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a b s t r a c t 
Low-cost disk-shaped microfiltration membranes were fabricated through uniaxial dry compaction 
of Iranian natural clays under low pressing pressures (25–150 bar). Water flux, permeability and 
retention experiments were conducted using a dead-end setup at a low transverse pressure (0.1 bar)
via controlling the fluid height above the membrane. Acid yellow 49, basic violet 16 and disperse 
red 167 dyes were considered for filtration as anionic, cationic and nonionic dyes, respectively. Fil-
tration experiments showed that VI, VIII and IX membranes have the highest flux rate. Membrane 
IX pressed under 50 bar with 27% porosity and 2491.4 L·m–2·h–1·bar–1 permeability represented the 
highest retention; 98% anionic and 93% nonionic and no significant (~20%) cationic dye retention. 
Zeta potential analysis illustrated the negative membrane charge in dye solutions. Scanning electron 
microscopy (SEM) micrographs confirmed that the as-prepared porous crack-free membranes is suit-
able candidate for microfiltration applications. Moreover, the as-prepared membrane showed higher 
flux and lower shrinkage compared with the membrane fabricated using commercial montmorillon-
ite (MMT). Based on the results, the low-pressure membranes fabricated using natural clays can be 
used for dye fractionation with almost no energy consumption.
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1. Introduction 

Due to low energy consumption, cost effective manu-
facturing process and no chemical additives, membrane 
technology has received a great deal of attention in sepa-
ration industries. In recent years, application of ceramic 
membranes is prevailing the organic counterparts due to 
thermal, mechanical and chemical resistance and also ease 
of fabrication. Utilization of abundant materials as addi-
tives or even starting materials, leads to cost-effective fab-
ricated membranes. Generally, several research activities on 
ceramic membranes have been focused on alumina [1–5] 
both as the support and also the main separation layer in a 
composite structure [6–8]. In other studies, titania [9,10], sil-
ica [11,12] and zirconia [13] have also been reported. How-
ever, high processing expenses and sintering temperatures 
have limited their application in industrial scale. Therefore, 

utilization of low-cost materials with high performance is 
necessary for large-scale applications. Recently, research 
studies have been directed toward abundant raw materials 
such as clays [14] and clay-based materials like kaolin [15], 
montmorillonite (MMT) [16], mullite [17], apatite [18] and 
cordierite [19], etc. In addition to natural abundance and 
low price, these materials are sintered at relatively lower 
temperatures, while exhibiting high thermal, mechani-
cal and chemical stability. Moreover, various utilized pore 
formers reported in several studies like starch [20,21], cal-
cium carbonate [22,23] and sawdust [24,25], show the vast 
membrane performance.

Nowadays, growth of textile industry has led to increase 
the introduction of dye containing effluents into the envi-
ronment. Incomplete attachment of dyes onto the fabrics 
results in their release as a secondary effluent [26]. Dyes 
are synthetic aromatic compounds comprising of various 
organic and metallic functional groups. Acid dyes are used 
for silk, wool, leather and nylon, basic dyes for modified 



S. Foorginezhad, M.M. Zerafat / Desalination and Water Treatment 145 (2019) 378–392 379

polyester, nylon and polyacrylonitrile and disperse dyes 
for cellulose acetate, nylon and cellulose are various types 
which are commonly used in textile industry [27].Generally, 
discharge of dye containing effluents without proper treat-
ment cause serious environmental pollution with harmful 
effects on human, animals and plants [26]. As a result, refin-
ing dye containing effluents before discharge into the envi-
ronment needs special attention. 

Treatment of dye containing effluents through mem-
brane separation technology is one of the promising and 
commercially available processes which can replace other 
removal techniques such as oxidation [28], photo-catalysis 
[29,30] and adsorption [31,32]. Microfiltration (MF) mem-
branes with pores in the 0.1–10 μm range [33] are commonly 
used for separation of microorganisms and suspended par-
ticles from aqueous media, also concentration and purifica-
tion in various fields such as textile, pharmaceutical, food 
and chemical industries [33,34]. Dye removal, separation of 
oil-water emulsions and suspended particles are also con-
sidered using MF membranes [35]. Several studies have 
been directed toward the fabrication of MF membranes 
using low cost materials. Recently, Bouazizi et al. [36], pre-
pared flat ceramic MF membranes using natural bentonite 
with a 520 L·m–2·h–1·bar–1 permeability. Clarification of col-
ored textile effluents was performed using a dead-end fil-
tration setup at 0.1 bar. The transverse pressure required for 
filtration was controlled by the fluid height in a separating 
funnel. The elaborated MF membrane with 1.7 μm mean 
pore size performed almost total discoloration and elimi-
nation of suspended solids. Palacio et al. [37] fabricated 
a flat ceramic MF membrane using clay and phosphate 
for filtration of murexide, methyl orange and potassium 
chromate. All filtration tests were performed at 0.015 bar. 
Around 30–40% methyl orange and potassium chromate 
and also 60% murexide retention was reported. Yun et al. 
[38], fabricated asymmetric Al2O3 MF membranes using 
polymethylmethacrylate (PMMA) as pore former. Accord-
ing to the results, almost complete suspended solid and 
colloidal elimination was obtained at a 0.08 bar transmem-
brane pressure. Mouiya et al. [39], fabricated flat ceramic 
MF membranes using natural clay with phosphate as pore 
former through uniaxial pressing under 150 MPa. The 
as-prepared membrane with a 2.5 μm pore size and 28.11% 
porosity was considered for industrial and synthetic waste-
water treatment under 0.14 bar. According to the results, 
almost total turbidity removal and significant discoloration 
was observed. Also, it was concluded that the as-prepared 
membrane showed strong alkaline and poor acid resistance. 
Saja et al. [40], elaborated flat MF membranes through uni-
axial pressing of natural perlite and starch as pore former 
under 795 bar. The optimized membranes with 52.11% 
porosity and 1.7 μm pore size were considered for indus-
trial wastewater filtration. According to the results, 97 and 
96% turbidity retention was observed for agro-food and 
tannery effluents, respectively. Majouli et al. [41], prepared 
flat MF membranes through extrusion of local Moroccan 
perlite. Various organic additives were used as plasticizer, 
binder, lubricating and porosity agents in order to elaborate 
crack-free membranes with a 6.64 μm average pore size and 
41.8% porosity. Membranes represented 95–100% removal 
for turbidity from baking powder suspension under a 0.11 
bar transmembrane pressure. The as-prepared membranes 

represented good chemical stability in acidic media, but 
6wt.% loss was observed in alkaline media.

In the present study, low cost flat MF membranes were 
fabricated using natural clay minerals collected from Fars 
region (Iran) through uniaxial pressing under low pressures 
in the 25–150 bar range. It was observed that the as-prepared 
membranes permeation started at ~0.05 bar. Consequently, 
filtration experiments were conducted through controlling 
the height of water above the membrane with no external 
energy requirement. Water flux, permeability, chemical 
resistance, porosity and shrinkage measurements were 
performed. Membranes with higher permeability were 
considered for filtration of disperse red 167, acid yellow 49 
and basic violet 16 as non-ionic, anionic and cationic dyes. 
The optimal membrane with the highest dye retention was 
characterized by zeta potential and mercury porosimetry 
techniques. Moreover, in order to investigate the efficiency 
of membranes fabricated using natural clays and compare 
them with commercial clay membranes, several flat disks 
were prepared using commercial MMT. The as-prepared 
membranes indicated promising water flux and dye rejec-
tion at a~0.1 bar transmembrane pressure.

2. Experimental

2.1. Materials and methods 

2.1.1. Materials 

Clay minerals (samples I-IX) were collected from Fars 
region (Iran). Raw clays were crushed and sieved through 
sieve No. 25 (<6 μm particles). Nano-clay (MMT) was pur-
chased from Nanosany Co. (Mashhad province, Iran). Poly-
ethylene glycol (PEG, 400 Mw) was purchased from Merck 
Co. Basic violet 16 (C23H29ClN2), Acid yellow 49 (C16H13Cl2 
N5O3S) and disperse red 167 (C23H26ClN5O7) were provided 
from a local textile workhouse. Dye characteristics are 
shown in Table 1. Gyration radius, which can be defined 
as the distance of any point in an object parting from its 
center of mass was calculated for dyes using visual molec-
ular dynamic (VMD) software. The obtained values were 
in agreement with dye radius calculated through empirical 
techniques given by Gordon and Chambers [42]. 

2.1.2. MF membrane preparation 

Membranes were fabricated through mixing each natu-
ral clay minerals with organic additives. The optimal formu-
lation of precursors was selected according to experimental 
results. According to Table 2, each clay mineral was homo-
geneously mixed with various amounts of PEG as binder 
in a mortar. Then, the blended mixtures were placed in a 
disk-shaped stainless-steel mold and uni-axially pressed. 
To investigate the effect of membrane compaction pressure 
on filtration, mixtures were pressed under various uni-axial 
pressures in the 25–150 bar range. For initial formation and 
homogeneous drying [43,44], the as-prepared raw flat disks 
with 1.9 cm diameter and 2 mm thickness were maintained 
in open air for 24 h and then sintered at 1100°C for 3 h at 
a 1°C/min heating rate. Furthermore, in order to compare 
the performance of membranes fabricated using natural clay 
with those fabricated with commercial clay, several mem-
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branes were prepared using commercial MMT mixed with 
PEG and with the optimal compositions previously deter-
mined for natural clay minerals. Also, the flowchart given in 
Fig. 1, presents the main steps of MF membrane fabrication.

2.1.3. Characterization 

Cumulative and density distribution of clay minerals 
and MMT were evaluated and measured by particle size 
distribution (PSD) using dynamic light scattering (DLS) 
particle size analyzer (JAPA Horiba LB550). Chemical 
composition of clay minerals were evaluated using X-ray 
fluorescence (XRF) analysis via PW1410 (PHILIPS Co., Neth-
erland). Mercury intrusion porosimetry (Thermo Finnigan, 
Pascal 440) was performed in order to determine the pore 
size distribution of MF membrane based on the intrusion of 
mercury into the pores as a function of the applied pressure. 
Surface morphology and structural analysis of the optimal 
membrane before and after filtration was characterized 
using scanning electron microscopy (SEM) micrographs taken 

byVEGA3 TESCAN apparatus. Membrane surface charge 
was qualitatively specified using Zeta potential measurement 
(MicotracZetaCheck). Mechanical strength of membranes 
was evaluated through compression experiment using a 
micro-hardness tester (MH1, KOOPA Co.). Chemical stabil-
ity was evaluated by weight loss of membranes immersed 
in extreme acidic (pH = 2) and alkaline (pH = 13) solutions 
using H2SO4 and NaOH, respectively as a function of time.

Filtrate concentration was determined using Beer- 
Lambert:

A lc= ε   (1)

where A is the absorbance measured using UV-visible spec-
trophotometer (UV-1280, Shimadzu), ε the molar absorptiv-
ity or molar extinction coefficient (L·mol–1·cm–1), l length of 
light path (cm) and c the solution concentration (mol·L–1).

Apparent porosity of the membranes was also measured 
via water absorption using Archimedes technique [45]. 
Briefly, membranes were weighed before and after water 
absorption, where open pore volume (Vop) corresponds to 
volume of water absorbed. Volume of absorbed water can 
be calculated using membrane mass difference before and 
after water absorption:

V m mop s d= −   (2)

where ms and md are membrane weight after and before 
water absorption (g), respectively. Open porosity can be 
calculated using:

%Open porosity
V

V
op

a
 = × 100   (3)

where Vop and Va are open pore and apparent volumes (cm3), 
respectively.

Table 1
Dye characteristics considered for microfiltration using the as-prepared MF membranes

Name Mw (g/
mol)

Chemical formula Chemical 
property

Molecular structure Gyration 
radius (A°)

Disperse Red 
167

519.93 C23H26ClN5O7 Non-ionic 5.547

Acid Yellow 49 448.26 C16H13Cl2N5O3S Anionic 5.195

Basic Violet 16 368.94 C23H29ClN2 Cationic 5.185

Table 2
Composition of raw materials used for the MF membrane 
fabrication

Clay minerals (wt.%) PEG (wt.%) Pressing pressure 
(bar)

100 – 25–150
95 5
90 10
85 15
80 20
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2.1.4. Filtration test 

Filtration experiments were conducted using a lab-
oratory scale dead-end setup (Fig. 2). Membranes were 
immersed in deionized water for 24 h prior to filtration. 
According to Fig. 2, the setup consists of a stainless-steel 
tube with a cylindrical top part and a base plate as the mem-
brane housing. The membrane is sealed in the plate with 
an ‘O’ ring. The feed solution is filled in the tubular sec-
tion above the membrane from the top and the transmem-
brane pressure is applied by controlling the height of liquid 
between the membrane surface and level of liquid in the 
separating funnel. Filtration experiments were conducted 
under 0.1 bar (1.1 m liquid height), through collecting the 
permeate at various time intervals. Water flux (J) was mea-
sured under 0.1 bar as a function of specific surface area and 
permeate volume collected during a specified time interval 
according to [46]:

J
Q
t A

w

m
=

⋅Δ
  (4)

where J is water flux (L·m–2·h–1), Qw permeate volume (L), 
Δt sampling time (h) and Am the membrane specific surface 
area (m2). Also, membrane permeability was measured in 
the 0.05–0.2 bar range [40]:

L
J
pp =

Δ
 (5)

where Lp is the membrane permeability (L·m–2·h–1·bar–1), J 
water flux (L·m–2·h–1) and Δp the transmembrane pressure 
(bar).

2.1.5. Microfiltration of dye solutions

Membrane performance regarding dye filtration was 
measured using retention tests. Filtration experiments were 
applied at a constant pressure of 0.1 bar. Acid yellow 49, 
basic violet 16 and disperse red 167 dye solutions in the 
20–50 ppm range were intended as the feed solution. Fil-
trate concentration was measured using a UV-Visible spec-
trophotometer and retention is measured according to [37]:

%R
C

C
p= −



















×1 100
0

 (6)

where R is retention and Cp and C0 are permeate and feed 
concentrations (here mol·L–1), respectively.

3. Results and discussion 

3.1. Characterization of raw materials

3.1.1. MMT

Chemical composition of MMT is given in Table 3. It can 
be observed that MMT consists of SiO2 and Al2O3 in general 
with traces of sodium, potassium, magnesium, titanium, 
calcium and iron oxides. Also, MMT particle size as cumu-
lative and density distributions are given in Fig. 3. Accord-
ing to the data, MMT represents a uni-modal population 
distribution in the 0.131–0.669 μm range with a 0.332 μm 
mean value. The majority of particles (~81.38%) are located 
between 0.259 μm and 0.445 μm. Also, reddish brown color 
of the sintered membrane is related to iron oxidation [16].

3.1.2. Clay minerals

Table 4 indicates the chemical composition of natural 
minerals collected from Fars region. As can be seen, min-
erals consist of various amounts of metal oxides which can 

Fig. 1. Schematic diagram of membrane fabrication main steps.

Fig. 2. Laboratory scale device for dead-end filtration tests using 
the as-prepared MF membranes.
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affect the sintering temperature and consequently mechan-
ical strength. According to the literature review performed 
and empirical results, in order to achieve a porous structure 
with sufficient mechanical strength, higher sintering tem-
peratures are required for membranes fabricated using clays 
with higher Al2O3 contents (sintered at 1300–1400°C). On 
the other hand, low sintering temperatures are favored for 
reduction of energy consumption. As a result, all clay sam-

ples were considered for fabrication of MF membrane with 
sufficient porosity and mechanical stability at low sintering 
temperatures. According to Table 4, it can be concluded that 
SiO2 and Al2O3 are the main components with similar val-
ues of titanium, magnesium, calcium, sodium and potas-
sium oxides, but various iron oxide contents. It was found 
that, the higher iron oxide content leads to the formation 
of darker membranes through thermal treatment. It can be 
concluded that, IX and VIII samples with the lowest Al2O3 
content can be sintered at lower temperatures. Figs. 4a–i 
indicate PSD for each clay mineral based on cumulative and 
density distributions. Fig. 4a reveals the size distribution of 
sample I located in the range of 1–6 μm and 1.9 μm mean 
size with almost 76% of particles <2 μm. Based on the PSD 
analysis of sample III, particles are located in the range of 
0.669–6 μm with a 2.116 μm mean size (Fig. 4c). Size distri-
bution of sample IV shown in Fig. 4d, represents two sepa-
rate size distribution. Almost 80.67% of particles are located 
in 0.039–0.067 μm and 19.33% in the 3.9–6 μm range. Fig. 4e 
depicts the sharp distribution of sample V in the 2.6–6 μm 
size range with a 4.44 μm mean size. Fig. 4f illustrates the 
unimodal and sharp distribution of sample VI. According 
to the data, particles are located in the range of 4.472–6 μm 
with a 5.498 μm mean size and ~93.87% of particles are ~6 
μm. According to Figs. 4g,h and b, the VII, VIII and II sam-
ples are in a similar range of 1.3–6 μm with 2.7, 2.4 and 2.7 
μm mean size, respectively. Also, Fig. 4i describes the PSD 
of sample IX. As can be seen, particles are located in the 
0.877–6 μm range with a 2.707 μm mean size. Around 63% 
of the particles are <3 μm and 37% are in the 3–6 μm size 
range.

3.2. Characterization of MF membranes

3.2.1.Membrane preparation

The optimal composition was determined by vary-
ing the amount of PEG as binder. Typically, according to 
Table 2, each clay mineral was homogeneously mixed with 
various amounts of PEG, and placed in a disk-shaped mold 
and uni-axially pressed under 25–150 bar. It was observed 
that the membranes fabricated without PEG, indicated 
large surface cracks and were easily broken. But, increas-
ing the PEG content up to 10 wt.% led to complete elimina-

Table 3
Chemical composition of commercial MMT (wt. %) using XRF 
analysis

Composition wt.%

Na2O 0.98
MgO 3.29
Al2O3 19.60
SiO2 50.95
K2O 0.86
CaO 1.97
TiO2 0.62
Fe2O3 5.62
LOIa 15.45

a = loss on ignition

Fig. 3. Particle size distribution (PSD) analysis of MMT using 
DLS technique [16].

Table 4
Chemical composition of clay minerals (wt. %) using XRF analysis

SiO2 Al2O3 Fe2O3 TiO2 CaO + MgO Na2O + K2O LOIa

I < 63 30 < 1 < 1.5 < 1 3–4 5.5–7.5
II < 63 30 < 2 < 1.5 < 1 3–4 5.5–7.5
III < 63 29 < 2 < 1.5 < 1 3–4 5.5–7.5
IV < 60 < 28 3–5 < 1.5 < 1 3–4 5.5–7.5
V < 60 < 28 5–8 < 1.5 < 1 3–4 5.5–7.5
VI < 60 < 26 8–11 < 1.5 < 1 3–4 5.5–7.5
VII < 57 < 26 11–13 < 1.5 < 1 3–4 5.5–7.5
VIII < 55 < 25 13–16 < 1.5 < 1 3–4 5.5–7.5
IX < 50 < 23 >16 < 1.5 < 1 3–4 5.5–7.5

a = loss of ignition
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 (g) (h)

(i)

Fig. 4. Particle size distribution (PSD) analysis of (a) I, (b) II, (c) III, (d) IV, (e) V, (f) VI, (g) VII, (h) VIII, (i) IX samples using DLS 
technique.
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tion of surface cracks. On the other hand, further increase 
in PEG concentration caused membrane deformation. Also, 
sintered membranes exhibited many small surface cracks. 
So, the mixture composed of 90 wt.% clay mixed with 10 
wt.% PEG was considered as the optimal composition for 
membrane fabrication. Pure water flux measurement was 
conducted and membranes with the highest flux rates were 
selected for dye filtration tests. Consequently, the most effi-
cient membrane with the highest retention rates was con-
sidered for further characterizations.

3.2.2. Water flux and permeability

Higher water fluxes under low transverse pressures are 
usually preferred due to correlation with low energy con-
sumption. Fig. 5 represents the pure water flux of natural 
clays and commercial MMT membranes under 0.1 bar as 
a function of uniaxial pressing pressure. According to the 
graph, water flux tends to decrease as the pressing pres-
sure is increased and, except membrane No. I which shows 
almost no significant change in flux compared with other 
membranes, the reduction rate is more severe in the 25–50 
bar range. Furthermore, the inset shows the flux of mem-
branes pressed under 50 bar. As can be seen, membranes 
No. IX, VIII and VI represent the highest water fluxes at 25 
and 50 bar; thus, considered for further characterizations. 
Also, water permeability of IX, VIII and VI membranes 
pressed under 25 and 50 bar was measured as a key param-
eter for characterizing membrane capacity in filtration pro-
cess. Typically, pure water flux was measured as a function 
of transverse pressure in the 0.05–0.2 bar range and results 
are shown in Figs. 6a and b. Moreover, it was observed 
that the water flux was stabilized after ~120 min. Accord-
ing to Figs. 6a and b, it can be clearly seen that water flux 
experiences a linear increase with the operating pressure. 
Also, it can be found that the membranes pressed under 25 
bar show higher flux rates compared with 50 bar pressed 
membranes. Furthermore, average permeabilities of IX, 
VIII and VI membranes pressed under 25 and 50 bar deter-
mined using distilled water are shown in Table 5. As can be 
seen, relatively higher values were obtained for membranes 
pressed under 25 bar.

3.2.3. Dye retention experiments 

Due to the higher flux rates, membranes No. IX, VIII 
and VI pressed under 25 and 50 bar were considered for dye 
filtration in the 20–50 ppm range. For initial screening, a 50 
ppm disperse red 167 solution was considered for filtration 
and permeate fluxes shown in Table 6. As can be seen, mem-
brane No. VIII shows the highest flux rates in both pressing 
pressures.

Furthermore, Fig. 7 shows the permeate flux and dye 
retention of membranes No. IX, VIII and VI pressed under 
25 and 50 bar at a 0.1 bar transverse pressure. It can be 
observed that, membranes pressed under 25 bar show the 
highest permeate flux and the lowest dye retention which 
can be attributed to the larger pore sizes. On the other hand, 
flux rates tend to decrease and dye retention increase as 
the pressing pressure is increased up to 50 bar, which can 
be related to smaller pore sizes. In case of disperse red 167 
(non-ionic dye), separation would be performed through 

Fig. 5. Pure water flux of (I–IX & MMT) membranes as a func-
tion of uniaxial pressing pressure in 25–150 bar range. The inset 
picture shows the flux of all membranes pressed under 50 bar.

(a)

(b)

Fig. 6. Permeate water flux of VI, VIII and IX membranes pressed 
under (a) 25 & (b) 50 bar pressure as a function of transverse 
pressure in the 0.05–0.2 bar range.
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size exclusion. So, it can be seen that IX membrane pressed 
under 50 bar shows ~91.55% dye retention with a 173.633 
L/m2·h flux rate. Also, membrane No. VI shows almost a 
constant 82% dye retention at both pressures, while its flux 
decrease from 299.08 to 219.1 L/m2·h. In terms of quality, 
Fig. 8 shows the elimination of 50 ppm disperse red 167 
dye solution using membranes No. IX, VIII and VI pressed 
under 25 and 50 bar at 0.1 bar operating pressure. It is obvi-
ous that, dye removal would be increased by increasing the 
pressing pressure. Consequently, membrane No. IX pressed 
under 50 bar was considered for further dye retention 
experiments due to the highest dye retention.

Also, acid yellow 49 and basic violet 16 were selected 
to investigate the as-prepared MF membrane behavior 
towards anionic and cationic dyes, respectively. Typically, 
50 ppm of each dye solution were filtered using membrane 
No. IX pressed under 50 bar. The high rejection value can be 
attributed to the strong interactions between dye molecules 
and charged surface of the membrane [14] and also size exclu-
sion. In case of acid yellow 49, ~80% removal was obtained 
during the first 20 min. Then removal reached ~90% and 
remained constant. This can be attributed to the formation 
of a thin dye layer on the membrane surface which caused 
increasing the removal rate by ~10%. The high retention rates 
agree with the electrostatic repulsion and exclusion of acid 
yellow anions outside of the negatively charged pores [14] 
in addition to steric exclusion. In case of basic violet 16, com-
plete discoloration was obtained at initial filtration period. 
After ~5 min, no significant removal could be observed. 
According to negative charge of the membrane, this behav-
ior can be explained by two subsequent mechanisms. The 
initial rejection can be attributed to adsorption of cationic 
dye onto the membrane surface. While, membrane satura-
tion and equilibrium state after a specified time can lead to 
surface charge alteration and failing the adsorption; thus, 
reducing the rejection rate. Figs. 9a and b show acid yellow 
49 and basic violet 16 removal qualitatively. Furthermore, 
membrane No. IX was considered for filtration of 20–50 ppm 
acid yellow 49 and disperse red 167 dyes. Typically, several 
solutions in the 20–50 ppm range were prepared and con-
sidered for filtration. It should be noted that, all experiments 
were conducted at batch condition and the permeate was 
returned to the feed solution cell after each sampling. Also, 
all filtration experiments were conducted at 0.1 bar trans-

Table 5
Average permeability of IX, VIII and VI membranes pressed 
under 25 & 50 bar using distilled water

Membrane
Pressing pressure (bar)

Pure water permeability  
(L/m2·h·bar)

VI VIII IX

25 4595.8 7325.1 5402.4
50 1254.2 2501.5 2491.4

Table 6
Permeate fluxes of disperse red 167 microfiltration under 0.1 bar 
operating pressure using VI, VIII and IX membranes pressed 
under 25 and 50 bar

Membrane
Pressing pressure (bar)

Permeate flux (L/m2·h)

VI VIII IX

25 299.08 477.51 277.74
50 219.1 347.2 173.633

Fig. 7. Permeate flux and retention rate of disperse red 167 solu-
tion filtration under 0.1 bar transverse pressure using mem-
branes No. IX, VIII and VI pressed under 25 and 50 bar.

 

(a)                                             (b)                                             (c) 

Fig. 8. 50 ppm disperse red 167 dye solution filtration using membranes No. (a) VI, (b) VIII & (c) IX pressed under 25 and 50 bar. 
From left to right, images indicate initial 50 ppm solution and permeate of membranes pressed under 25 and 50 bar, respectively.
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verse pressure. So, in order to adjust the operating pressure, 
fluid height above the membrane was kept constant at 1.1 
m by adding feed as makeup. Furthermore, after 4–5 h of 
dye filtration, the membrane was detached from the system 
and the dye layer formed on the surface was removed by 
washing the membrane through immersion in acetone for 1 
h. It was observed that the flux and retention rates of treated 
membranes exhibited no significant change compared to 
values obtained by the original membrane. According to a 
reported study [33], continuous decline in flux can be related 
to fouling, while concentration polarization effect leads to 
a steady state flow with almost constant flux. Furthermore, 
batch filtration procedure leads to solute accumulation at 
the membrane surface and increasing the concentration near 
the surface cause retention enhancement and flux reduction. 
A concentration profile built up in the boundary layer, forms 
a diffusive flow back to the feed bulk. After a steady state 
achievement, the convective solute flow toward the mem-
brane with diffusive flow back to bulk will be balanced by 
permeate solute flow through the membrane. The obtained 
concentration polarization (Cm/C0) indicates that the flux 
would be decreased exponentially with logarithm of solute 
concentration in bulk and the concentrated layer formed 
near the membrane surface [33].
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where Cm, C0 and Cp are solute concentration on membrane 
surface, feed bulk and permeate, respectively, J is flux, k is 
mass transfer coefficient and Rint is intrinsic retention. In the 
present study, constant permeate flux after ~120 min can 
be attributed to concentration polarization. Fig. 10 shows 
the removal as a function of dye concentration. It can be 
seen that, acid yellow 49 retention is increased from 80.45% 
to 98% in the 20–35 ppm range and subsequently tends to 
decrease to 90% by increasing the concentration up to 50 

ppm. In case of disperse red 167, the retention is increased 
from 89.42% to 93% in the 20–35 ppm range and then 
decreased to 91.55% at 50 ppm. Form a theoretical point of 
view, dye retention enhancement can be attributed to pore 
blocking and formation of a dye layer by increasing the con-
centration up to the specific value (35 ppm for both dyes). 
Then, increasing dye concentration leads to increase the 
diffusion of dye molecules through the concentrated layer 
formed on the surface, consequently decreasing the reten-
tion. Also, permeate flux variation of 35 ppm of disperse red 
167, acid yellow 49 and basic violet 16 solutions as a function 
of filtration time using IX membrane are given in Fig. 11. 
The results show that the permeate flux decrease by increas-
ing the filtration time. This can be related to accumulation 
of dye molecules and forming a dye layer on the membrane 
surface [36,39,40] leading to membrane fouling. Moreover, 
SEM micrographs of membrane after filtration, confirm this 
behavior (section 3.2.9). Furthermore, it was found that the 
lowest flux rates are related to disperse red 167 solution. 

Fig. 10. Retention rate of 20–50 ppm of disperse red 167 and acid 
yellow 49 solutions filtered at 0.1 bar operating pressure using 
membrane No. IX pressed under 50 bar.

(a)
 

(b)
 

Fig. 9. Filtration of 50 ppm of (a) acid yellow 49 & (b) basic violet 16 solutions at 0.1 bar operating pressure using membrane No. IX 
pressed under 50 bar. 
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This can be related to membrane fouling which results in 
the highest dye retention rate. On the other hand, IX mem-
brane shows the highest permeate flux in case of basic violet 
16 filtration which agrees with the lowest membrane foul-
ing and dye retention. Furthermore, IX membrane retention 
of 35 ppm of disperse red 167, acid yellow 49 and basic vio-
let 16 solutions as a function of filtration time was studied 
(Fig. 12). It can be found that, only a slight decline in reten-
tion rate was observed for disperse red 167 (~1.6%) and acid 
yellow 49 (~1.53%) during 270 min of filtration which indi-
cates sufficient applicability of the as-prepared membrane 
for non-ionic and anionic dye filtration, while retention rate 
of basic violet is sharply decreased by (~88.95%).

3.2.4. Membrane densification 

Membranes were prepared with an initial diameter and 
thickness of 1.9 cm and 2 mm, respectively. Table 7 represents 
membrane diameters after thermal treatment. According to 
the results, 5.3–15.8% radial shrinkage with no significant axial 
shrinkage was observed for clay minerals. Furthermore, com-
mercial MMT membranes showed the highest axial shrinkage 
which can be attributed to the largest loss on ignition (LOI). 
Also, Membrane No. IX with 10.5% shrinkage shows the 
highest densification among clay minerals. Moreover, Fig. 13 
shows the view of membranes fabricated using natural clay 
minerals and also the commercial MMT membrane.

3.2.5. Open porosity 

Open porosity of IX, VIII and VI membranes with the 
highest water flux rates were measured and summarized in 
Table 8. It can be seen that, the porosity tends to decrease as 
the pressing pressure enhance. Furthermore, Table 9 presents 
the median and mean particle size of VI, VIII and IX pow-
ders. By comparing Tables 8 and 9, it can be supposed that VI 
with the highest particle size leads to the highest membrane 
porosity and more regular arrangement of small particles 
leads to decrease the porosity of VIII and IX membranes.

3.2.6. Chemical stability 

Membrane pore blocking leads to a sharp reduction in 
permeate flux; thus, a regular cleaning procedure is vital. 
In some cases, membranes are treated in acidic and alka-
line solutions which can damage the membrane structure. 
Consequently, in order to determine the chemical corrosion 
resistance, membranes were immersed in acidic (H2SO4, 
pH = 2) and alkaline media (NaOH, pH = 13) in various 
time intervals. The membrane weight was measured as a 
function of immersion time and results are summarized in 
Figs. 14a and b. Fig. 14a indicates the membrane weight loss 
immersed in NaOH. As can be seen, membranes No. VI and 
I show the highest weight loss of ~4.8%and ~2% during 
the first 24 h, respectively. Other membranes show no sig-
nificant weight loss (<0.5%). Weight loss of membranes 
immersed in H2SO4 is also given in Fig. 14b. It was found 
that, no significant change (<0.5%) in membrane weight was 
appeared at various time intervals. According to results, 
it can be seen that the total weight loss in alkaline media 
is a little higher than acidic media. This can be attributed 
to the acidic nature of clays resulting in mass loss due to 
acid-base reactions [36]. On the other hand, IX, VIII and VI 
membrane were immersed in acidic and alkaline solutions 
in the pH = 1–14 range prepared using H2SO4 and NaOH, 
respectively and weighed after 14 days of immersion with 
mean values reported in Fig. 15 as a function of pH. It was 
observed that, all membranes indicate a similar behavior. It 

Table 7
Membrane densification (%) in terms of radial shrinkage

Sample Densification (%) Sample Densification (%)

MMT 15.8 V 5.3
I 5.3 VI 5.3
II 5.3 VII 5.3
III 5.3 VIII 5.3
IV 5.3 IX 10.5

Fig. 11. Variation of permeate flux of 35 ppm of (a) disperse red 
167, (b) acid yellow 49 and (c) basic violet 16 solutions at 0.1 bar 
transverse pressure as a function of filtration time using mem-
brane IX pressed under 50 bar.

Fig. 12. Variation of retention rate of 35 ppm of (a) disperse red 
167, (b) acid yellow 49 and (c) basic violet 16 solutions at 0.1 bar 
transverse pressure as a function of filtration time using IX 
membrane pressed under 50 bar.
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Table 8
Open porosity of membranes No. VI, VIII and IX pressed under 
25 and 50 bar using Archimedes method

Pressing pressure
(bar)

Porosity (%)

VI VIII IX

25 31.5 31 28
50 29 29 27

Table 9
Median and mean particle size distribution (PSD) of VI, VIII 
and IX initial powders using PSD analysis statistical data

PSA analysis VI (μm) VIII (μm) IX (μm)

Median 5.517 2.342 2.205
Mean 5.498 2.388 2.707

can be concluded that, increasing the solution pH up to 14 
leads to ~1 wt.% weight loss,while ~0.28 wt.% weight loss 
is occurred by decreasing the solution pH to 1. Generally, no 
significant mass loss is observed through acidic and alka-
line treatment. Furthermore, it can be seen that the lower 
mass loss in acidic media shows the better acidic corrosion 
resistance. The as-prepared membrane stability is in good 
agreement with fabricated alumina membranes with suffi-
cient chemical resistance in pH = 1–12 [47]. Consequently, 
the membranes have an acceptable chemical resistance in 
both acidic and alkaline media.

3.2.7. Surface charge 

Due to the highest retention rate of membrane IX, it was 
selected for zeta potential analysis for determination of the 
surface charge at original pH of disperse red 167, acid yel-
low 49 and basic violet 16 dye solutions (pH = 6.5). It was 
observed that the membrane represents a negative charge 
(~–48 mV) at the prevailing conditions.

Fig. 13. View of membranes fabricated using each type of clay.

(a)

(b)

Fig. 14. Weight loss of (I-IX & MMT) membranes pressed under 
50 bar which conditioned in (a) NaOH (pH = 13) & (b) H2SO4 
(pH = 2) solutions as a function of immersion time.
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3.2.8. Mercury porosimetry 

Pore diameter and pore size distribution of membrane 
IX pressed under 50 bar as a function of cumulative and 
relative pore volume are shown in Fig. 16. According to the 
results, the membrane is composed of micro and nano-sized 
pores. Fig. 16 indicates that, ~75% of pores are in the 14–21 
nm size range. Also, pores with diameters in the range of 
1–3.3 μm, can be observed. As a result, membrane permea-
bility would be improved by the porous structure compris-
ing both inter-particular pores and the pores generated due 
to PEG decomposition [38].

3.2.9. Surface morphology

Membrane surface morphology and structural analysis 
was characterized using SEM micrographs. Figs. 17a and b 
show the surface and cross-section view of membrane No. 
IX as the optimal membrane. As can be seen, membrane 
presents a highly porous structure and pores are randomly 
shaped. The porous structure devoid of cracks, defects and 
impurities is the final product. Also, particles are attached 
through intergranular contact and formation of particle 
boundaries can be observed. It is reported that, <1 μm pores 
can be generated through impurities melting or structure 
contracting during sintering process. While, >1 μm pores 
would be generated through PEG decomposition [38]. Fur-
thermore, Figs. 18a and b show the surface and cross-sec-
tion view of the fouled membrane No. IX loaded by dye 
particles after 24 h of filtration. It can obviously be seen 
that the surface porosity decreased and the surface became 
smooth which can be attributed to dye penetration into the 
pores. Covering the top and inside of the structure led to 
pore blocking during filtration which confirm the mem-
brane flux decline behavior shown in Fig. 11.

3.2.10. Mechanical strength 

Mechanical resistance of IX membrane as the opti-
mal sample was measured using a compressive force. It 

was found that the initial membrane exhibited 8.13 MPa 
mechanical strength which decreased to 7.9 MPa after 24 h 
of dye filtration. As can be seen, the membrane mechanical 
strength did not change significantly.

Symbols

A — Absorbance
ε —  Molar absorptivity (molar extinction) coefficient 

(L·mol–1·cm–1)
l — Length of light path (cm)
c — Solution concentration (mol·L–1)
Vop — Membrane open pore volume (cm3)
Va — Membrane apparent volume (cm3)
ms — Membrane weight after water absorption (g)
md — Initial membrane weight (g) 
J — Flux (L·m–2·h–1)
Qw — Permeate volume (L)
Δt — Sampling time (h)
Am — Membrane specific surface area (m2)
Lp — Membrane permeability (L·m–2·h–1·bar–1) 
Δp — Transmembrane pressure (bar)
R — Retention rate
Cp — Permeate concentration (mol·L–1)
C0 — Feed concentration (mol·L–1)
Cm — Solute concentration on membrane surface (mol·L–1)
k — Mass transfer coefficient (m·s–1)
Rint — Intrinsic retention 

4. Conclusions 

Low-cost flat ceramic MF membranes have been fab-
ricated using natural clay minerals mixed with PEG as 
the binder through uniaxial pressing under low pressures 
in the 25–150 bar range. XRF analysis of raw minerals 

Fig. 15. Weight loss of IX, VIII and VI membranes pressed under 
50 bar immersed in acidic and alkaline media prepared using 
H2SO4 and NaOH, respectively as a function of pH.

Fig. 16. Pore size distribution of membrane No. IX pressed un-
der 50 bar as a function of intruded mercury volume using mer-
cury intrusion porosimetry analysis.
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revealed that samples were mainly composed of SiO2 and 
Al2O3. PSD analysis indicated that particles were <6 μm. 
Increasing the pressing pressure led to porosity and water 
flux declination. Water flux and dye retention tests were 
performed under 0.1 bar transmembrane pressure through 
controlling the height of water above the membrane. 
According to the results, membrane No. IX pressed under 
50 bar was selected as the optimal sample. The membrane 
with 27% porosity composed of 75% pore size in 14–21 
nm and 25% in 1–3.3 μm range, represented 98% anionic 
and 93% nonionic dye retention for 35 ppm dye solutions. 
Furthermore, the membrane showed a promising chemi-
cal stability in acidic and alkaline media (<1% weight loss) 
and 10.5% radial shrinkage. The as-prepared membrane 
can be a perfect candidate for anionic and nonionic dye 
clarification with excellent retention and economic treat-
ment of textile wastewaters even in harsh acidic and alka-
line media.

This research did not receive any specific grant from 
funding agencies in the public, commercial, or not-for-
profit sectors.
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