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a b s t r a c t

The present study focuses on the preparation of a new tubular carbon ultrafiltration (UF) membrane 
for oily wastewater treatment by air gap membrane distillation (AGMD). The UF membrane was 
elaborated following a slip casting method by deposition of a thin carbon film over a previously pre-
pared microfiltration (MF) carbon membrane. The mesoporous top layer was achieved using viscous 
suspension composed by commercial black carbon (BC) powder with an average particle size of 60 
nm added to an alcoholic solution of novolac-phenolic resin (NPR). After curing at 150°C during 60 
min and carbonization at 700°C during 300 min under nitrogen atmosphere, the resulting UF mem-
brane exhibits an average pore diameter of about 4 nm and a thickness around 9 µm. The determina-
tion of water permeability shows a value of 18 L/h·m2·bar. In addition, a hydrophobic character has 
been identified which allows the application of air gap membrane distillation for oily waste water 
treatment. High salt and oil retention of about 99% were then achieved.
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1. Introduction

The porous inorganic membranes are widely used in 
the industrial application, primarily due to their chemi-
cal and thermal stability, low fouling and high mechani-
cal strength [1–4]. The ceramic membranes are generally 
fabricated from pure metal oxides such as zirconia, titania 
and alumina [2–5]. However, their use is still limited due 
to the high cost of materials and the high firing tempera-
ture needed in sintering process [6]. At present, attention 
is particularly focused on the preparation of low cost 
membranes made from abundant natural materials like 
starch [7,8], kaolin [9,10], apatite [11], clay [12–14], granitic 
[15] and carbon [16–18].

From the literature, several works were devoted to 
the preparation of new type of porous ceramic mem-

branes based on carbon. A very recent development real-
ized by Abd Jalil et al. [19] involved the preparation of 
carbon membrane applying a vacuum-assisted method 
as a pre-treatment of carbon thin films. The carbon mem-
brane was prepared from a phenolic resin as polymeric 
precursor which was dip-coated on an alumina substrate 
to form a resin thin film. After curing and carbonization 
under inert nitrogen atmosphere, a carbon thin film was 
achieved. Lately, Song et al. [20] prepared a carbon-alu-
mina mixed matrix membrane (CMS-Al2O3) for sea water 
desalination (NaCl 3.5 wt%) by pervaporation. A high 
water flux of up to 25 kg m−2 h−1 and a high salt rejec-
tion varying between 93–99% depending on temperature 
and feed salt concentration were obtained. Ayadi et al. 
[21] developed new conductive porous supports based 
on graphite powder as the main carbon source and 
Résol®resin as carbon precursor. The elaborated sup-
ports have been used for mineralization of synthetic dye 
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(acid orange 7 (AO7)) by electrochemical advanced oxi-
dation process (electro-Fenton process). Tahri et al. [22]
prepared new carbon/carbon asymmetric microfiltration 
membrane applied to the treatment of industrial textile 
wastewater. The retention of the different pollutants in 
terms of color, COD, Salinity and Turbidity was 80%, 
57%, 30%, 90% respectively. Wei et al. [17] developed an 
asymmetric carbon membrane coated by alcoholic solu-
tion of novolac phenol–formaldehyde resin containing a 
little hexamine on a porous support prepared from the 
same material carbonized at 800°C in air atmosphere. The 
support and the membrane layer were carbonized simul-
taneously. This membrane seems to be promising for H2/
N2 and H2/CH4 separation.

Carbon membranes can be used in a broad range of 
applications because they are chemically inert and they 
tend to be much stronger than most ceramics. Moreover, 
carbon membranes possess good physicochemical prop-
erties such as hydrophobicity and antifouling properties. 
Another advantage of carbons membranes is related to the 
good stability conferred by carbon structures. They can be 
successfully applied in the separation of pesticides [23] 
and of gas [24–26]. In addition, they are good candidates 
for the treatment of textile industry wastewater [22,27], 
industrial dyeing effluent [28] and oily wastewater [29]. 
Carbon as ceramic materials has been used to obtain 
membranes with controlled pore size diameters and to 
improve membrane selectivity and permeability. Pan et al. 
[30] used the lab-made tubular coal-based carbon mem-
brane for performance of series of experimental researches 
on treatment of emulsified oily wastewater. An oil rejec-
tion rate close to 97% was achieved. In other study [31], 
authors show that coal is a good precursor for preparation 
of a microfiltration carbon membrane and that treatment 
of oily wastewater using the carbon membrane is effec-
tive with oil rejection efficiency up to 98%. The membrane 
fouling mechanisms were also analyzed. A low cost tubu-
lar microfiltration carbon membrane based on coal as a 
cheap carbonaceous material was successfully developed 
by Song et al. [20] for the purpose of oily wastewater treat-
ment. Using the prepared membrane with the pore size 
of 1.0 µm, the oil rejection coefficients of oily wastewater 
are up to 97% and the oil concentrations of the permeate 
are less than 10 mg/L. These results were obtained under 
transmembrane pressure of about 0.10 MPa and crossflow 
velocity of about 0.1 m/s.

According to the literature,  carbonc the most common 
carbon membrane active layer was obtained by the deposi-
tion of a phenolic resin layer on noncarbonaceous support 
[32–35] by the process of “slip-casting” or “dip-coating”. 
These membranes are generally a carbon molecular sieve 
(CMS) suitable for gas separation. Little previous studies 
have been conducted so far to prepare asymmetric mem-
brane totally made from carbon material. It can be noticed 
particularly the work recently done by Tahri et al. [29]
who were successful in preparation of crack-free tubular 
membrane completely based on carbon material with a 
microporous UF top layer. The slip-casting process was 
performed for the deposition of the carbon mesoporous 
interlayer and the microporous top layer using suspension 
made from a mixture of an alcoholic solution of pheno-
lic resin and carbon powder. It was found that 6 min of 

casting duration leads to an average pore diameter and a 
thickness layer of about 5.3 nm and 12.6 µm, respectively. 
This membrane offers a better alternative for the treat-
ment of industrial dyeing effluent. A study performed by 
Ayadi et al. [36], involved the preparation of two tubular 
carbon microfiltration membranes S25/CM and S44/CM 
with a mean pore diameter of 0.5 µm and 0.8 µm and a 
thickness of around 23 µm and 20 µm, respectively. These 
membranes showed good performances in textile indus-
try wastewater treatment especially S44/CM membrane 
which exhibited a stabilized permeate flux value at 1 bar 
of about 150 L/h·m2 against 4.5 L/h·m2 for S25/CM. The 
retention of pollutant substances was relatively high and 
almost similar for both membranes.

Based on these considerations, the present work focuses 
on the preparation of an ovel tubular ceramic ultrafiltration 
membrane based on carbon as a cheap carbonaceous mate-
rial by slip-casting method. The performances of this UF 
membrane for the treatment of oily wastewater were then 
discussed.

2. Experimental

2.1. Materials

Graphite powder from TIMCAL Group (Switzerland) 
as the main carbon source and novolac-phenolic resin 
(NPR) (marketed by the company Irons Resins S.A, Spain) 
as the second source of carbon were used in this work. 
Organic additives as corn starch powder (RG03408, Cere-
star, France), ethyleneglycol, amijel (Cplus 12072, Cerestar, 
France) and methylcellulose (Dow Chemical Company)
were used respectively as agent of porosity, lubricants and 
plasticizers. Organic additives were homogenously mixed 
with the graphite powder and the phenolic resin solution to 
form a porous tubular support by paste extrusion.

Microfiltration and ultrafiltration layers were achieved 
from suspensions containing carbon powder having an 
average particles size of 1.8 µm (MF) and 63 nm (UF) and 
novolac phenolic resin. 

The oily waste water provided by a Tunisian petroleum 
industry has been selected as the representative wastewater 
to be treated by air gap distillation.

2.2. Substrate and UF membrane preparation 

The first step for the fabrication of UF carbon mem-
brane is the elaboration of high-quality macroporous 
support without defect. To achieve this, a plastic paste 
has been prepared from a graphite powder (mean particle 
sizes of 44 µm) homogeneously mixed with organic addi-
tives and an alcoholic solution of NPR. A tubular support 
of 150 mm of length was obtained by extrusion-carbon-
ization process and then characterized by a porosity of 
37% and a mean pore diameter of 3 µm. Afterward, an 
intermediate MF layer was deposited by slip casting pro-
cess onto the inner face of the support. Thanks to a cur-
ing–carbonization cycle at 700°C under a nitrogen stream 
of 1 mL/min, MF layer with a mean pore diameter of 0.8 
µm and a thickness around 20 µm has been achieved. A 
detailed description of the microfiltration carbon mem-
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brane preparation method was given in a previous study 
by Ayadi et al. [36].

For UF top layer preparation, two compositions of sus-
pension formed by a commercial BC powder and an alco-
holic solution of NPR were prepared in empiric way for 
which different casting times (4, 6, 8, 10 and 12 min) were 
tested. The appropriate composition was determined bas-
ing on SEM observations (Table 1). The mixture was homog-
enized by a magnetic stirrer for 10 min at a power of 180 W 
to avoid resin cross-linking. The optimized suspension was 
slip-casted on the inner face of the MF carbon membrane. 
Then, the deposited layer was carbonized in nitrogen envi-
ronment at 700°C according similar temperature program 
than that used for MF membrane preparation (Fig. 1) [36].

2.3. Analytical methods

A HitashiS-4500 scanning electron microscope (SEM) 
was used to characterize the membrane morphology, to 
study the state of the surface and to determine the mem-
brane thickness of the elaborated UF carbon membrane. 
Water permeability was performed by measuring of the 
water permeate flux as a function of transmembrane pres-
sure using home-made pilot plant.

The average pore diameter of the prepared membrane 
was evaluated by the nitrogen adsorption/desorption 
method (BET) using a Micrometrics gas analyzer Asap 2010 
machine. 

Contact angle measurements were performed on planar 
samples by the water-drop method on a KRUSS apparatus. 
This technique is efficient to evaluate the hydrophobic char-
acter of the membrane material. To minimize error, an aver-
age value of three results of the tested membrane contact 
angle was considered as the resultant value.

3. Results and discussion

3.1. Scanning electron microscopy analysis

To obtain the best homogenous carbon ultrafiltration 
active layer, two main parameters have been considered: 
casting time and suspension’s viscosity related to the con-
centration of the NPR. For this, two compositions were 
selected by varying the percentage of NPR (10% and 15%)
while a fix percentage of BC powder of 2%was considered as 
the best to form an homogenous structure of UF membrane 
(results not shown here). The resulting UF membranes were 
named “A” (10% NPR and 2% BC powder) and “B” (15% 
NPR and 2% BC powder). For SEM analysis, different sam-
ples of each type of UF membranes were investigated con-
sidering a mean value of thickness was retained. 

As shown in Figs. 2 and 3, the thickness of the active 
layer increased with the casting time following the order 12 
> 10.8 > 9 > 6 > 3 µm for “A” and 11 > 10 > 8 > 5.5 > 2.7 µm 
for “B” for casting time of 12, 10, 8, 6 and 4 min, respectively. 
It seems that the casting time of 4 min is not enough to have 
a good adhesion of the active layer on the support.

For a casting time of 10 and 12 min, “A” and “B” mem-
branes exhibit non-homogeneous layers with several holes in 
the surface. It was clearly observed that samples obtained after 
8 min of casting duration present less defects (cracks and pin-
holes) and have homogenous and smooth surface structure. 
With 6 min casting time, significant defects were observed.

It can be revealed that membrane “A”realized with 8 
min casting time exhibits the best morphological properties. 
A thickness of about 9 µm was achieved.

3.2. Slip characterization

The slip viscosity is a primary parameter that should be 
taken in consideration to have a good adhesion on the sup-
port and to avoid fast absorption of the suspension during 
the casting. A viscosimeter (LAMY, TVe-05) was used to 
determine the dynamic viscosity of the UF top layer before 
deposition on the inner surface of MF layer. The rheologi-
cal data of the suspension used for membrane “A”prepa-
ration (obtained after 8 min of casting duration) is shown 
in Fig. 4 which represents the evolution of the shear stress 
(Tau)with the shear rate (D). It can be observed that the 
suspension has a plastic behavior of Bingham and that the 
value of the limiting shear stress is 11 Pa. Masmoudi et al. 
[27] reported that the stability of the suspension can be 
maintained by the plastic behavior of Bingham.

3.3. Determination of membrane pore size

The pore size distribution of the UF top layer was 
obtained from nitrogen adsorption/desorption isotherm. 
Fig. 5. shows similarity to type IV adsorption isotherm 
with hysteresis behavior, according to IUPAC classifi-
cations. It is worthy to mention that type IV isotherm is 
characteristic for mesoporous materials (pore size in the 
range from 20 to 500 Å), in which capillary condensation 
and the multilayer adsorption (for higher pressures) take 
place. Fig. 6. shows a relatively narrow distribution with 
an average pore size of about 4 nm which proves that an 
ultrafiltration layer was achieved.

Table 1
The optimized composition of UF suspension 

Components Weight percent (Wt %)

BC powder (60 nm) 2
NPR alcoholic solution 10

Fig. 1. Temperature-time schedule applied for MF and UF mem-
branes preparation.
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3.4. Determination of membrane permeability

For a fast stabilization of the permeate flux, the carbon-
membrane was conditioned in distilled water during 24 h 
before filtration. The water permeability value (Lp) of UF 
membrane was achieved using deonized water. The evolu-
tion of the water permeate flux (Jw) with the transmembrane 
pressure (TMP) varying in the range 0–6 bar was deter-
mined (Fig. 7). A noticeable linear increase of the permeate 

flux with transmembrane pressure was observed. Accord-
ing to the Darcy’s law (Eq. (1)), the water permeability 
value was 18 L/h·m2·bar.

Jw = LpΔP (1)

where Jw (L/h·m2) is the liquid flux through the membrane, 
Lp (L/h·m2·bar) is the membrane permeability and ΔP (bar) 
is the applied transmembrane pressure.

4 min 6 min 

8 min 10 min 

12 min

Fig. 2. SEM micrographs of membranes “A” at different casting time. Surface morphology is shown in the insert.
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3.5. Contact angle measurement

The contact angle technique was estimated to measure 
the hydrophilic/hydrophobic character of the material. The 
measurements of the contact angle of water drop were done 
twice to give a mean contact angle value with an error of 
1°. Each measure required between 10 to 15 µL and was be 
taken after 10 s. The UF membrane contact angle was found 
to be equal to 120° (Fig. 8) showing a good hydrophobicity 
which allows the application of air gap membrane distilla-

tion process for the separation of the aqueous phase from 
the oily wastewater.

3.6. Application to oily waste water treatment by air gap 
 membrane distillation

3.6.1. Oily waste water characterization

Oily waste water was provided by a Tunisian petro-
leum industry. It contains much amount of free floating 

4 min 6 min 

8 min 10 min 

12 min

Fig. 3. SEM micrographs of membranes “B” at different casting time. Surface morphology is shown in the insert.
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oil on the top and solid particles at the bottom which can 
cause the clogging of the membrane pores, resulting in 
more severe fouling. For this reason, the oily waste water 
doesn’t be used directly for application but it should be 
pretreated by a conventional methods. For that, a grav-

ity settling method was used for extraction of large sus-
pended solid particles. Using skimming method, the 
floating oil (formed by the coalescence of the bigger oil 
droplets) was removed from water and then a filtering 
method through 1 mm porous filter paper was carried 
out. The optical microscopy showing the oil droplet size 
is illustrated by Fig. 9. The drop sizes of oil droplets 
are all smaller than 5 µm. The characteristics of the oily 
wastewater are given in Table 2.

3.6.2. Air gap membrane distillation (AGMD)

Air gap membrane distillation (AGMD) experiments 
were performed for the treatment of oil-in- water emulsion 
through the UF grafted membrane to obtain pure water. 
The oil filtration experiment was conducted with a real oil-
in-water (o/w) emulsion (previously described). The oil/
water mixture was heated in a feed tank, up to 70–95°C 
while maintaining the coolant temperature, in the perme-
ate side, fixed at 5°C and was then circulating through the 
membrane module by a variable flow peristaltic pump. The 
cross-flow velocity was kept at 2.6 m/s. The temperatures 
were measured with tow thermometers located at the feed 

Fig. 4. Evolution of the shear stress (tau) versus shear rate (D).

Fig. 5. Nitrogen adsorption–desorption isotherm of top layer.

Fig. 6. Nitrogen adsorption–desorption pore size distribution of 
UF carbon membrane.

Fig. 7. Evolution of the permeate flux (L/h·m2) of the carbon 
membrane with the applied pressure.

Fig. 8. Top view of a water droplet deposited on a carbon UF 
membrane surface.
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cell frame and at the cooling plates, respectively. The perme-
ate vapor was condensed at the cooled surface which is near 
to the membrane at a distance of 10 mm (distance neces-
sary to reduce the loss of energy by conduction through the 
membrane). The permeate flux measurement was achieved 
using a graduated test-tube and a stopwatch. 

Fig. 10 illustrates the variation of the permeate flux 
between feed and permeate sides as a function of the tem-
perature. The permeate flux is expressed in L/d·m2 with a 
precision of ± 5 L/d·m2.

The permeate flux increases exponentially from 60 L/d·m2 

to 240 L/d·m2 with the increase of the feed temperature from 
70°C to 95°C, respectively. This result can be explained by the 
exponential increases of the water vapor pressure with the 
temperature following the Antoine’s equation:

log
Ps
P

A
B

T C°






= −
+  (2)

where Ps is the vapor pressure, P° is the standard pressure, A, 
B, C are the coefficients of Antoine and T is the temperature. 

From the literature, many researches proved that the 
use of hydrophobic membrane leads to an exponential 
dependence of permeate flux with the temperature due 
to the exponential increase of the water vapor pressure 
[37–39]. 

The accurate oil concentration in feed and permeate 
solutions were evaluated using a UV-vis spectrophotometer 
(UV-9200) at a wave length of 245 nm. After treated by UF 
carbon membrane, a significant decrease of the oil concen-
tration from 125 mg/L for the feed solution to 5 mg/L for 
the permeate solution was obtained.

The salt and oil rejection ratio during the AGMD under 
different temperatures were calculated according to the fol-
lowing expression:

R
C

Cx
p

f

= −








 ×1 100%  (3)

where R is the rejection rate, x is attributed to oil, salt or 
COD, Cf and Cp are the concentration in the feed and in the 
permeate, respectively. 

Fig. 11 shows a very significant salt rejection rate of 
about 99.8% at 95°C which proves that only the water 
vapor was transported by the membrane. Similar results 
were obtained by Khemakhem et al. [40,41] who showed 
that during the treatment by the AGMD process of the 
aqueous solutions containing high concentration of salt 
(NaCl), only water vapor passed through the hydropho-
bic membrane.  In addition, the increase of feed tem-
perature from 70°C to 85°C led to an increase in the oil 
rejection rate from92.4% to more than 99%, respectively. 
Beyond 85°C a very little variation of the retention rate 
was illustrated. Fig. 11 reveals also a good retention of 
COD which varies from 90% at 70°C to up to 99% beyond 
a temperature of 80 °C due to the strong affinity of the 
surface for adsorption of organic matters promoted by 
the high hydrophobicity of the membrane surface [36]. 
Based on these outcomes , it can be concluded that the 
UF carbon membrane can be successfully used in the 

Fig. 9. Micrograph of oil-in-water emulsion.

Fig. 10. Variation of the permeate flux with the feed temperature 
by AGMD using carbon membrane.

Table 2
Principle physicochemical characteristics of the oily wastewater

Parameters Values

Oil content (mg/l) 125
Density (kg/m3) 900
Salinity (g/l) 9.4
COD (mg/L) 1300

Fig. 11. Evolution of the rejection rate Rx (%) of salt, oil and COD 
with the temperature.
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treatment of oil-water emulsion using AGMD process at 
a temperature of 85°C. 

4. Conclusion

The preparation and application of a new ceramic mem-
brane consisted of an asymmetric structure composed of 
a macroporous graphite support, a carbon MF transition 
layer and a carbon UF separation layer, are studied in this 
work. Following are the major conclusions.

•	 Achievement of carbon UF membrane with a strong 
hydrophobicity (contact angle equal to 120°) having a 
thickness around 9 µm, a pore size of 4 nm, and a water 
permeability of about 18 L/h·m2·bar.

•	 The treatment of oil-in-water emulsion using the UF 
carbon membrane is feasible and effective

•	 Over 99% of the oil rejection efficiency was achieved at 
85°C with a relatively high permeate flux of about 130 
L/d·m2 which can reach 420 L/d·m2 when the tempera-
ture increased to 95°C.

Acknowledgements

Authors would like to thank DGRS (Tunisia) and CNRS 
(France) for their financial supports. Authors are also grate-
ful to TIMCAL group for the gift of graphite powders and 
Sumitomo Bakelite Europe (Barcelona) for their help by 
given samples of resin.

References

[1] T.V. Gestel, C. Vandecasteele, A. Buekenhoudt, C. Dotremont, J. 
Luyten, R. Leysen, Alumina and titania multilayer membranes 
for nanofiltration: preparation, characterization and chemical 
stability, J. Membr. Sci., 207 (2002) 73–89.

[2] T.V. Gestel, H. Kruidhof, D.H.A. Blank, H.J.M. Bouwmeester, 
ZrO2 and TiO2 membranes for nanofiltration and pervapora-
tion Part 1. Preparation and characterization of a corrosion 
resistant ZrO2  nanofiltration membrane with a MWCO < 300, 
J. Membr. Sci., 284 (2006) 128–136.

[3] R.F.S. Lenza, W.L. Vasconcelos, Synthesis and properties of 
microporous sol–gel silicamembranes, J. Non-Cryst. Solids., 
273 (2000) 164–169.

[4] G.E. Romanos, Th.A. Steriotis, E.S. Kikkinides, N.K. Kanello-
poulos, V. Kasseelouri, J.D.F. Ramsay, P. Langlois, S. Kallus, 
Innovative methods for preparation and testing of Al2O3 sup-
ported silicalite-l membranes, J. Eur. Ceram. Soc., 21 (2001) 
119–126.

[5] S. Chowdhury, R. Schmuhl, K. Keizer, J. Ten Elshof, D. Blank, 
Pore size and surface chemistry effects on the transport of 
hydrophobic and hydrophilic solvents through mesoporous 
γ-alumina and silica MCM-48, J. Membr. Sci., 225 (2003) 177–
186.

[6] V. Mavrov, H. Chmiel, J. Kluth, J. Meier, F. Heinrich, P. Ames, 
K. Backes, P. Usner, Comparative study of different MF and 
UF membranes for drinking water production, Desalination, 
(1998) 189–196. 

[7] M.-M. Lorente-Ayza, S. Mestre, V. Sanz, E. Sánchez, On the 
underestimated effect of the starch ash on the characteristics 
of low cost ceramic membranes, Ceram. Int., 42 (2016) 18944–
18954.

[8] M-M. Lorente-Ayza, E. Sánchez, V. Sanz, S. Mestre, Influence 
of starch content on the properties of low-cost microfiltration 
ceramic membranes, Ceram. Int., 41 (2015) 13064–13073.

[9] I. Hedfi, N. Hamdi, E. Srasra, M.A. Rodríguez, The prepara-
tion of micro-porous membrane from a Tunisian kaolin, Appl. 
Clay. Sci., 101 (2014) 574–578.

[10] M. Issaoui, L. Limousy, B. Lebeau, J. Bouaziz, M. Fourati, 
Design and characterization of flat membrane supports elab-
orated from kaolin and aluminum powders, C. R. Chimie, 19 
(2016) 496–504.

[11] S. Masmoudi, A. Larbot, H. El Feki, R. Ben Amar, Elaboration 
and characterisation of apatite based mineral supports for 
microfiltration and ultrafiltration membranes, Ceram. Int., 33 
(2007) 337–344.

[12] G. Sahoo, R. Halder, I. Jedidi, A. Oun, H. Nasri, P. Roychoud-
hurry, S. Majumdar, S. Bandyopadhyay, R. Ben Amar, Prepara-
tion and characterization of microfiltration apatite membrane 
over low cost clay-alumina support for decolorization of dye 
solution, Desal. Water Treat., 57 (2016) 27700–27709.

[13] A. Oun, N. Tahri, S. Mahouche-Chergui, B. Carbonnier, S. 
Majumdar, S. Sarkar, G. Sahoo, R. Ben Amar, Tubular ultra-
filtration ceramic membrane based on titania nanoparticles 
immobilized on macroporous clay-alumina support: Elabo-
ration, characterization and application to dye removal, Sep.
Purif. Technol., 188 (2017) 126–133.

[14] P. BelibiBelibi, M.M.G. Nguemtchouin, M. Rivallin, J. NdiNs-
ami, J. Sieliechi, S. Cerneaux, M.B. Ngassoum, M. Cretin, Micro-
filtration ceramic membranes from local Cameroonian clay 
applicable to water treatment, Ceram. Int., 41 (2015) 2752–2759.

[15] S. Rakib, M. Sghyar, M. Rafiq, A. Larbot, L. Cot, Newporous 
ceramics for tangential filtration, Sep. Purif. Technol., 25 (2001) 
385–390.

[16] N. Kishore, S. Sachan, K.N. Rai, A. Kumar, Synthesis and char-
acterization of a nanofiltration carbon membrane derived from 
phenol–formaldehyde resin, Carbon, 41 (2003) 2961–2972.

[17] W. Wei, G. Qin, H. Hu, L. You, G. Chen, Preparation of sup-
ported carbon molecular sieve membrane from Novolacphe-
nol–formaldehyde resin, J. Membr. Sci., 303 (2007) 80–85.

[18] M. Mahdyarfar, T. Mohammadi, A. Mohajeri, Defect formation 
and prevention during the preparation of supported carbon 
membranes, New Carbon Mater., 28 (2013) 369–377.

[19] S.N. Abd Jalil, D.K. Wang, C. Yacou, J. Motuzas, S. Smart, J.C. 
Diniz da Costa,  Vacuum-assisted tailoring of pore structures 
of phenolic resin derived carbon membranes, J. Membr. Sci., 
525 (2017) 240–248.

[20] Y. Song, D.K. Wang, G. Birkett, W. Martens, S. Smart, J.C. Diniz 
da Costa, Mixed matrix carbon molecular sieve and alumina 
(CMS-Al2O3) membranes, Scient. Rep., 6 (2016) 30703.

[21] S. Ayadi, I. Jedidi, M. Rivallin, F. Gillot, S. Lacour, S. Cerneaux, 
M. Cretin, R. Ben Amar, Elaboration and characterization of 
new conductive porous graphite membranes for electrochem-
ical advanced oxidation processes, J. Membr. Sci., 446 (2013) 
42–49.

[22] N. Tahri, I. Jedidi, S. Cerneaux, M. Cretin, R. Ben Amar, Devel-
opment of an asymmetric carbon microfiltration membrane: 
application to the treatment of industrial textile wastewater, 
Sep. Purif. Technol., 118 (2013) 179–187.

[23] L.E. Sojo, A. Brocke, J. Fillion, S.M. Price, Application of acti-
vated carbon membranes for on-line cleanup of vegetable and 
fruit extracts in the determination of pesticide multi residues 
by gas chromatography with mass selective detection, J. Chro-
matogr., 788 (1997) 141–154.

[24] F. Li, Y. Qua, M. Zhaoa, Efficient helium separation of graphitic 
carbon nitride membrane, Carbon, 95 (2015) 51–57.

[25] L. Lin, S. Chengwen, J. Huawei, Q. Jieshan, W. Tonghua, Prepa-
ration and gas separation performance of supported carbon 
membranes with ordered mesoporous carbon interlayer, J. 
Membr. Sci., 450 (2014) 469–477.

[26] Y.K. Kim, J.M. Lee, H.B. Park, Y.M. Lee, The gas separation 
properties of carbon molecular sieve membranes derived from 
polyimides having carboxylic acid groups, J. Membr. Sci., 235 
(2004) 139–146.

[27] S. Masmoudi, R. Ben Amar, A. Larbot, H. El Feki, A. Ben Salah, 
L. Cot, Elaboration of inorganic microfiltration membranes 
with hydroxyapatite applied to the treatment of wastewater 
from sea product industry, J. Membr. Sci., 247 (2005) 1–9. 



I. Derbel, R.B. Amar / Desalination and Water Treatment 124 (2018) 21–29 29

[28] N. Tahri, I. Jedidi, S. Ayadi, S. Cerneaux, M. Cretin, R. Ben 
Amar, Preparation of an asymmetric microporous carbon 
membrane for ultrafiltration separation: application to the 
treatment of industrial dyeing effluent, Desal. Water Treat., 
(2016) 1–16. 

[29] C. Song, T. Wang, Y. Pan, J. Qiu, Preparation of coal based 
microfiltration carbon membrane and application in oily 
wastewater treatment, Sep. Purif. Technol., 51 (2006) 80–84.

[30] Y.Q. Pan, H.J. Li, T.H. Wang, L.Y. Ren, Experimental research 
on treatment of emulsified oily wastewater using carbon mem-
branes, Chin. J. Chem. Eng. Chin. Univ., 18 (2004) 13–16.

[31] Y. Pan, W. Wang, T. Wang, P. Yao, Fabrication of carbon mem-
brane and microfiltration of oil-in-water emulsion: An investi-
gation on fouling mechanisms, Sep. Purif. Technol., 57 (2007) 
388–393.

[32] F.K. Katsaros, T.A. Steriotis, A.K. Stubos, A. Mitropoulos, N.K. 
Kanellopoulos, S. Tennison, High pressure gaz permeability 
of microporous carbon membrane, Micropor. Mater., 8 (1997) 
171–176. 

[33] A.F. Ismail, L.B. David, A review on the latest development of 
carbon membranes for gas separation, J. Membr. Sci., 193 (2001) 
1–18. 

[34] A.B. Fuertes, T.A. Centeno, Preparation of supported asym-
metric carbon molecular sieve membranes, J. Membr. Sci., 144 
(1998) 105–111. 

[35] M. Yamamoto, K. Kusakabe, J. Hayashi, S. Morooka, Carbon 
molecular sieve membrane formed by oxidative carboniza-
tion of a copolyimide film coated on a porous support tube, J. 
Membr. Sci., 133 (1997) 195–205.

[36] S. Ayadi, I. Jedidi, M. Cretin, S. Cerneaux, R. Ben Amar, Prepa-
ration and characterization of carbon microfiltration mem-
brane applied to the treatment of textile industry effluents, 
Sep. Sci. Technol., 51 (2016) 1022–1029.

[37] S.T. Hsu, K.T. Cheng, J.S. Chiou, Seawater desalination by 
direct contact membrane distillation, Desalination, 143 (2002) 
279–287.

[38] S. Cerneaux, I. Struzynska, W.M. Kujawski, M. Persin, A. Lar-
bot, Comparision of various membrane distillation methods 
for desalination using hydrophobic ceramic membranes, J. 
Membr. Sci., 337 (2009) 55–60. 

[39] A. Larbot, L. Gazagnes, S. Krajewiski, M. Bukowska, W. 
Kujawski, Water desalination using ceramic membrane distil-
lation, Desalination, 168 (2004) 367–372.

[40] S. Khemakhem, R. Ben Amar, Modification of Tunisian clay 
membrane surface by silane grafting: application for desali-
nation with Air process, Colloids Surf. A: Physiochem. Eng. 
Aspects, 387 (2011) 79–85.

[41] S. Khemakhem, R. Ben Amar, Grafting of fluoroalkylsilanes on 
microfiltration Tunisian clay membrane, Ceram. Int., 37 (2011) 
3323–3328. 


