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ABSTRACT

This work addresses the preparation and characterization of low-cost tubular ceramic microfil-
tration membranes made from Moroccan natural clay. The microfiltration layers (M10/25PVA,
M10, and M12) were prepared by the slip-casting technique of suspension containing the clay
powder (¢ < 63 um), polyvinyl alcohol, and water. Thereafter, the membranes were dried and sin-
tered at 900°C/3 h. Chemical analysis by X-ray fluorescence, specific surface, pore size distribution,
X-ray diffraction, Fourier transform infrared spectroscopy, differential thermal analysis and ther-
mogravimetric analysis are the techniques used for analyzing and characterizing of our raw clay.
The scanning electron microscopy (SEM) analysis, average pore diameter and chemical resistance
of all membranes were investigated. The SEM analysis showed that the prepared membranes sur-
face has a homogeneous structure and without defects. The average pore size of the membranes
(based on SEM) is 1.76, 1.21, and 1.31 um for M10/25PVA, M10, and M12, respectively. The chemi-
cal resistance of membranes is stable in both acidic and basic media. The membranes were selected
for microfiltration of domestic wastewater (DWW) and Congo Red (CR) dye. Throughout all of the
microfiltration tests, the pH remains relatively stable. The electrical conductivity and the chemical
oxygen demand decrease after 45 and 15 min, respectively for all the studied membranes. For DWW,
the suspended particulate matter responsible for turbidity is almost eliminated (R, = 99%), and the
CR colored solution has nearly totally discolored (R, = 99%). The capital cost of three tested ceramic
membranes at different operating conditions was evaluated and estimated to be around 21-23 $/m>

Keywords: Ceramic membranes; Low-cost; Cross-flow microfiltration; Domestic wastewater; Congo
Red; Turbidity
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1. Introduction

Human, domestic, agricultural, and industrial activities
produce all kinds of waste which are transported by the lig-
uid way and consequently engender various kinds of pol-
lution and harmful effect in the receiving medium. In this
context, several separation techniques, such as photocataly-
sis, ion exchange, coagulation—flocculation, and adsorption
are used to remove pollutants from their respective aque-
ous sources, but it has been demonstrated that they are no
longer sufficient, they require high investment, they could
generate secondary waste that is difficult to eradicate and
they are just poorly selective [1,2]. The use of the membrane
separation technique has been known as a recent very rapid
industrial development. Recently, this technique has been
found mainly in the agri-food industry, water treatment,
sectors of pharmacy, chemistry, biotechnology, and the
environment [3-6]. Microfiltration is a very efficient tech-
nology for separating solids and recovering products from
all kinds of liquids that do not require filter aids and do not
produce solid waste [7-9]. Despite these advantages, using
cross-flow microfiltration to remove colloids at the industrial
level could encounter many situations, the most notable of
which are breakthrough, cake forming, concentration polar-
ization, and the leaching of dissolved organic carbon signifi-
cant amounts during the process. In addition, it is necessary
to flush the system with acids and bases as well as large
amounts of ultrapure water before and after use [10].

Widely available around the world, clays have non-iden-
tical compositions that rely on localized forming conditions
and compose a family of minerals in the silicate class, sub-
class phyllosilicates, layered silicates with layer thicknesses
of around 1 nm [11]. The hydrated phyllosilicates ultra-mi-
croscopic structure is characterized by the superposition
of sheets composed of tetrahedral or octahedral layers
that are placed in the interlayers space [12]. They are clas-
sified into families according to the thickness of the layers
(0.7-1.4 nm): The kaolinite (0.7 nm) that is resulted from
weathering feldspars and used in ceramics and the manu-
facture of porcelain [13]. The montmorillonite where several
layers of water can take place between two sheets leading
to the interlayer space that can range from 0.96 nm to com-
plete separation [14] and the illite (1 nm) where particles
are mostly described as layers with fixed interlayer potas-
sium [15]; besides, the vermiculite (1.4 nm) where the sheet
composition is close to that of talc, and the sepiolite (1 nm)
that has a fibrous structure [16].

The fabrication of ceramic membranes using different
raw materials such as titania, silica, and alumina has been
shown in many works of literature [17-19]. The cost of these
membranes is very high due to costly raw materials and the
need for a sintering temperature that exceeds 1,300°C [20].
Membranes made from the above expensive raw materials
are not appropriate for industrial applications from an eco-
nomic standpoint. To address these issues, researchers are
currently looking at other low-cost raw materials that could
be used as a conventional raw material substitute. Various
clay such as Moroccan clay, Cameroonian clay, Tunisian
clay, apatite powder, dolomite, bentonite, and kaolin clay
has recently been listed as the most cost-effective raw mate-
rials for membrane applications [21-25]. Several researchers

have been working on Moroccan clay and its applications
in the field of industrial wastewater treatment and textile
dyes because it contains toxic components, potentially car-
cinogenic for certain organisms [26-29]. It is, therefore, very
useful to try to provide economic solutions to clean up and
ensure the well-being of our ecosystem. Some research-
ers, in the field of wastewater treatment, have proven the
efficiency of ceramic materials during microfiltration:
Bhattacharya et al. [30] conducted a research study that
assesses the efficiency of using a ceramic microfiltration pro-
cess alone and in combination with a biosorbent prepared
from fruit peels of Lagerstroemia speciosa (L.) Pers for the
treatment of industrial and domestic wastewaters. Bouazizi
et al. [31] elaborated a Moroccan bentonite ceramic micro-
filtration membrane to treat tannery and textile effluents
while Majouli et al. [32] applied a Moroccan perlite ceramic
microfiltration membrane to treat tannery beam house,
textile, and electronic industries dicing wafer effluents.
Foorginezhad et al. [33] prepared and characterized nano-
clay membranes for the microfiltration of cationic dyes.
Belgada et al. [34] used a low-cost ceramic microfiltration
membrane which was made from natural Moroccan phos-
phate for pretreatment of raw seawater for desalination.

In the present study, we have made an in-depth physi-
cochemical characterization of our clay, considered as the
basic raw material for the manufacture of ceramic micro-
filtration membranes. For this reason, several experimental
characterization techniques were used namely: the X-ray
fluorescence chemical analysis (XRF), the measurement
of the specific surface and the pore size distribution (BET-
PSD), the X-ray diffraction (XRD), the Fourier transform
infrared spectroscopy (FTIR), the differential thermal analy-
sis (DTA) and the thermogravimetric analysis (TGA). These
techniques allow monitoring the evolution of the material’s
crystalline phases during heat treatment.

This article aims to develop new ceramic membranes
by the slip-casting technique based on raw Moroccan clay
while adding on some membranes the polyvinyl alcohol
(PVA; M10, M12, and M10/25PVA). The obtained mem-
branes were characterized by the scanning electron micros-
copy analysis (SEM), average pore diameter and chemical
resistance. Moreover, this work is based on the treatment of
raw domestic wastewater (DWW) and the Congo Red (CR)
anionic dye, which are given their high stability in aque-
ous media. Therefore, the difficulty of their elimination, as
an effective and promising method, is cross-flow microfil-
tration while studying its influence on the physicochemical
parameters of effluents and the ecological and economic
aspects of the technological process. The efficiency pro-
duced membranes were investigated in terms of permeate
flux, pH, electrical conductivity, chemical oxygen demand
(COD), turbidity, suspended particulate matter (SPM), as
well as the discoloration rate efficiency of CR dye. The study,
also, investigated the cost analysis of fabricated ceramic
membranes based on the price of raw materials.

2. Materials and methods
2.1. Materials used

The clay we used in this study was taken from the
Meknes region located in the North-West of Morocco
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(X: 33° 53'42"N; Y: 5° 33'17"W). The wood powder used
as a porosity agent in the preparation of our porous
ceramic supports comes from solid waste from wood-
working. The PVA (Rhodoviol 25/140, Prolabo) used as
an organic binder in the preparation of our membranes’
layers is a chemical compound with the molecular for-
mula of (C,H,0), with a repeating unit molecular weight
of 44.0526 g/mol. Congo Red (CR, Merck KGaA) is both
an organic dye and a pH indicator that is no longer used
much due to its toxicity. The CR used is a heterocyclic aro-
matic chemical compound that has a molecular formula of
(C,H,NNaQOS,). It has a molecular weight of 696.66 g/
mol. Table 1 shows the chemical structure and character-
istics of the CR. Chemical resistance tests were carried
out using the nitric acid (HNO,, 65 wt.%) and sodium
hydroxide (NaOH, 98 wt. %), all of which were obtained
from Merck KGaA. Distilled water is also used for all
preparations.

2.2. Physicochemical characterization of clay
and ceramic membranes

Different techniques were used to characterize the clay.
The chemical analysis (XRF) is used by a SIEMENS 300
device. The pore size distribution and the specific surface
area of the raw clay were determined by nitrogen adsorp-
tion-desorption at 77 K (BET-PSD method-Micromeritics,
ASAP 2010). The mineralogy of the clay (raw and heat-
treated at 1,000°C/2 h) was determined by the XRD using
a SHIMADZU 6100 diffractometer with Cu Ka radiation
source (A = 1.54056 A) and a Ni filter. A FTIR spectropho-
tometer (BRUKER VERTEX 70) was used to investigate
the molecular characteristics of clay (raw and heat-treated
at 1,000°C/2 h). The DTA and the TGA were carried out
under a nitrogen atmosphere with a heating rate of 10°C/
min, from 25°C to 1,000°C, aAL,O, as reference. The curves
were recorded on the thermal analysis apparatus, a type of
LABSYS evo TGA, DTA, DSC, and TGA-DTA, TGA-DSC,
simultaneous from ambient to 1,600°C. The surface of the
microfiltration membranes was characterized in terms of
morphology and EDX analysis using an FEI QUANTA 200
SEM. The average pore diameter (d_, um) of the ceramic
microfiltration membranes was calculated from the SEM
images of the membranes of different selected areas using
an Image ] software (Version 1.4) and the average pore

Table 1
Congo Red dye characteristics
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size was calculated using the below equation considering
cylindrical pores [Eq. (1)] [35]:

Zn d? |
d.. (um) =i 1)

n
>
1
i=1

where n refers to the number of pores considered and 4, is
the pore diameter (um) of the ith pore. Chemical stability of
the ceramic membranes towards harsh environmental con-
ditions was evaluated by testing the stability of the mem-
branes in acidic and basic conditions through subjecting it
to concentrated HNO, and NaOH solution for 24 consec-
utive hours and the results were analyzed by calculating
the weight losses (W, %) in these conditions [Eq. (2)]:

w, ()= o)

) x100 @)
mU

where m, is the mass of the sample before chemical con-
tact (g) and m, is the mass of the sample after chemical
contact (g).

2.3. Analytical methods for characterizing wastewater

Different physicochemical analysis techniques were
used for the characterization of wastewater and filtrates
obtained by the cross-flow microfiltration process namely:
the pH, the electrical conductivity, and the COD were mea-
sured using a multiparametric instrument HACH Q430d.
The turbidity measurement was determined by a porta-
ble turbidimeter of the HACH 2100Q. Furthermore, the
turbidity removal efficiency of permeates from DWW (R,
%) is calculated using the following classical equation

(Eq. (3)] [36]:

R, (%)= 1- 20 100 ®)
N NTU

where NTU, and NTU  are the turbidity of DWW in permeate
and feed, respectlvely The SPM is determined by filtration

Dye name Chemical structure Molar mass (g/mol) Class Solubility (g/L)
O
O O Ne* Ethanol: 1
Congo Red O 696.66 + 0.04 Anionic Water: 40
0 oNe' Q

HoN
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through membranes with a pore diameter of 0.45 um [37].
The difference mass ratio of the filtered water volume
gives the concentration of SPM in mg/L [Eq. (4)]:

SPM(mg/L) = (Ml‘;iM“)

w

4)

where M, is the empty membrane mass (mg), M, is the
mass of membrane and the residues after drying in an oven
at 105°C/24 h (mg) and V_ is the filtered water volume (L).
The CR discoloration (R, %) of each membrane perme-
ates is calculated using the following classical equation

[Eq. (5)] [36]:

‘)
- {x100

Cf
where C, is the concentration of CR in the feed (g/L) and
C, is the concentration of CR in the permeate (g/L). The CR
concentrations after microfiltration are determined by an

Ultra-Violet spectrophotometry of the type SHIMADZU
UV-1800.

R,(%)= {1 ®)

2.4. Ceramic membranes preparation

A ceramic paste with ideal characteristics (plasticity,
hardness, cohesion, and homogeneity) for extrusion is pre-
pared by mixing the clay powder (0-400 um) with organic
additions (wood powder) and water, the proportions of
which are well defined in previous work [38]. The dough
is then put in a closed plastic bag and stored in a fridge at
constant temperature for a time called aging time (>72 h)
to reach homogeneity and to improve the quality of paste
by organic additives and water migration. After the aging
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step, the dough is then extruded to form single-channel
tubular supports. After drying in the open air, the substrates
are treated in an electric oven at 1,000°C/3 h for consolida-
tion according to a well-defined thermal program (Fig. 1).
The characteristics of the supports used for membranes’
layers deposits are given in Table 2.

Then, the microfiltration layers were deposited on
the internal surface of the clay support by slip-casting.
This technique consists of depositing a stable suspension
on the internal face of the support. This suspension called
barbotine and is prepared from mineral matter in water.
The supports and the microfiltration membranes’ layers are
made from the same clay. The particle size of the clay pow-
der used to prepare the barbotine (suspension) is less than
63 pum. It must meet a certain number of criteria for it to
be usable in the deposit, such as its viscosity, which must
be adapted to the use, its homogeneity and its stability to
avoid the appearance of undesirable phenomena such as
flocculation. Thus, it is necessary to prepare a suitable sus-
pension to use organic additives such as binder PVA. The
quantities introduced into the suspension are optimized
to obtain, after drying and heat treatment, a reproducible

Table 2
Characteristics of the obtained supports [39]

Geometry support Single-channel

(tubular)
Outside diameter — internal diameter (mm)  24-18
Thickness (mm) 3
Length after sintering (cm) 17
Porosity (%) 36
Mechanical resistance (MPa) 1.98
Filtering surface (cm?) 96.084

Clay powder (0 - 400 pm)

Wood powder + Water

\ 4

Mixing + Malaxing

\ 4

Ceramic pastes

Extrusion

A\ 4

Supports with tubular configuration

Drying + Sintering at 1000°C/3 h

Porous ceramic supports

Fig. 1. Stages of the preparation of porous tubular ceramic supports through extrusion method.
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membrane without defects. After drying at a room tem-
perature, the microfiltration membranes are treated at
250°C for 2 h before being sintered at 900°C for 3 h. The
heating rates for the two temperature intervals are respec-
tively 1°C/min and 2°C/min. The optimum compositions
for the supports and membranes’ layers are mentioned
in Table 3. The stepwise preparation method of ceramic
microfiltration membranes’ layers by the slip-casting tech-
nique is shown in Fig. 2. The mechanism of membranes’
deposits formation on porous tubular supports is depicted
in Fig. 3.

2.5. Cross-flow microfiltration pilot treatment

The DWW and the CR dye were treated by the cross-
flow microfiltration pilot through the three reference
microfiltration membranes: M10/25PVA, M10, and M12
(Fig. 4). The pilot was equipped with an electric pump with
an adjustable flow, a pressure gauge, a safety valve, a mem-
brane module, a pressure regulator, a filtered water collec-
tion (permeate) and a feed reservoir. The permeate was
collected and characterized systematically every 15 min
during filtration time of 1 h and 45 min. Filtration efficiency
was evaluated by permeate flux, pH, electrical conductivity,
COD, SPM, rate of turbidity removal and rate of discolor-
ation. All cross-flow microfiltration tests are conducted at
room temperature (25°C) with a 1 bar circulation pressure.
Permeate flux (J, L/h m?) of membranes was determined
using standard expression [Eq. (6)] [34]:

JLhtm?)-- ©)

where V is the volume of permeate (L), A is the filtering
surface (m?) and t is the filtration time (h).

3. Results and discussion
3.1. Characterization of the clay powder
3.1.1. Chemical analysis by X-ray fluorescence

The chemical analysis of our clay by XRF shows that
the clay is rich in oxides of silicon (SiO,), aluminum (ALQO,),
and calcium (CaO) about 88 (wt.%), which explains the
mechanical performance of this clay. On the other hand, we
have very low percentages of alkaline and alkaline-earth
oxides (Na,O, K,O, and MgO). The presence of iron oxide

Table 3

(5.10 (wt.%)) explains the red coloration appearance of
supports and membranes after heat treatment (Table 4).

3.1.2. Specific surface area and pore size distribution

Fig. 5 shows the adsorption-desorption isotherm of
nitrogen at 77 K, carried out on a sample of our clay in
the raw state. It shows that the isotherm obtained is type
IV with a type H3 hysteresis loop, following the TUPAC
(International Union of Pure and Applied Chemistry)
classification characteristic of mesoporous solids [40].
The specific surface obtained by the BET method is 60 m?/g.

The PSD is based on the desorption or adsorption iso-
therm analysis. The principle of the PSD method is based
on a discrete analysis of the isotherm desorption branch
because it corresponds to a more thermodynamically stable
equilibrium [41]. Fig. 6 gives the curve of this distribution
for clay in the state gross. It shows that the diameters of the
pores vary between 29 and 45 A with a maximum distribu-
tion around 39 A, indicating the presence of the mesopores.
The raw clay’s pore volume is measured at 0.08 cm®/g.

3.1.3. X-ray diffraction

The XRD is carried out on the raw clay powder and
heat-treated at 1,000°C for 2 h. The results obtained are
shown in Fig. 7. The diffractogram of the raw clay (Fig. 7a)
shows, on the one hand, the presence of the mineral phases
of silica in the form of quartz (Q), calcium carbonates (C),
and feldspar (f), and on the other hand, we have kaolinite
(K), illite (I), and smectite (S). The latter are the main phyllite
mineral phases present in the clay studied. Heat treatment
of the clay at 1,000°C for 2 h (Fig. 7b) reveals the following
results:
¢ The disappearance of reflections from the kaolinite (K)

phase to provide meta-kaolinite ((ALO,, 2SiO,) (mk),
which is an amorphous phase), this phenomenon which
was observed by several authors [42—44] is subsequently
confirmed by the infrared absorption spectroscopy
and differential thermal and gravimetric analysis.

* A quartz transformation from an allotropic variety (o)
to (B) [45].

* The total disappearance of calcium carbonate reflections
(CaCO,) and reflections specific to the illitic and feld-
sparic phase [46].

* The appearance of new mineral phases, namely mullite
(3AL0,, 25i0,) (M), and calcium aluminum silicate (CaO,

AlLO,, 25i0,) (cas), and also the transformation of a part

The optimum composition of raw materials used for the ceramic microfiltration membranes fabrication (support + membrane layer)

Ceramic microfiltration membrane

Composition of the support (% (w/w))

Composition of the membrane layer (% (w/w))

M10
powder, 33% (w/w) Water
M12 85% (w/w) Clay, 15% (w/w) Wood
powder, 33% (w/w) Water
M10/25PVA 85% (w/w) Clay, 15% (w/w) Wood

powder, 33% (w/w) Water

85% (w/w) Clay, 15% (w/w) Wood

10% (w/w) Clay, 90% (w/w) Water

12% (w/w) Clay, 88% (w/w) Water

10% (w/w) Clay, 25% (w/w) Polyvinyl alcohol
(12% (w/w) aqueous solution), 65% (w/w) Water
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Clay powder (¢ <63 pm) + Water

Organic binder (PVA)

v

Suspension
Slip-casting Slip-casting Barbotine Slip-casting
! '
Porous support + Membrane layer Porous support + Membrane Porous support + Membrane layer
M10 (10 % (w/w) Clay, 90 % (w/w) layer M12 (12 % (w/w) Clay, M10/25PVA (10 % (w/w) Clay,25 %
Water) 88 % (w/w) Water) (w/w) Polyvinyl alcohol (12 % (w/w)
aqueous solution), 65 % (w/w) Water)
— -

———

Emptying

l

Drying in open air

v

Heat treatment at 900 °C/3h

v

Ceramic microfiltration membranes M10,M12, and M10/25PVA

Fig. 2. Preparation of ceramic microfiltration membranes’ layers by the slip-casting technique.

of beta quartz in beta cristobalite (cb) then in gamma  (3,750-3,300 cm™), (3,000-1,800 cm™), (1,450-1,400 cm™),

tridymite (t) [47,48]

3.1.4. Infrared spectroscopy

. (1,200-900 cm™), and (900-400 cm™) which corresponds to
the valence vibrations and deformation of structural hydrox-
ides: the organic fraction, the carbonates, the water of consti-
tution, the groups (5i, Al, Fe)-O, and the appearance of new

The results obtained (Fig. 8a) show that the infrared products during heat treatment. The characteristic bands
spectra are very similar in the characteristic regions of clay  of this clay have been attributed as follows:
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Barbotine = [Clay powder (¢ < 63 pm) + Water] = PVA

Slip-casting

(Deposit / Support) Interface

\f ~
Direction of water diffusion |

(Deposit / Support) Interface

’

Direction of water diffusion
< >
- L 4 O
Aspiration O O O O Aspiration
force of - 0 0O O - 0 @) force of
orous
p | 0] 0 0) O__> 0 porous
support support
(Capillary -0 O 0] 0 4y 0 @) (Capillary
suction) suction)
— O 9 O O —-» O
[N
Porous support Humid zone Thickness of deposit (L) Thickness of deposit (L) Humid zone Porous support

Clay powder particles (¢ < 63 pm)

Porous Membrane Membrane Porous
support deposit deposit support

4 A \(_A_\ (_A_\f = A\

v
o

vV
o O O

Fig. 3. Mechanism of membranes’ deposits formation on porous tubular supports.

e In the interval 3,750-3,300 cm™: the first two bands e In the bond 1,800 cm™ (d), we notice traces of organic

3,698 cm™ (a) and 3,620 cm™ (b) are attributable to the matter attributed to the vibration of the C-H and/or C-O
valence vibrations of the structural hydroxides of kao- bond [51].

linite v(OH)-Al [40-43]. The third band (3,407 cm™ (c)) ® The band at 1640 cm™ (e) is due to the binding vibration
is attributed to the valence vibration of the group v(OH) of adsorbed water molecules d(OH) [52-54].

of water absorbed by KBr or hygroscopic water [49,50]. The vibrations at 1,425 cm™ (f) and 872 cm™ (i) are
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[ ; [
L

Pressure
regulator

Feed
reservoir

Pump ®
| (I
Safety Manometer

valve

Permeate

IR

Fig. 4. Cross-flow microfiltration pilot.

Table 4
Chemical analysis of clay

Oxides wt.%
SiO, 57.61
ALO, 16.97
CaO 13.20
Fe,O, 5.10
MgO 2.60
MnO 0.11
Na,0 0.67
K,0 2.60
PO, 0.30
SO, 0.10
SrO 0.12
ZnO 0.01
Cr,0, 0.02
TiO, 0.59

assigned to the vibrations of the carbonate group
(CO2) [53].

e The two bands 984 cm™ (g) and at 900 cm™ (h) are
attributed to the deformation vibrations of the
0(OH)-Al[49,50,53].

e In the interval 900400 cm™: we observed elongation
vibrations Si-O-Si of the quartz bond at 798 cm™ (j)
[52] and 778 cm™ (k) [53]. Besides, we have deformation
vibrations of the bond d(Si—O-Si) located at 693 cm™ (1),
450 cm™ (n) [49,50], and 413 cm™ (o). Furthermore, we
noticed deformation vibrations of the d(Si-O-Al) bond
of kaolinite at 500 cm™ (m) [53].

In Fig. 8b, the disappearance of the majority of bands
after treatment at 1,000°C for 2 h means that more than
80% of the bands disappeared, and the appearance of new
bands but with very low intensity at 650 cm™ (cas) signified
a characteristic vibration of a calcium aluminum silicate
and at 560 cm™ (M) that imply a characteristic vibration of

O
o 55 —=— Adsorption
) 50 —eo— Desorption
T I
'g & 40] BET Specific surface=60nvlg 'y |
(] o -
$Ew e ]
5 325 - ]
g -
2 _

5 — 1 v r_r* T T T _* T _* T ‘' T1T_ T T _ " T 7T
00 o1 02 03 04 05 06 0,7 08 09 1,0
Relative pressure (P/Pg)

Fig. 5. Adsorption—desorption isotherm of nitrogen at 77 K of the
powder clay in the raw state.

0,0035 T T T T T T T T T
\ 7-—Desorption\ |

0,0030 -
0,0025 - .

0,0020 - _

dV/dD (cm3ig-A)

0,0015 -

0,00104 % | .
N
0,0005 - o, ]

fl.'ll..;.‘.’. T

010000 T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200
Pore size distribution (A°)

Fig. 6. Pore size distribution for the raw clay.

mullite. These results are confirmed by the above analysis
of XRD (Fig. 7b).

3.1.5. Thermogravimetric analysis and differential
thermal analysis

The TGA curve of the clay (Fig. 9) shows that during
heating two main weight losses occur in two distinct
stages with a third continuous and slight loss. The first loss
(2.44%) which begins around 31°C and ends around 250°C
corresponds to that of the water absorbed, and the second
(12.14%) begins around 300°C and ends around 750°C is
mainly due to the dehydroxylation of kaolinite. On the
DTA curve, we observe five endothermic peaks:
® The peak around 73°C corresponds to the departure of

absorbed water or moisture.
® The peak around 140°C is due to the departure of zeo-

litic water (inter-leaf water) [55,56]. The crystal struc-
ture of the clay is not destroyed by removing these
two types of water.
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(a)
3000
2500 I : lllite
K : Kaolinite
—~ 2000 Q S : Smectite
2 Q : Quartz (alpha)
© .
~ 15004 C : Calcium carbonate
2 f : feldspar
[72]
S 1000 Cof
£ C+f
Q
500 - Q
L el
0-
0 10 20 30 40 50 60 70 80 90 100 110
(b) 2*Theta angle (°)
3000
[ —Clay treated at 1000 °C/2h |
2500 mk : meta-kaolinite
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® The peak around 496°C corresponds to the dehydroxyl-
ation of kaolinite (ALQO,, 25i0,, 2H,O) to meta-kaolinite
(ALO,, 25i0,, amorphous phase) [57]. That is, as water
is removed from a structure, the crystalline structure of
the mineral is destroyed. The overall dehydroxylation
reaction can be schematized as follows [58]:

Al,0,,25i0,,2H,0(Kaolinite )
— ALO,,25i0, (meta - kaolinite) + 2H,0 )

® The peak around 577°C is very weak; it illustrates the
transformation of quartz from the allotropic variety (o)
to (B).
The peak around 726°C is due to the decomposition of
calcium carbonate according to the following reaction:

CaCO, (calcium carbonate) — CaO(lime)+ CO, (8)

We observe on the same curve, two exothermic peaks
around 847°C and 904°C and are due, respectively:
e The formation of a calcium aluminum silicate (CaO,
ALO,, 25i0,) by combining lime (CaO) and meta-kaolin-

ite (ALQO,, 25i0,) according to the following reaction:

273

Al,0,,25i0, (meta - kaolinite) + CaO(lime)
— Ca0, ALO,,2Si0, (Calcium aluminum silicate) 9)

The crystallization of mullite (3A1,0,, 25i0,) from amor-
phous oxides or meta-kaolinite (ALO,, 2SiO,) according
to the following reaction [59]:

3 (A1203, 25i0, )(meta - kaolinite)

— 3A1,0,,25i0, (mullite) + 450, (10)

3.2. Characterization of ceramic microfiltration membranes
3.2.1. Morphology and EDX analysis

The micrographs obtained by the SEM show a
good arrangement of the spherical particles of the clay
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powder under the effect of the final sintering temperature
(900°C/3 h). Grain boundaries are observed at the sur-
face joining the microfiltration layers (M10/25PVA, M10,
and M12) and the porous supports; this ensures good
adhesion between the microfiltration layer and the sup-
port. In addition to a statistically well-distributed poros-
ity over the entire microfiltration membranes’ surfaces
(Fig. 10a—c), we note that the surfaces are homogeneous
and without defects because there are no agglomeration
and cracks.

The EDX analysis of the microfiltration membranes’
surfaces shows that the intensity of the peaks of silicon (5i),
aluminum (Al), and calcium (Ca) characteristic of the oxides
SiO,, ALO,, and CaO, respectively appear very high in the
M10/25PVA, M10, and M12 microfiltration layers’ surface
(Fig. 11). These observations are perfectly confirmed by the
chemical analysis of the raw clay (Table 4). Additionally,
it is important to note from these EDX spectra that the

e M‘10/25PV.$

< {:

/ ." %
&J‘
vy 9

elementary chemical composition of the microfiltration
membranes’ surfaces is predominated by the elements Si,
Al, Ca, and Fe.

3.2.2. Pore diameter and permeation flux

The average pore diameters of membranes are deter-
mined as 1.31, 1.21, and 1.76 pum for M12, M10, and
M10/25PVA, respectively that correspond to microfiltra-
tion range ceramic membrane (Table 5). The initial mass
composition of each membrane layer is justified by the dif-
ference in pore diameter from one membrane to another.
The average pore diameter of the M10 membrane increases
from 1.21 to 1.76 um for the M10/25PVA membrane, indi-
cating the influence of the incorporation of the PVA.
Comparably, the permeation flux increases from 881 to
908 L/h m? bar for the membranes M10 and M10/25PVA,
respectively (Fig. 12).

Fig. 10. SEM of ceramic microfiltration membranes’ surfaces sintered at 900°C/3 h: M10/25PVA (a), M10 (b), and M12 (c).
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Fig. 11. EDX analysis of membranes’ surfaces M10/25PVA (a), M10 (b), and M12 (c).

Table 5
Characteristics of the ceramic microfiltration membranes

Ceramic Permeation flux ~ Average pore  Filtration
membrane  (L/hm?bar) [39] diameter (um) area (cm?)
M10/25PVA 908 1.76 ~96.084
M10 881 1.21 ~96.084
M12 696 1.31 ~96.084

3.2.3. Chemical resistance

Chemical resistance of the sintered membranes was
checked in terms of weight loss in contact with acids or
bases. A small part of the ceramic membranes was kept
in acidic conditions in contact with HNO, (pH = 0.5) and
alkali NaOH solution (pH = 13.6) individually for 24 con-
secutive hours at 25°C with stirring; and the net weight
loss was calculated after drying. The stability in terms of all
membranes weight loss for the acid contact HNO, (varies
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between 0.11% and 0.16%). And for the basic contact NaOH
(varies between 0.21% and 0.42%). Stability towards acidic
conditions is found to be higher as compared to the basic
condition. This result is in good agreement with the trends
found in the literature [60].

3.3. Treatment of DWW from the city of Meknes

The DWW samples were collected from a river in
Meknes, more specifically near the ASSALM swimming
pool. DWW samples are stored in 30 L polyethylene tanks
at 4°C before being sent to the laboratory for analysis. The
characteristics of DWW used in this study are summarized
in Table 6. The DWW is characterized by alkaline pH and
low electrical conductivity, which indicates low salinity.
The turbidity of DWW is comparatively high (201 NTU),
attributed to the presence of suspended particles from var-
ious sources (e.g., bacteria, micro-organisms, colloid aggre-
gates, etc.). High SPM content (400 mg/L). The COD value
of 8.81 mg/L in the DWW sample is related to the presence
of organic and inorganic compounds that may be caused
by fouling and biological fouling membranes.

3.3.1. Evolution of the permeation flux as a function of time

The DWW was filtered on the three ceramic microfil-
tration membranes (M10/25PVA, M10, and M12) using the
pilot described in Fig. 4, and Fig. 13 illustrates the evolution
of DWW permeate flux during filtration time.

The permeate flux for the three membranes decreases
during the first minutes before stabilizing after 60 min of
filtration at values of 110, 63, and 52 L/h m? for the mem-
branes M10/25PVA, M10, and M12, respectively. The
decrease is caused by the adsorption and deposition of
SPM and micro-organisms partially clogging the pores.
Following that, the accumulation of the particles with a
diameter approximately equal to the diameter of the pores
forms a concentration polarization layer [61]. The perme-
ation flux can also be classified in the following order:
Fqu<Mm/25PVA) > Flux(Mw>> Flux(Mm. The difference in thick-
nesses and the morphological structure of microfiltration
membrane’s layers explains the above order. Therefore, the
filtration flux decreases as the filter layer thickness increases.

3.3.2. Evolution of pH and electrical conductivity over time

The obtained results (Fig. 14) show that the pH values
have remained quasi constant during all microfiltration
studies. After 45 min of filtration, the electrical conductivity

Table 6

Physicochemical characteristics of DWW
Physicochemical parameters Values
T (°C) 26.5
pH 8.08
Electrical conductivity (ps/cm) 893
COD (mg/L) 8.81
SPM (mg/L) 400
Turbidity (NTU) 201

of the membranes M10/25PVA (Fig. 14a), M10 (Fig. 14b),
and M12 (Fig. 14c) decreased from 893 to 811, 810, and
801 ps/cm, respectively. After this reduction, there is a near
stabilization. Due to the low load of dissolved salts in the
DWW studied, the adsorption of dissolved salts on the fil-
tering surface of the ceramic membranes may explain the
decrease in conductivity. The conductivity is not rejected
by M10/25PVA, M10, or M12 membranes, as expected,
because the average pores diameter are larger to retain
soluble salts.

3.3.3. Effect of membranes on COD

After 15 min of filtration, the three ceramic microfil-
tration membranes display a decrease in COD (Fig. 15).
The values range from 8.81 to 7.13, 7.21, and 7.31 mg/L for
membranes M10/25PVA (Fig. 15a), M10 (Fig. 15b), and M12
(Fig. 15c), respectively. Adsorption and biochemical degra-
dation of dissolved organic material during filtration may
explain the reduction in COD.

3.3.4. Effect of membranes on turbidity

The three ceramic microfiltration membranes eliminated
suspending and colloidal matter from the DWW, as shown
in Fig. 16. The turbidity removal efficiency of the three
ceramic membranes M10/25PVA (Fig. 16a), M10 (Fig. 16b),
and M12 (Fig. 16c) will exceed 99%, due to the creation of a
cake layer on the inner membrane surface. This indicates the
effectiveness of our manufactured ceramic membranes.

Table 7 summarizes the physicochemical characteris-
tics of the DWW and filtered after one hour of filtration by
the three ceramic microfiltration membranes M10/25PVA,
M10, and M12. The results show that the turbidity caused
by particulate suspending matter has been fully eliminated.
COD has decreased significantly. The pH of the permeate
is remained constant over the filtration test, although there
was a slight decrease in electrical conductivity.

160
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Fig. 13. Variation in the permeate flux of the DWW as a func-
tion of time for the three ceramic membranes M10/25PVA, M10,
and M12 (Experimental conditions: pressure = 1 bar, tempera-
ture = 25°C).
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Fig. 14. The evolution of the pH and electrical conductivity of the DWW permeates as a function of time for the three ceramic mem-

branes M10/25PVA (a), M10 (b), and M12 (c), (Experimental conditions: pressure = 1 bar, temperature = 25°C).

3.4. Treatment of CR dye by cross-flow microfiltration
3.4.1. Evolution of the permeation flux as a function of time

In the first step, we prepared a colored solution of CR
(0.2 g/L), and in a second step, we investigated the treat-
ment of this dye by the three ceramic membranes produced
(M10/25PVA, M10 and M12). Fig. 17 illustrates, as a function
of time, the variation in the permeate flux of the CR.

The permeate flux of the three ceramic membranes sta-
bilizes after 60 min of filtration at 150, 100, and 80 L/h m?,
respectively for the M10/25PVA, M10, and M12 memb-
ranes. The decrease in the permeate flux is due to adsorp-
tion and partial blockage of the pores by macro-molecules
of the studied dye and subsequently, the phenomenon of
concentration polarization is observed [61]. The nature
and thickness of the filter layer account for the difference
in permeation flux obtained with ceramic membranes, as
well as the characteristics of the colored solution, such
as viscosity and molecular size (the chemical structure
and the molecular weight).

3.4.2. Discoloration rate of CR as a function of time

The visible Ultra-Violet spectrum of CR solution shows
two characteristic bands 2, and A, located at 530 and 566 nm,
respectively (Fig. 18).

According to the findings obtained, the CR discoloration
rate of all membranes varies between 91% and 99% for two
characteristic bands A, and A,. Therefore, the anionic dye
and the membranes’ surfaces likely have repulsive interac-
tions, which could contribute to relatively high CR rejec-
tion. According to the dye rejection, it can be inferred that
the prepared microfiltration membranes shows competitive
performances in terms of selectivity.

We compared the elimination rate (%) of our ceramic
microfiltration membranes with that of other membranes
in this study. We conclude that the order of elimination
rate obtained for DWW and CR namely turbidity elimina-
tion rate (R)) and discoloration rate (R) is similar compared
to the others. It can be observed that all the membranes
performed satisfactorily in terms of removing the turbid-
ity and discolor colored rejections. To do a comparison
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Fig. 15. Evolution of COD as a function of time for the three ceramic membranes M10/25PVA (a), M10 (b), and M12 (c), (Experimental
conditions: pressure = 1 bar, temperature = 25°C).

Table 7

Characterization of the DWW and various permeates recovered after 1 h of filtration (Experimental conditions: pressure = 1 bar,

temperature = 25°C)

Physicochemical characteristics DWW M10/25PVA Permeate M10 Permeate M12 Permeate
pH 8.08 8.83 8.75 8.77

Electrical conductivity (us/cm) 893 809 804 790

COD (mg/L) 8.81 6.86 6.93 7.04

SPM (mg/L) 400 0 0 0

Turbidity (NTU) 201 0.99 1.12 0.83

R, (%) - 99 99 99

between various microfiltration membranes fabricated and
to highlight their effectiveness, the results of the three clayey
ceramic membranes have been summarized and compared

to those used in previous work in Table 8.

3.5. Cost analysis

The industrially competitive aspect of membrane tech-

nology lies in its cost. Generally, the high-cost ceramic
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Table 8
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Comparative performance of M10/25PVA, M10, and M12 ceramic microfiltration membranes with other reported membranes

Membrane material Membrane Pollutant Feed (Concentration/ Applied Elimination Reference
Configuration Turbidity) pressure (bar) rate (%)
Methylene bl
hy'ene BIUE 3576 mg/L 15 90.23
(Cationic dye)
Crystal violet
Nano-clay Flat disk ryst’ viole 54 mg/L 1 95.55 (33]
(Cationic dye)
Methyl orange 10
(Anionic dye)
Kaolinitic clay Tubular Oily wastewater 921 mg/L 2 97.31 [35]
Aqueous
Cameroonian clay Flat disk suspensions of  (1-2) g/L 5.5 97 [62]
clay powder
Tannery beam- 2 (1 99.80
house effluent
Moroccan clay and Flat disk Raw seafwater . 120 NTU 014 99.62 [63]
phosphate Synthetic solution
of aluminum 725 NTU 99.86
chloride
Tunisian clay Tubular Seawater - - 99 [64]
desalination
Kaolin-fly ash Flat disk Oily wastewater 300 mg/L - 96.7-99.5 [65]
Moroccan pozzolan-clay Tubular Seawater 6.29 NTU 1 99.25 [66]
Kaolin-fly ash-dolomite Flat disk Oil-water (100-200) mg/L 1 97.4-98.8 [67]
Polyethersulfone modified
with polyethilenimine Flat disk Blue corazol ~40 mg/L 3 97.8 [68]
and graphene oxide
Membrane M10/25PVA 99
(Moroccan clay)
Memb M10 In thi
emorane Tubular DWW 201 NTU 1 99 e
(Moroccan clay) study
Membrane M12 99
(Moroccan clay)
Membrane M10/25PVA 97-99
(Moroccan clay)
Memb M10 In thi
emorane Tubular CR (Anionic dye) 0.2 g/L 1 97-99 e
(Moroccan clay) study
Membrane M12 91-99

(Moroccan clay)

membrane is compensated by its higher permeability
and longer lifetime, which reduces the operating and
maintenance cost. Several studies show that the conven-
tional polymeric membranes available for industrial-scale
operation cost around 50-200 $/m? [69]. However, often
inorganic membranes are quoted to be at least 10 times
expensive than polymeric membranes and their cost is pro-
jected to be around 500-1,000 $/m? [70]. The cost of three
fabricated membranes was estimated based on the retail
cost of the raw materials, and it was also compared with
other studies. Table 9 shows the results obtained after a
conceptual cost analysis made ceramic membranes that
were the raw materials.

The cost analysis mentioned in the above table shows
that natural clay is very preferred membrane materials over
other materials due to its low raw materials cost. In our
case, the estimated ceramic membranes cost varied between
21 and 23 $/m? This is competitive to the cost of the com-
mercially available membranes. As a result, when com-
pared to membranes made from other raw materials, it can
be inferred that the fabricated membranes are extremely
cost-effective (Table 10).

4. Conclusion

In this work, a series of low-cost ceramic microfiltra-
tion membranes have been successfully prepared using
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Table 9
Cost analysis of the fabricated ceramic membranes

Amount of raw materials required for the
fabrication of one ceramic membrane (g)

Unit price  Membrane Membrane Membrane
($/kg) M10/25PVA  M10 Mi12
Raw clay 0.1 10 10 12
PVA (Organic binder) 0.8 25 0 0
Raw materials of the Distilled water 0.25 65 90 88
membrane layer Raw materials cost per membrane layer ($) - 0.037 0.024 0.023
Raw materials cost per unit area B 385 250 239
of the membrane layer ($/m?)
Raw clay 0.1 850
Wood powder (Porosity agent) 0.02 150
Raw materials of the Distilled water 0.25 330
membrane support ~ Raw materials cost per membrane support ($) - 0.17
Raw materials cost per unit area B 1771
of the membrane support ($/m?)
Cost of energy-consuming during heat treatment ($) - 15
Estimated total cost of the fabricated ceramic microfiltration B 23.06 2171 21.60

membrane (Membrane layer + Membrane support) ($/m?)

different compositions of raw materials by slip-casting
technique. For all prepared membranes, the optimum
sintering temperature is 900°C/3 h. As expected, the fil-
tration properties and microstructure of the membranes
are significantly affected by the sintering temperature.
The prepared membranes have excellent permeation flux,
pore diameter, and chemical resistance, and make them
ideal for microfiltration applications. The permeation
fluxes for the M10/25PVA, M10, and M12 membranes
were found to be 908, 881, and 696 L/h m? bar, respec-
tively. The weight losses of the membranes in acid and
alkali solutions are found to be 0.11%-0.16% and 0.21%—
0.42%, respectively. This indicates that these ceramic
membranes are more stable in both acidic and basic envi-
ronments. The average pore sizes of the membranes calcu-
lated from the SEM images data are found to be 1.76, 1.21,
and 1.31 um for membranes M10/25PVA, M10 and M12,
respectively.

The cross-flow microfiltration treatments of DWW
from Meknes-Morocco, and a synthetic colored solution of
CR dye were investigated using the fabricated membranes.
The turbidity removal efficiency reaches 99%. The complete
discoloration of CR is found to be 91%-99% for A, = 530 nm
and A, = 566 nm. In terms of cost analysis, the results show
that natural clay is much cheaper than the cost of the mem-
branes which is estimated to be around 21-23 $/m? due to
the low raw material cost. These results suggest as our man-
ufactured ceramic membranes may be used to remove tur-
bidity from wastewater and to discolor colored solutions.
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Table 10
Comparison of the manufacturing cost of ceramic microfiltration membranes

Raw materials for the manufacturing of ceramic Estimated total cost of the fabricated Reference
microfiltration membrane (% (w/w)) ceramic microfiltration membrane ($/m?)
Membrane SP1 15

(30% (w/w) Quartz, 20% (w/w) CaCO,, 50% (w/w) Fly ash)

Membrane SP2

(30% (w/w) Quartz, 20% (w/w) CaCO,, 40% (w/w) Fly ash, 10% (w/w) 25

TiO,)

Membrane SP3 [20]
(30% (w/w) Quartz, 20% (w/w) CaCO,, 30% (w/w) Fly ash, 20% (w/w) 33

TiO,)

Membrane SP4

(30% (w/w) Quartz, 20% (w/w) CaCO,, 20% (w/w) Fly ash, 30% (w/w) 40

TiO,)

Membrane M1 5453

(50% (w/w) Kaolin, 25% (w/w) Quartz, 25% (w/w) Calcium carbonate)

Membrane M2

(50% (w/w) Kaolin, 25% (w/w) Quartz, 22% (w/w) Calcium carbonate, 3%  55.53 [71]
(w/w) Titanium dioxide)

Membrane M3

(50% (w/w) Kaolin, 25% (w/w) Quartz, 15% (w/w) Calcium carbonate, 10% 57.53

(w/w) Titanium dioxide)

MF membrane

(40% (w/w) Kaolin, 15% (w/w) Quartz, 25% (w/w) Calcium carbonate, 78 72]
10% (w/w) Sodium carbonate, 5% (w/w) Boric Acid, 5% (w/w) Sodium

metasilicate, 2% (w/w) Polyvinyl alcohol)

Membrane support

(40% (w/w) Kaolin, 15% (w/w) Quartz, 25% (w/w) Calcium carbonate, 7 73]

10% (w/w) Sodium carbonate, 5% (w/w) Boric acid, 5% (w/w) Sodium
metasilicate)

MF membrane

(Wet basis: 29.63% (w/w) Kaolin, 11.11% (w/w) Quartz, 18.52% (w/w) Cal-
cium carbonate, 7.40% (w/w) Sodium carbonate, 3.71% (w/w) Boric acid,
3.71% (w/w) Sodium metasilicate, 25.92% (w/w) Water) 130 [74]
(Dry basis: 40% (w/w) Kaolin, 15% (w/w) Quartz, 25% (w/w) Calcium

carbonate, 10% (w/w) Sodium carbonate, 5% (w/w) Boric acid, 5% (w/w)

Sodium metasilicate)

MF membrane

(92% (w/w) Soil, 4% (w/w) Sodium carbonate, 2% (w/w) Sodium 19 [75]
metasilicate, 2% (w/w) Boric acid)

Composite membrane

(Dry basis: 60% (w/w) Clay, 30% (w/w) Kaolin, 5% (w/w) Sodium carbon-
ate, 2.5% (w/w) Sodium metasilicate, 2.5% (w/w) Boric acid)

(Wet basis: 46.15% (w/w) Clay, 23.08% (w/w) Kaolin, 3.85% (w/w) Sodium
carbonate, 1.92% (w/w) Sodium metasilicate, 1.92% (w/w) Boric acid,
23.08% (w/w) Water)

Membrane M10/25PVA

(Membrane layer: 10% (w/w) Clay, 25% (w/w) Polyvinyl alcohol (12%
(w/w) aqueous solution), 65% (w/w) Water

Support: 85% (w/w) Clay, 15% (w/w) Wood powder, 33% (w/w) Water)
Membrane M10 In this
(Membrane layer: 10% (w/w) Clay, 90% (w/w) Water 21.71 study
Support: 85% (w/w) Clay, 15% (w/w) Wood powder, 33% (w/w) Water)

Membrane M12

(Membrane layer: 12% (w/w) Clay, 88% (w/w) Water 21.60

Support: 85% (w/w) Clay, 15% (w/w) Wood powder, 33% (w/w) Water)

33.42 [76]

23.06
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a.. — Average pore diameter, um

n — Number of pores considered

d, — Pore diameter (um) of ith pore

w, — Weight loss, %

m, — Mass of the sample before chemical

contact, g

m, — Mass of the sample after chemical contact, g

] — Permeate flux, L h™" m™

1% — Volume of the permeate, L

t — Filtration time, h

A — Filtering surface, m?

uv — Ultra-violet spectrophotometry

CR — Congo Red

DWW — Domestic wastewater

NTU  — Nephelometric turbidity unit

R, — Turbidity elimination rate of DWW, %

NTU, — Nephelometric turbidity unit of DWW in

feed, 201 NTU

NTU, — Nephelometric turbidity unit of DWW in

permeate, NTU

SPM — Suspended particulate matter, mg/L

M, — Mass of the empty membrane, mg

M, — Mass of the membrane and the residues

after drying in an oven at 105°C/24h, mg

v, — Volume of filtered water, L

pH — Potential hydrogen

coD — Chemical oxygen demand, mg/L

R, — Discoloration rate of CR, %

Cf — Concentration of CR in the feed, 0.2 g/L

C, — Concentration of CR in the permeate, g/L
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