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ABSTRACT

Ceramic membranes are now being developed as a new technology to treat polluted waters.
Although inorganic membranes have replaced organic membranes in many industrial appli-
cations, they have yet to be used widely in desalination processes. In this paper, the reten-
tion of a series of dyes, wastewater, and salt molecules by two membranes (symbolized MLS
and AMLS) was studied. Filtration tests were performed on a laboratory-scale filtration,
using a recycling configuration at 5 bar. In the present study, the application of the filtration
process is investigated mainly in the retention of color, heavy metals, and chemical oxygen
demand (COD) present in wastewater. Filtration studies using ceramic membranes were per-
formed for solutions containing salts, Congo red, lead (Pb(NO3)2), and industrial waste
water. The results showed permeate flux for different wastewaters through these membranes
varied from 274.28 L/hm2 (for AMLS) to 514.29 L/hm2 (for MLS). The rejection rate salts
and Congo red were strongly influenced by the electrical interactions between ionic species
and surface membrane. The maximum observed solute retention, using AMLS membrane, of
lead ion, Congo red, and NaCl was 100%, 95%, and 47%, respectively. Cross-flow filtration
was carried out then, in order to reduce the turbidity and COD. The result showed a high
retention of turbidity (100%) and COD (87%).
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1. Introduction

In recent years, water pollution with heavy metals
and dyes has become an important environmental
threat, mainly because of many industrial effluents
containing these and other pollutants [1]. Heavy
metals are highly toxic, non-biodegradable, and tend
to accumulate causing several diseases and health
disorders in humans, and other living organisms [2].
In particular, lead (Pb) has been classified as a serious

hazardous heavy metal with high priority in the
context of environmental risk [3]. This metal is
extremely toxic and can damage the kidney, liver,
brain, nervous, and reproductive systems among other
adverse effects to humans [2]. At present, lead (Pb)
pollution is considered a world-wide problem because
this metal is commonly detected in several industrial
wastewaters [1].

On the other hand, the removal of color from
aquatic systems caused by the presence of synthetic
dyes that usually contains azo-aromatic groups is
extremely important from the environmental viewpoint*Corresponding author.
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because most of these dyes are toxic, mutagenic, and
carcinogenic [4,5]. Congo red dye is one of the
important azo dyes. It is a colored substance with
complex chemical structure and high molecular weight.
The chemical structure is the sodium salt of ben-
zidinediazo-bis-1-naphtylamine-4-sulfonic acid. It is
highly soluble in water and persistent in the environ-
ment, once discharged into a natural environment.
Thus, the study on Congo red is interesting not only for
being possible pollutants of industrial effluents,
but also because it is a good model of complex
pollutants [6].

Many methods are available for the removal of
pollutants from water, the most important of which
are biodegradation [7] and adsorption [8]. Recently,
membrane separation technologies have been used for
the separation of dyes and heavy metals [9,10].

Typically, porous ceramic membranes are asymmet-
ric with a support thickness of about 1–3mm. The
microfiltration layer is usually 10–30 lm thick, and the
most common oxides used for the membranes are
zirconia (ZrO2) and alumina (Al2O3). Ultrafiltration
membranes are of few micrometers thick and typical
materials are alumina, zirconia, titania (TiO2), and ceria
(CeO2). Nanofiltration membranes are less than 1 lm
thick, generally made of zirconia and titania. The
support and the microfiltration layer are elaborated by
classical ceramic techniques. The sol–gel process is used
for ultrafiltration and nanofiltration layers [11–14].

The feed properties can be changed by pretreat-
ments such as pH adjustment, thermal treatment,
addition of chemicals, and pre-filtration. The pH
adjustment [15] and thermal treatment can decrease
the precipitation of certain substances and thus the
fouling of the membrane. The salt concentration of the
feed and the valence of the salt present can also be
important [16–18].

The goal of this work is to study the filtration of
the polluting substances (Congo red (CR), lead (Pb),
salts, and industrial waste) from aqueous solution by
a new type of ceramic membrane prepared from
Algerian kaolin mixed with a percentage of ZrO2 and
coated with thin layer of alkoxide (TEOS).

2. Materials and methods

We developed and prepared in the laboratory two
different types of membranes: a support made up of a
mixture of local kaolin (Algerian kaolin) and percent-
age of zirconia (3% ZrO2 in weight) symbolized by
MLS; to improve the membrane performance, we
added a thin layer of alkoxide (TEOS) on the support
MLS. So the ceramic membrane AMLS has the same

structure of the first, and second layer is prepared via
a sol–gel technique from colloidal suspensions
synthesized by TEOS (tetraethylorthosilicate) and alco-
hol followed by peptization under acidic conditions.
The slip-casting procedure is followed by drying and
calcination at temperature 780˚C. The tests of filtration
were carried out on these membranes, the characteris-
tics of which were the following: length = 300mm;
internal–external diameter = 13/16mm/mm. The flow
chart of the pilot used is represented in Fig. 1.
Filtration was of tangential type and the pressure
applied was 5 bar.

The morphology and microstructure of MLS
membrane were characterized by a scanning electron
microscope. Phases present in the mixture of kaolin
and 3% ZrO2 (raw powder and heated to 1,150˚C)
were analyzed using an X-ray diffractometer (Siemens,
Germany) with CuKa1 radiation (k= 1,54,056 Å).

The thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) of the MLS
membrane were carried out at the temperature ranging
between 0 and 1,000˚C at a rate of 5˚C/min under air.

The performances of MLS and AMLS membranes
were mainly described by water flux (F) and rejection
rate (TR%) of solutions. Filtration was of tangential
type and the pressure applied was 5 bar.

The salt rejection of these membranes is tested by
filtering two different salt solutions, MgCl2 and NaCl,
prepared at a concentration of 1,000ppm and a pH
range from 5.8 to 6.2. Permeate analysis of the saline
solution was carried out by conductimetry (model
DDSJ-308A).

Dissolved salts concentration is directly related to
conductivity by the following relationship:

K ¼ c� Kc� C ð1Þ

Fig. 1. Filtration flow diagram [17,18].
(1) Feed tank; (2) feed pump; (3) tubular membrane; (4)
manometer; (5) pressure valve; and (6) filtrate recover.
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where K is the specific conductivity, c is the
conversion factor, Kc is the molar conductivity, and C
is the molar concentration of salt.

Hence, measuring the filtrate conductivity allows
the determination of the corresponding saline concen-
tration providing a standardizing procedure before-
hand K= f(c). The percent retention was calculated by
equation (2).

TRð%Þ ¼ 1� Csp

Csa

ð2Þ

Permeate and feed analysis of the colored solution
were measured by visible spectrophotometry (optizen
120 UV), while the heavy metal (lead) solution was
carried out by an atomic emission spectrometer (Aur-
ora AI 1200).

The chemical oxygen demand (COD) retention rate
(COD industrial waste) IS determined by dichromate
of potassium method. The characteristics of various
solutes available in the solution are presented in
Table 1.

For the experiments reproducibility, we have
repeated the experiments three times for all the results
and we agree this value when the variance coefficient
(CV) is less 5%.

3. Results and discussion

3.1. Characterization of membranes

3.1.1. Thermal analysis

Structural evolution of the powder evaluated by
thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) analysis show the weight
loss of kaolin + 3 wt.% ZrO2 mixtures (MLS). These
two analyses have been carried out under air. The
heating rate of the compacts from room temperature
to 1,000˚C was 5˚C/min, while the cooling of
compacts was carried out in the furnace.

TGA curves recorded during compacts heating
(Fig. 2) permit the following remarks of a total weight
loss of about 2.4% of MLS compacts is measured. In
fact, this weight loss consists of two distinct stages.
The first one is attributed to the humidity (water
added into the starting mixtures), whereas the second
stage is related to the departure of water (by vaporiza-
tion) existing in the kaolin chemical composition. The
weight loss ratio of the last stage is more pronounced
(Fig. 2).

A further weight loss is observed during MLS
compacts heating. This weight loss is mainly due to
kaolin rehydration [19–21] from Al2Si2O5(OH)4 to
Al2O3 2SiO2. This rehydration is characterized by one
additional peak (Fig. 2) appearing at about 980˚C.

These observations are also confirmed by DSC
analysis. The endothermic phenomena, appearing at
65 and 480˚C, correspond to the first and the second
stages of weight loss, respectively, some workers attri-
bute this reaction to spinel formation while others
attribute it to mullite nucleation [22]. More possibly,
this reaction may be attributed to mullite nucleation,
since XRD shows that mullite nucleates first at a
relatively lower temperature, before spinel nucleation.

3.1.2. Phase identification

X-ray diffraction was used to identify the formed
phases. For kaolin mixed with 3wt.% ZrO2 (MLS), the
main observed phases are: kaolinite (K), muscovite
(M), and quartz (Q) as shown in Fig. 3(a). However,
for samples sintered at 1,150˚C, the kaolinite phase
disappeared Fig. 3(b). It shows that mullite phase (M)
is the main crystalline mineral present in this powder,
and zirconia (monoclinic system) was detected as a
minor phase. Moreover, this means that the porosity
is independent of the formed phases. These identified
phases are of great importance because of their
promising physical and mechanical properties.

Table 1
Characteristics of rejects liquid effluent

Effluent Conductivity
(lS/cm)

pH DCO
(mg O2/L)

(BCR) factory reject 1,534 7.19 302

(Hydro-canal) factory
reject

2,480 9.87 244

(SOAChlore) factory
reject

4,760 7.78 176

Urban rejects 1,833 7.71 816

Fig. 2. Thermal analysis curve: DSC and TGA for MLS
support.
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3.1.2.1. Microstructures. The microstructure morphol-
ogy for the surface and the cross-section of a MLS
support are shown in Fig. 4. This figure gives infor-
mation on the texture of the elaborated membrane
surface. A defect free membrane was only obtained
for the membrane which has low thickness. Evidently,
the porous structure derived from the pore former is
much more obvious in Fig. 4(b). The open paths and
channels among pores, derived from higher connectiv-
ity, result in an open porosity.

3.1.2.2. Porosity. The porosity of the MLS and AMLS
membranes is approximately 26% and 32%, respec-
tively. The pore size of the AMLS layer was 10 nm.

The filtration area of the membranes varied from
0.012 to 0.0123m2 and the specific area of AMLS and
MLS, express in m2 filtration area/m3 membrane
volume, are 316 and 305, respectively.

3.2. Filtration tests

3.2.1. Permeability

Permeability of the membrane was measured to
evaluate the integrity and the properties of the
membrane (Fig. 5). In this figure, it clearly shows the
permeability of the MLS membrane with just
one layer was determined to be (220 L/hm2) at 2 bar
and (820L/hm2) at 6 bar, but the permeability of the
AMLS double layer membrane reveal the 75.9 L/hm²
at 2 bar increase to 340 L/hm² at 6 bar. The result
showed that depositing the top layer on the interme-
diate one has a small effect on the permeability of the
double layer membrane, and the membrane perme-
ation is reduced by a small amount. The lower water
permeability of the multilayer membrane is explained
by a smaller pore size and hydraulic conductivity
when we applied an identical pressure.

The average following of the flux as a function of
time for water at 5 bar for 2 h are presented in Fig. 6.

This figure shows the water flux of MLS
membrane has the highest permeability around 587.76
L/hm2 initially to reach a value of 489.22 L/hm2. On
the other, the AMLS membrane has lower permeation
flux of 284.02 L/hm2 decreased to 122.46 L/hm2 due
to the fouling of the membrane.

3.2.2. Retention rate

3.2.2.1. Salt rejection. Fig. 7 illustrates the salt rejec-
tions and permeation fluxes of the two negatively
charged membranes. The AMLS has permeability
around 274.28L/hm2 and the MLS has a higher
permeability at 514.29 L/hm2. The AMLS membrane

Fig. 3. X-ray diffractogram of the mixture of kaolin and 3%
ZrO2 (a) raw powder; (b) heated to 1,150˚C.

Fig. 4. Scanning electron microscopy of the support MLS (a) surface; (b) cross-section.
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has the higher salt rejections than the MLS membrane
does. We observe the AMLS membrane has a NaCl
rejection as high as 47.58% and the MLS support has
a NaCl rejection attained at 29.2%. Based upon the salt
rejection, results of these two membranes follow the
order: NaCl >MgCl2 using MLS or AMLS membrane.

Membrane surface charge and Donnan exclusion
can be used to account for the observed trend in the
inorganic salt rejection. Since the active separating
layer for AMLS membrane is composed of silica, the
point of zero charge is three [25,26]. At a typical
operating of a pH range from 5.8 to 6.2, the surface
charge is negative.

Both of them belong to the type membrane defined
by Schaep et al. [23]. Donnan exclusion dominates the
separation and steric exclusion also affects the
rejection. The negative charges on membranes reject
preferably anions of the higher valence, which results
in a higher rejection to chloride salts. The narrow
passage in the separating layer of the membranes
imposes stronger steric hindrance to the larger
hydrated counter-ions, which results in a higher rejec-
tion to magnesium than sodium salts. It is difficult to
imagine that the existence of strong steric hindrance
in a membrane having pores of this size in microme-
ter [24,27].

The special character is their relatively high salt
rejection. No matter the feed solution contains mono-
valent or divalent cations. The negatively charged
membrane usually has a higher rejection towards
NaCl. But, we observed the NaCl rejection using MLS
membrane is still lower than that of the AMLS
membrane (Fig. 7). However, the lower charge density
of the counter ion accounts for the superior rejection
of NaCl over the MgCl2. In this case, the anion is
shielded more effectively from the negatively charged
surface by the polyvalent cation, yielding the observed
trend in the rejection.

This is due to an electrostatic exclusion. The higher
salt rejections defined by Peeters et al. [27]:

• Concentration in solution (and thus the salt
concentration) is low.

• The charge density of the membrane is high.
• The valence of the co-ion is important.
• The valence of contre-ions is low.

3.2.2.2. Retention rate of Congo red. The MLS and
AMLS membranes were evaluated by analyzing the
rejection rate of the 10�4 M colored solutions of Congo
red (molecular weight MW=364.91 g/mol; pH=6.46;
kmax (nm)= 495).

The results show that the Congo red solution has
high rejection rate. The latter depend on membrane

Fig. 5. Flux of water permeates vs. the pressures of MLS
and AMLS membrane.

Fig. 6. Water flux as a function of time using MLS and
AMLS membrane.

Fig. 7. The salt rejection and filtrate fluxes of membranes
MLS and AMLS.
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pore diameter, interaction between solute ions and
material charges, and solute molecular weight. It is
illustrated in (Fig. 8) that the retention rate of MLS
membrane attained is 24.74% in 30min of treatment
and increases gradually to value of 46%. In first step,
before 50min the retention rate of MLS is less because
the pore size is important and after 50min the pore
size decreases by fouling phenomenon and the
retention rate gets increased.

Using the AMLS membrane, the maximum
retention of Congo red increased to 100% in 10min,
after the rate decreases to the value of 95%.

3.2.2.3. Removal of lead. The performance of the MLS
and AMLS membrane, prepared in our laboratory for
the retention of Pb2+, under a pressure of 5 bar, from a
10�4 M solution concentration (at a pH of 5.8) is illus-
trated in Fig. 9.

The results show that the rejection rate of lead was
in the range 95–97% using MLS membrane while the
retention rate attained 100% using AMLS membrane.
The removal of lead is mainly due to the strong
interactions developed between the Pb2+ and the
surface of the membrane.

3.2.2.4. COD reduction. Table 2 gives the evolution of
COD of the raw and treated effluents. It can be
noticed that the reduction of COD is very important
(<120mg O2/L). Fig. 10 shows the retention rate of
COD was higher than 59%. These results confirm the
efficiency of these ultrafiltration-prepared membranes
to liquid effluent treatment. However, this reduction
of permeate COD increased to a value above the
environmental norm of 120mg O2/L [28].

4. Conclusion

This study reports the development and the
characterization of a new class of inorganic membrane
containing a barrier layer. The AMLS membranes can
be successfully applied for wastewater cleaning
applications, as they exhibit significant salts, dye and
metals retention efficiency by combining size and
charge exclusion in a one-step process.

The results obtained with the membrane AMLS
show that the membrane prepared can be applied to
the treatment of liquid effluents. Efficiency of AMLS
membrane for the liquid effluents treatment has been
studied.

The flux of the AMLS membrane increased greatly
as the operation pressure with constant rejection for
dyes. Experiments show that the real rejection of
Congo red and lead is in the range of 95–100% and
depends on the membrane used, pressure, and

Fig. 8. Retention rate of Congo red solutions (10�4M) vs.
time of the MLS and AMLS membrane.

Fig. 9. Retention rate of lead (Pb) vs. time of the MLS and
AMLS membrane.

Table 2
Evolution of COD results vs. time of four effluents

COD (mg O2 /L)

Time
(min)

(BCR)
factory
reject

Hydro-canal
factory reject

SOAChlore
factory reject

Urban
reject

0 302 244 176 816

5 88 56 72 170

30 72 40 64 144

60 56 32 72 136

90 64 52 80 112

120 80 64 72 104

Fig. 10. Reduction of COD vs. time of the MLS membrane.

K. Zaiter et al. / Desalination and Water Treatment 53 (2015) 66–72 71



concentration of the feed. A membrane showed the
best performance in terms of dyes and heavy metals
removal and permeates flux.

These experimental results show that the MLS and
AMLS material, for the development of ultrafiltration
membranes, could be applied to the industrial
wastewater treatment.
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