oAl,O, as reference with
a heating rate of 5°C/min.

The porosity and water absorption of the prepared
membrane were determined by the Archimedes method
measured according to the international standards ASTM
C373-88. The microscopic analysis was performed using
scanning electron microscopy (SEM) operating at 10 kV
(Quattro S, FEG FEI) to study the morphology and texture of
membrane surface. The pore-size distribution of the mem-
brane was estimated by image processing of SEM’s pictures
using Image] software (Version 1.44e) [2]. The SEM micro-
graphs are randomly chosen. From the selected sections,
the pore-size distributions representing the existing porous
texture of the membrane were evaluated. A large number
of pores (over 250) were examined in order to determine
the distribution. The average pore size (um) is calculated
using the following Eq. (12).

(12)

where 7, is the number of pores and d, is the pore diameter.

These results were validated by their comparison
with hydraulic pore diameter using the extended Hagen—
Poiseuille equation according to Eq. (13) [29].

L 8utl
d=2 [PHJ
€

where d is the pore diameter (m), L is the permeability
(m sPa™), p is the water viscosity (0. 00089 Pa s), T is the tor-
tuosity factor (generally taken as 1), [ is the thickness of the
membrane (m) and ¢ is the porosity of the membrane (%).

Three-point bending test evaluated the mechanical resis-
tance of each sintered membrane according to the ASTM
C674-88 standard [30]. The load displacement curves of indi-
rect tensile and flexural strength were acquired at a load-
ing rate of 0.1 mm min™ utilizing a 1 kN Shimadzu Screw
Flat Grips. The dimensions of rectangular specimens were
2 mm x 20 mm x 60 mm respectively.

Physical and chemical parameters of raw seawater and
permeate were examined and characterized using several

(13)
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techniques. The conductivity and pH were measured using
a Consort C561 pH-meter. The turbidity was measured using
a HACH 2100Q Turbidimeter. The COD was measured
by oxidation in acidic medium by the excess of potassium
dichromate, oxidizable materials under the conditions of the
test in the presence of silver sulfate as catalyst and mercury
sulfate according to method used by Mouiya et al. [30].

3. Results and discussion
3.1. Pyrophyllite clay characterization
3.1.1. Particle size analysis

The particle-size distribution of pyrophyllite powder
after sieving raw material in a 63 pm sieve is shown in
Fig. 2. It is clearly observed that the particle-size distribu-
tion is fairly narrow. Furthermore, the distribution of the
grains consists essentially of a single homogeneous major-
ity fraction. Overall, 90% of the particles have a diameter
less than 40.10 pm. The average diameter is approximately
d,,=7.50 um.

3.1.2. Chemical analysis

The pyrophyllite is a hydrous aluminum silicate with
5i,AL,O, (OH), as standard composition [31]. The chemi-
cal composition of the pyrophyllite quantified in the form
of oxides is reported in Table 1. It can be noted that, the
natural clay is essentially formed of a large amount of
65.40 wt.% of SiO,, 22.10 wt.% of AL,O, and K,O and Fe,O,
in lower proportion. The SiO,/AlL,O, mass ratio is of the
order of 3 which shows that pyrophyllite is an aluminosili-
cate. Additionally, low amounts of sodium and magnesium
oxides are present in the form of impurities. Therefore, the
chemical analysis indicated that this pyrophyllite sample
contained 95% of pure pyrophyllite [32].

3.1.3. Micrograph and microchemical analysis

Fig. 3 shows the SEM view of the pyrophyllite powder
(63 um). The clay micrograph shows a granular structure,
aggregates are randomly distributed and material grains of
different sizes. Energy-dispersive X-ray spectroscopy (EDX)

was carried out to identify the elements present in the natu-
ral material studied. The results obtained are in agreement
with the chemical analyzes. It follows that silica and alu-
mina are the essential constituents of natural pyrophyllite.

3.1.4. Mineralogical analysis

The recorded XRD analysis of the pyrophyllite sam-
ple is given in Fig. 4. The phase identification with the
aid of the JCPDS X-ray powder data file showed that the
crystalline phases of the natural clay were mainly pyro-
phyllite as a monoclinic double-layer pyrophyllite, dias-
pore and quartz [33,34]. It can be noted that, the reaction
between pyrophyllite and diaspore at high temperature
has an effect on the increase of mechanical strength as was
reported previously in the literature [31].

3.1.5. Thermal analysis

TGA and DTA results of pyrophyllite clay are shown in
Fig. 5. It can be observed that, there are three mass losses

1 10 100

Diameter (um)

Fig. 2. Particle-size distribution of pyrophyllite powder.

Fig. 3. Analysis of the pyrophyllite clay: (a) EDX analysis and (b) SEM image.
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Table 1

Chemical composition of pyrophyllite clay
Oxides wt.%
SiO, 65.40
ALO, 22.10
Fe,O, 3.12
CaO 1.58
Na,0 0.15
K,0 4.40
TiO, 0.14
MgO 0.30
LOT* 3.20

“Loss on ignition at 1,000°C.
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Fig. 4. XRD pattern of the pyrophyllite powder.

during the heating of the pyrophyllite sample. The weight
loss of 0.37 wt.% observed between 50°C and 250°C is
due to the departure of free and adsorbed water. It corre-
sponds to endothermic phenomenon [35]. The second mass
loss of 2.37 wt.% that appears in the TGA curve between
445°C and 755°C is attributed to the removal of octahedral
hydroxyl from diaspore and pyrophyllite [36]. That also
results in the two endothermic peaks centered at 508°C and
580°C on the DTA curve respectively [33]. A second dehy-
droxylation of pyrophyllite causes the other mass loss of
0.36 wt.% over a wide temperature range of 755°C to 920°C
in the TGA curve, accompanying a slight endothermic
peak centered at about 760°C in the DTA curve.

3.2. Characterization of pyrophyllite membrane
3.2.1. Porosity and water absorption

Fig. 6 presents the variations of porosity and water
absorption of pyrophyllite membrane as a function of the
sintering temperature ranging from 1,000°C to 1,200°C. As
can be seen, clear and apparent changes were observed in
the porosity and water absorption as the sintering tem-
perature was increased. The both parameters continu-
ously decline with sintering temperature from 45.00% to
18.00% for porosity and from 22.50% to 10.50% for water
absorption. This high values of porosity and water absorp-
tion obtained at 1,000°C could be explained by the high
weight loss (about 12.80 wt.%) during thermal treatment
[20]. In the temperature range from 1,050°C to 1,150°C, a
small evolution is observed for the porosity with also a
maximum at 1,150°C (40.5%) but more presented as a pla-
teau in the middle temperature range (porosity changes
scarcely around 0.5%). While water absorption decrease
from 22% at 1,050°C to 20.10% at 1,150°C before it
decreases sharply to 10.50% at 1,200°C. This is due in par-
ticular to the increase of shrinkage of sintered membranes.
Consequently, a significant increase of apparent density

{ 100°C
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=
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Fig. 5. DTA, TGA and differential thermogravimetric analysis curves of pyrophyllite clay.
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Fig. 6. Evolution of porosity and water absorption vs. sintering
temperature.

and then a diminution of water absorption was observed.
Differently, the both characteristics decrease with sinter-
ing temperature from 1,150°C to 1,200°C. In the case of
porosity, it significantly drops from 40.50% to 18.10%.
This then allows the reduction of membrane macrovoids
which are attributed to smaller pores in the densified
membrane structures [2]. This behavior is compatible with
the less porous aspects of SEM pictures in Fig. 7. In addi-
tion, the presence of alkali oxides as Na,O, K,0 and MgO
in pyrophyllite material also contributes to the formation
of vitreous phase at 1,200°C, which leads subsequently to
creating dense ceramic [37].

3.2.3. SEM characterization

To provide further evidence in support of the
Archimedes test results, the top surface micrograph of
pyrophyllite membranes sintered at various temperatures
was observed using SEM to evaluate their microstructure
(Fig. 7). It is clearly seen from SEM images that sintering
temperature significantly affects the morphology of mem-
brane and two important observations that can be drawn.
Firstly, the pore size of the pyrophyllite membrane dimin-
ished with the increase of sintering temperature. Secondly,
increasing of the sintering temperature led to the melting of
material particles, thus reducing the porosity of the mem-
brane [38]. At 1,000°C, the membrane is poorly sintered,
the intergrain pores between grains are relatively large and
particles are not well consolidated. The same observations
remain valid in the case of 1,050°C. The membranes are
poorly sintered and pyrophyllite particles are not well con-
solidated with each other to ensure a strong ceramic body.
Increasing of sintering temperature up to 1,100°C shows
that the sintering process has begun, grains partially merge,
but it is not yet enough to achieve strong cohesion between
pyrophyllite particles [37]. Therefore, this morphology is
not likely enough to ensure a strong ceramic body. Thus,
the mechanical strength of the pyrophyllite membrane
could improve [29]. Notably, a further increase in tem-
perature to 1,150°C leads to intergranular contact between

particles. It is clear that the number of pores decreased due
to the coalescence of small pores. Therefore, the membrane
is characterized by dense morphology and significant clo-
sure of pores. It also presents appropriate porous struc-
ture with pore size in the microfiltration range. Whereof,
it is supposed that the pyrophyllite membrane sintered
at 1,150°C exhibits the highest mechanical strength. This
agreed with most studies previously reported in the litera-
ture on ceramic membranes [12,22]. At highest temperature
(1,200°C) the phenomenon of fusion starts and pyrophyllite
particles are more closely packed which causes closure of
small intergranular pores [39]. Consequently, an important
decrease in the porous volume is observed. Usually, this
microstructure enhances the mechanical strength of the
membrane but negatively affects the porosity. From these
SEM observations, it can be noted that 1,150°C is an appro-
priate sintering temperature to prepare a better membrane
from pyrophyllite clay. In any event, any decision about
optimal temperature conditions will be done after the deter-
mination of the influence of temperature on mechanical
strength.

3.2.4. Pore size analysis

The pore-size distribution seen on the surface of ceramic
membranes sintered at different temperatures shows a
unimodal distribution of the pore diameter (Fig. 8a). It is
noted that the evident difference in pore-size distribution
between the ceramic membranes is due to the sintering tem-
perature. It can also be observed from this figure that more
than 98% of pores have a diameter <2.60 um for all mem-
branes. For the membrane sintered at 1,000°C, the pore-size
distribution consisting of a peak at approximately 1.55 um
and a smaller peak detected at 1.33 um is believed to rep-
resent the sponge-like pores. After increasing the sintering
temperature to 1,050°C and 1,100°C, the large peak shifted
to 1.22 and 1.00 um respectively. The pore-size distribution
of flat membrane sintered at 1,150°C shows a large peak
at 0.75 um and a smaller peak detected at 1.20 um, indi-
cating that the pores (circular or oval forms pores) became
smaller and the ceramic had a distinct porous structure. It
is interesting as well to note that no significant peak was
presented at a sintering temperature of 1,200°C, indicat-
ing that the ceramic was completely melted, where the
pore size of the pyrophyllite membrane decreased due to
the pristine pores densification [40].

The variation of the average pore size of the prepared
membrane depending on sintering temperatures (Fig. 8b)
shows that, the average pore diameter decreases from 1.57
to 0.30 um in the range of 1,000°C-1,200°C. This maximum
value of pore size observed at 1,000°C is expected according
to the pore stability theory and could be attributed both to
the elimination of carbonates, which are generally respon-
sible for the generation of large pores, and to the coales-
cence phenomenon start that occurs between pyrophyllite
particles under sintering leading to the formation of large
pores with a diameter of around 1.30 um at 1,050°C [21,41].
However, The average pore size of the membrane sintered
at 1,150°C is 0.75 um. Subsequently, the average pore size
continues to decrease to 0.30 um when the sintering tem-
perature increases 1,200°C. This drop in pore size is due to
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Fig. 7. SEM images of pyrophyllite membrane sintered at different temperature: (a) 1,000°C, (b) 1,050°C, (c) 1,100°C,

(d) 1,150°C and (e) 1,200°C.

the partial melting of grain, that resulting by decreasing of
inter grain space between grains. Based on these pore size
analysis results, it can be seen, that the average pore diam-
eter of pyrophyllite membrane is very small in comparison
with other results in the literature [3,12]. All that, keeping an

important flexural strength and a high porosity to guaran-
tee a negligible resistance to the flow compared to that of a
MF membrane characterized by pore diameters of the order
of 0.75 + 0.05 um. To observe the difference between the
average membrane pore sizes calculated from this method
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Fig. 8. (a) Pore-size distribution and (b): average pore size of the membranes sintered at various temperatures.

and liquid permeation method, a comparative study is
presented at the end of section 3.2.6.

3.2.5. Mechanical resistance

To evaluate the prepared membrane ability to resist
of hydraulic pressure during filtration, the flexural
strength method is used to measure mechanical resistance.
Although, there is a need for a high mechanical strength
membrane, denser membranes with fewer voids normally
produce lower flows. That’s why, the 10 wt.% starch content
used as a porosity agent has been added for the study on
the effect of sintering temperature on the membrane prop-
erty [20]. Fig. 9 plots the evolution of membrane mechan-
ical strength with sintering temperature from 1,000°C to
1,200°C. As clearly shown in this figure, the mechanical
strength of the pyrophyllite membrane increases from
12.66 to 33 MPa when the sintering temperature rises from
1,000°C to 1,200°C. Normally, this increase is attributed
to sintering degree, conducting subsequently to strong
cohesion of pyrophyllite particles (caused by partial melt-
ing of grains). Especially at higher temperature of 1200°C,
the densification of material leads a more consolidated
ceramic substance [42]. It should be noted that, this finding
is supported by SEM observations and reported by many
authors in the literature [21,22,29]. Many studies have been
performed to determine the effect of ceramic loading on the
ceramic membrane properties. Hubadillah et al. [43] stud-
ied the effect of temperature (in range 1,000°C-1,200°C)
on the characteristics of kaolin ceramic support prepared
by uniaxial pressing technique. This study showed that
the mechanical strength has increased significantly from
12.20 to 93.20 MPa by increasing the sintering temperature.
The authors reported that the increases in the mechanical
properties were attributed to the diminishing of macro
voids in the membrane structure. Similar observations
have been obtained in our current study, where the macro
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Fig. 9. Variation of mechanical strength of pyrophyllite
membrane with sintering temperature.

voids were no longer observed and especially when the
sintering temperature has increased to 1,150°C (Fig. 9). In
general, sintering temperature strongly affects the mechan-
ical strength of the ceramic membranes and encourage
phase transformation and densification [29]. Therefore,
this value of 28.60 + 0.66 MPa at 1,150°C is considered
appropriate for the MF experiment and for developing
this membrane as a support for an UF membrane.

3.2.6. Water permeability and pore size evaluation

Hydraulic permeability is an extremely important and
crucial parameter for defining the operating conditions of
the membrane. This parameter was determined using the
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variation of the water flux measured after 40 min of filtra-
tion (stabilization time of fluxes) with the transmembrane
pressure [19]. The typical results of permeability determina-
tion of the membranes are presented in Fig. 10. Following
Darcy’s law, it can be seen that flux is linear for all mem-
branes sintered at different temperatures. The sintering
temperature effect on the average membrane permeability
is also displayed in Fig. 10a. Firstly, it can be seen that per-
meability rises from 208 to 1050.50 L h™* m= bar™ when the
temperature increases from 1,000°C to 1,100°C. Thereafter, by
increasing the sintering temperature to 1,200°C, the perme-
ability dramatically decreases to reach the minimum value
of 510 L h™ m™ bar™. Presumably, this decrease in permea-
bility could be mainly related to the drop of pore size due to
the domination of the densification phenomenon (as shown
in 3.2.3) [44]. Whereby, the majority of pores are no longer
continuous cross the membrane. These interpretations are
consistent with SEM observation of the pyrophyllite mem-
branes. It can also be noted that the main value of the water

33

permeability of 1,000 L h™ m™ bar™ of the sintered pyrophyl-
lite membrane at 1,150°C is a typical value for microfiltra-
tion but which remains relatively higher than that found by a
membrane produced from commercial alumina [45].

The hydraulic pore diameter of the pyrophyllite mem-
brane was calculated from liquid permeation data of
water filtration according to Eq. (6). Fig. 10b shows the
hydraulic pore size of the MF membrane as a function
of sintering temperature. According to the results of the
average membrane pore sizes measured using Image]J (as
commented in the previous paragraph), it can be observed
that hydraulic pore size decreases from 0.92 um at 1,100°C
to a minimum value of 0.82 pm at 1,200°C. The average
hydraulic pore size of the membrane sintered at 1,150°C is
0.90 £ 0.02 um. Based on these results, it seems that there
is a strong correlation between the porosity, water perme-
ability and pore size. In that sense, Several similar behav-
iors were pointed out in the literature [21,22]. Therefore, it
could be concluded that the pore size estimated from the
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Fig. 10. (a) Permeability and (b) hydraulic pore diameter variation as a function of sintering temperature for membrane prepared

membranes.

Table 2

Comparison between the flat pyrophyllite membrane and other ceramic MF membranes in the literature

Material Membrane Sintering Porosity Average  Flexural Water Reference

configuration — temperature (%) poresize strength permeability

(°C) (um) (MPa) (Lh'm=bar)

Perlite (Pressing) Flat 950 52.11 1.70 21.68 1,433 [3]
Water treatment sludge/clay Flat 1,050 46.70 0.92 14.5 724 [22]
(Pressing)
Phosphate/pozzolan (Pressing)  Flat 1,050 32.7 1.33 15.69 1,732 [29]
Pozzolan (Extrusion) Tubular 950 41.20 0.37 15.36 1,444 [19]
Clay and banana peel Flat 1,100 (Support) 40.3 55-045 19 1,150-550 [30]
Kaolin (Inversion) Hollow fibre 1,300 58 1.5 15 320 [14]
Pyrophyllite Flat 1,150 40.50 0.80 30 1,000 This work
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water permeation data can be considered more accurate
than that estimated from the SEM image analysis. Finally,
a compromise between increasing mechanical strength
and decreasing porosities of the membranes as sintering
temperature increases and based on the excellent charac-
teristics such as SEM analysis, average pore diameter, is
reasonable to choose the temperature of 1,150°C as optimal
sintering condition. It should be noted that the opti-
mized membrane sintered at this temperature was used
for chemical resistance and the filtration experiment.

3.2.7. Potential of pyrophyllite membrane vs
other ceramic membranes

Table 2 reports the characteristics of optimized pyro-
phyllite membrane in comparison with similar MF mem-
branes prepared by other researchers in the literature.
According to the results, the pyrophylite membrane owns
a high mechanical strength, which is better compared to
other membranes with different configurations. Also, the
smaller pore size of the pyrophyllite membrane was found
to be about 0.75 pm that is closer to that of the commer-
cial membrane. Additionally, results of water permeabil-
ity indicate that this elaborate membrane is well placed in
the low MF range [46]. Furthermore, taking into account
cheaper raw material, Table 3 summarizes the price and
required sintering temperature of the porophyllite and
other common ceramic materials, for example, alumina,
zirconia, titania, kaolin and mullite. As shown in this
table, the cheaper material and lower sintering tempera-
ture have eventually reduced the cost of production of
this studied membrane as compared to other commer-
cial ceramic membranes. Consequently, the pyrophyl-
lite membrane is a more desirable alternative in terms of

Table 3

configuration and performance, which will be used ahead
for the filtration experiment.

3.3. Microfiltration test
3.3.1. Permeate flux

The variations of permeate fluxes of raw seawater over
time are shown in Fig. 11. As it can be observed, the flux
decreases with time. This flux decline was assigned to the
accumulation of suspended solids, organic, inorganic col-
loidal and biological matter on the outside and the inside
the membrane surface. In addition, it appears that there
is a fast fouling phenomenon (caused by pores plugging)
in the first 60 min while the slow fouling is observed for
the rest of filtration time that increases by the use of tan-
gential filtration. On the other hand, the permeate flux of
water is always higher than raw seawater. This is due to the
physical properties and nature of each filtered seawater.
In point of fact, the more the feed seawater is charged with
suspended matter the more the permeate flux decreases.

3.3.2. Pyrophyllite membrane performance

For evaluate the performance in seawater pretreatment.
The physicochemical parameters of seawater permeate
were measured and presented in Table 4. As indicated in
the table, the turbidity decrease from 20 to 0.12 NTU after
120 min of filtration, resulting in a removal percentage
of 99.40%. Therefore, the prepared MF membrane with
the small average pore size of 0.80 um allows complete
elimination of colloidal particles due to suspended solids
and microorganisms present in raw seawater which are
responsible for turbidity. Furthermore, the results show

Price and required sintering temperature comparison between bentonite clay and other common ceramic materials

Material Price per kg ($) Required sintering temperature (°C) Reference
Alumina 250 1,500-1,700 [27]
Zirconia 78 1,400 [47]
Titania 25 1,400 [48]
Kaolin ~15 1,300-1,500 [49]
Mullite ~15 1,400-1,500 [42]
Pyrophyllite 0.08 1,150 Study

Table 4.

Feed solutions separation performance by pyrophyllite membrane.
Parameter Raw seawater Permeate
pH 7.47 8.02
Turbidity (NTU) 20 0.12
COD (mg L) 6.20 141
Conductivity (mS cm™) 50 42.50
Suspended matter (g L) 1.27 -
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Fig. 11. Time-dependent permeate flux variations of raw
seawater for the MF membrane.

that the pyrophyllite membrane can reject 77.41% of COD
for 120 min of filtration. Therefore, the great rejections of
COD indicate that membrane prepared by pyrophyllite
material is effective to retain a big part of organic matter
presented in raw seawater. For all the experiments of MF,
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the results obtained show that the pH values remain almost
constant throughout the filtration. As well as, the effect of
the MF membrane on the conductivity of the studied raw
seawater (50.00 to 42.50 mS cm™) is unimportant since the
MF process is not effective in removing soluble salts in
raw seawater.

3.3.3. Fouling phenomena

Fig. 11 depicts the flow of seawater as a function of
time, both flows drop off sharply during the first 60 min
due to pore blockage. To represent the flux decline of the
membrane during the experiments of MF, Fig. 12 shows the
linearized graphs of the pore blocking models for the raw
seawater. It should be mentioned that the model that well
describes the fouling mechanism during filtration of feed
solutions is the one with the highest R* value [29]. From
the results of R? it can be inferred that, the MF experi-
ment could involve both cake filtration and intermediate
pore blocking models (R? of 0.97 and 0.96 respectively) to
properly describe flux decline. Suggesting that, seawater
contains particles smaller than or equal to the pores of the
membrane [22]. In this case, these particles do not neces-
sarily block the total surface of the filter (they can overlap).
And/or there are particles larger than the pore size that
form a cake on the surface of the pyrophyllite membrane,
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Fig. 12. Linearized graphs of raw seawater: (a) complete pore blocking, (b) standard pore blocking, (c) intermediate pore blocking

and (d) cake filtration.
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as reported by Beqqour et al. [29]. Furthermore, this typi-
cal mechanism mainly contributes to the external fouling
of the membrane. Thus, to use the pyrophyllite membrane
multiple times, the antifouling study was conducted in
more detail to completely understand this phenomenon.

3.3.4. Antifouling study

Four parameters such as FRR, TFR, RFR and IFR related
to the fouling study are calculated and summarized in
Fig. 13. The value 79.40% of FER indicates that the pyro-
phyllite membrane used for the filtration of raw seawater
recover about 80% of its permeability after cleaning with
NaOH solution. This means that the prepared microfiltration
membrane has a good antifouling behavior. While, the result
of 35.30% found for the TFR parameter explains the per-
centage of the internal blockage of pores as well as the cake
layer formation by the accumulation of particles in suspen-
sion on the membrane surface [21]. Regarding the formation
of a cake layer that causes the external fouling is evaluated
by the RFR parameter calculation. This parameter indicates
the presence of 14.70% of external fouling. Therefore, the
membrane flux would be easily recovered by the fouled
membrane washing using distilled water. However, the
IFR value of 20.60% expresses the percentage fouling asso-
ciated with pore blockage of the membrane. In addition,
indicating that backwashing with water and NaOH solution
is required. Noting that, this irreversible observed fouling
could be explained by the adsorption of certain molecules of
tannery effluent dye on the walls of the pores, then partially
blocking the transfer of permeate (as indicated previously
in Section 3.3.2 — Pyrophyllite membrane performance).

4. Conclusion

A flat porous MF membrane was prepared from natu-
ral pyrophyllite by uniaxial pressing method. The chemical
analysis shows that siliceous and aluminous material are
the most important components of pyrophyllite clay. The
sintering temperature significantly affects the filtration
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Fig. 13. Fouling parameters of the prepared pyrophyllite
membrane.

properties and microstructure of prepared membranes.
The temperature increase remarkably improves porosity,
mechanical strength and permeability of membrane up to
1,150°C. SEM analysis confirmed that this membrane is
free of cracks and defects. This optimal MF membrane is
considered to be the best one, according to the optimized
parameters, a porosity of 40.50%, an average pore size of
0.80 um, a permeability of 1,000 L h™ m= bar™ and a good
mechanical resistance of 30 MP. Indeed, the pyrophyllite
membrane demonstrated a notably good performance in
seawater pretreatment for desalination. Approximately the
totality of turbidity was removed (99.40%). In addition to
that, the treatment by the membrane could achieve 77.41%
of COD rejection. Finally, the obtained findings suggest
that the low-cost pyrophyllite based on membrane could
be a perfectly interesting alternative to the traditional
methods for pretreatment of seawater for desalination. For
future development, as an objective of our further work
based on the current work, our laboratory is conducting
research to use these pyrophyllite membranes as a support
to develop layers suitable for the UF and NF range.
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