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ABSTRACT
In the present research work, the mixed matrix membranes (MMMs) containing various amount
of polyethersulfone (PES) and functionalized multi-walled carbon nanotubes (fMWCNTs) were
fabricated and used to investigate the removal of cobalt ions from wastewater by nanofiltration
process. Pristine MWCNTs and fMWCNTs were characterized by Fourier transformed infrared
spectroscopy and thermogravimetric analysis. FESEM analysis revealed that the mixed matrix
membranes have fewer surface defects and better membrane performance compared with neat
polymeric in the removal of cobalt ions. Permeation test results showed that the MMM containing
22 wt. % PES and 0.6 wt. % fMWCNTs (with an outer diameter of 10-20 nm) has the optimum
performance from the permeability and cobalt removal point of view. In continuation, the effect
of pressure, feed flow rate, cobalt concentration, permeation test time and feed solution pH on
the removal of cobalt by selected the MMM was investigated. The obtained results indicated
that only pressure has a considerable effect on permeation flux. However, all parameters showed
different influence on rejection percent of cobalt ions.
Keywords: Cobalt; Multi-Walled Carbon Nanotubes; Nanofiltration; Polymeric Mixed Matrix Membranes;
Removal
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INTRODUCTION
Nowadays, because of the excessive operation
of some diverse industries, the amount of released
heavy metals in the environment is on the increase.
Cobalt is one of the heavy metals existed in the
form of various salts in the environment. As a result
of the widespread activities of various industries
such as machines, paints, varnishes, metallurgical,
electroplating and mining, a lot of waste stream
rich in cobalt ions was produced [1]. Therefore, the
accumulation of these contaminations in tissues
of living organisms and their non-biodegradable
properties can be a serious threat to a living being.
* Corresponding Author Email: ryavari@aeoi.org.ir

The presence of cobalt at trace level in human beings
has vital importance for metabolic processes while
its higher concentrations can result in some disease
for example; low blood pressure, lung irritations,
paralysis, diarrhea, and bone defects, and may also
cause mutations in living cells [2]. On the other
hand, Cobalt-60 as one of the most important of
cobalt radionuclides can produce and realize in the
environment as a result of the operation of nuclear
power plants. This radioisotope is usually generated
in two ways; I) as a by-product of uranium fission
and II) neutron activation of nonradioactive
cobalt element present in the corrosion product of
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stainless steel equipment used in a nuclear power
reactor establishment. Cobalt-60 is used in a large
number of industries especially in medicine for
radiotherapy [3]. Because of its gamma emission
with high energy (2.5 MeV), beta emission and
relatively long half-life (t1/2=5.26 years), Cobalt-60
is a major concern in the field of water pollution
[4]. Therefore, considering the threat of the excess
amount of cobalt ion and its radionuclide (60Co)
in the environment to human and all other living
beings, introducing a facile and effective method
to reduce cobalt ion concentrations below the
permissible level is vital.
Different treatment techniques such as
precipitation [5], adsorption and biosorption [6],
ion-exchange [7], solvent extraction [8], liquid
membrane [9], nanofiltration [10] and combination
of these methods [11] have been reported to
eliminate cobalt ions from aqueous solution.
Among them, nanofiltration (NF) which has been
defined as a process intermediate between reverse
osmosis (RO) and ultrafiltration processes is the
most effective method. And that is due to its costeffective, simplicity, higher flux compared to RO
and suitable operation conditions for radioactive
wastewater treatment. In addition, NF method
presents high recovery rate and selective separation
of multivalent ions from monovalent ions by
various mechanisms such as size exclusion as well
as Donnan and dielectric effects. These properties
have considered NF as a promising process for
the treatment and removal of heavy metals and
hazardous radionuclides from nuclear and various
industrial wastewater [12]. The most important
materials used for fabricating membranes in NF
process are polymers such as polyamide, acetate
cellulose, polysulfone and polyethersulfone(PES).
However, PES has been extensively used in NF
membrane because of good mechanical, thermal,
and chemical stability, usage in wide pH range,
environmental endurance and a broader range
of pore sizes. Nevertheless, the main problem in
the application of PES is its relative hydrophobic
character and consequently, membrane fouling
as a result of adsorption of nonpolar solutes,
hydrophobic particles or bacteria [13]. Hence,
different approaches have been studied to improve
the antifouling properties of PES membranes.
One of the most effective manners is the addition
of hydrophilic additives to the membrane for
the preparation of the mixed matrix membranes
(MMMs) [14].
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In this regard, functionalized carbon nanotubes
were mostly used to improve the membrane
properties such as the increase in hydrophilicity
and surface charge of membrane layer [15]. Because
of particular properties of carbon nanotubes such
as low mass density, compatibility with polymer
membrane, permeability and high flexibility, it is
well considered for the fabrication of the MMMs
[16].
A survey of the literature shows that few studies
have been performed on the MMMs membrane
for the removal of cobalt from aqueous solution.
However, no work has been yet reported on the
fabrication and application of NF membrane
including PES and functionalized MWCNTs for
the removal of cobalt ions. Therefore, the aim of
this study was to fabricate PES/fMWCNTs Mixed
Matrix Nanofiltration Membrane for the removal
of cobalt(II) ions from wastewater by nanofiltration
process.
EXPERIMENTAL
Materials
Polyethersulfone (PES) used in this work was
purchased from BASF SE, Germany. MWCNTs
(purity=95%, outer diameter =10-20 nm, length
= 5-15 µm) was supplied by Chengdu Organic
Chemical Co. Ltd., China. Other chemicals and
reagents used were of the analytical grade obtained
from E. Merck or Fluka companies. A stock
solution of cobalt (1000 mg.L-1) was prepared
by dissolving a specific amount of cobalt nitrate
in demineralized water (DMW). To prepare the
solutions with desired concentrations, this stock
solution was further diluted with demineralized
water. Meanwhile, to adjust the solution pH, nitric
acid and sodium hydroxide solutions with the
concentration of 0.01 mol.L−1 was used.
Purification and functionalization of MWCNTs
As purchased MWCNTs have some impurities
such as amorphous carbon, carbon block, graphite
sheet and nanoparticles on the internal and external
surface of MWCNTs, it is necessary to be removed.
Hence, the pristine MWCNTs were immersed in
3M nitric acid solution and shaked in an ultrasonic
(Daihan, Korea) for 24 h in ambient temperature.
After that, the mixture was filtered through a
polytetrafluoroethylene (PTFE) filter membrane
(0.45 µm pore size), washed by DMW for several
times, and dried for 24 h in an oven at 50°C.
On the other hand, to introduce the functional
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groups on the surface of purified MWCNTs and to
modify their surface, a specified amount of purified
MWCNTs were mixed with concentrated nitric
acid (65%) and refluxed for 3 h at 140°C. In the next
step, the functionalized MWCNTs (fMWCNTs)
was filtered and washed by DMW to achieve a pH
value of 6.5. In the end, fMWCNTs were dried in an
oven for 24 h at 85°C [17].
Membrane Fabrication
The flat sheet nanofiltration membranes including
pure PES and PES/fMWCNTs were fabricated by
a wet phase inversion method. For this purpose,
the specific amount of pure PES was added
to N-methyl pyrrolidone (NMP). For particle
uniform dispersion in a solvent, the suspension was
sonicated for 30 minutes and stirred for 24 h. To
prepare the MMMs, at first, the specific amount of
fMWCNTs (0.05, 0.1, 0.3 0.6 and 1 %wt) was added
to NMP and after the dispersion of fMWCNTs in
NMP by ultrasonic bath (for 30 min), PES was then
added to the mixture and sonicated for 30 minutes
and stirred for 24 h to be distributed entirely in the
solvent. For omitting the air bubbles (degassing)
in both mixtures, the polymeric solutions were
sonicated again for 30 min and were allowed to
settle overnight. The mixtures were casted on a glass
plate by a casting knife with a thickness of 150µm
and they were immersed immediately in DMW
bath. To complete phase separation and removal
of the remaining solvent from the membrane, the
obtained polymeric film was kept in distilled water
for 24 h. Finally, the prepared flat sheet membranes
were dried at ambient temperature [18].
Equipment
MWCNTs (before and after functionalization)
were characterized by Fourier transformed
infrared spectroscopy (FTIR) (Bruker, Vector

22, Germany) and thermogravimetric analyses
(TGA; Rheometric Scientific, STA1500, England).
Morphology of fabricated membranes was
characterized by using field emission scanning
electron microscopy (FESEM) model S-4160,
Hitachi, Japan. Cobalt ions concentrations in feed
and permeate solutions were analyzed by a UVvisible spectrometer (GBC, Cintra 6, Australia).
In this method, the color intensity of the formed
complex during the reaction of cobalt ions with
thiocyanate was measured by reading the intensity
of the absorbance at a 620nm wavelength [19]. The
static contact angle was measured by the sessile
drop method using a contact angle measurement
instrument (OCA15EC, Dataphysics, Germany).
The performance of the pure PES and the mixed
matrix membranes for cobalt removal was evaluated
by permeation tests (permeate flux and rejection
percentage). The experiments were carried out by a
cross-flow stainless steel nanofiltration (NF) setup
shown schematically in Fig. 1. As shown in Fig. 1,
the NF setup is outfitted with a membrane cell with
an effective area of 33 cm2. This cell lay between
two pressure gauges (Wika, Korea) for monitoring
the operating pressure on both sides of the cell.
In addition, the feed solution is pumped into the
membrane cell using a high-pressure dosing pump
(Jesco, Germany). Two flow-meter on permeate
and retentate streams, one pressure control valve
and one pressure safety valve are the other main
constituents of the NF setup. After membrane cell,
retentate solution is recycled to the feed container
and permeate solution flows to the permeate
container.
The permeate flux (Jv) in L.m-2.h-1 and the cobalt
rejection percentage of membranes were calculated
by equations 1 and 2, respectively:
JV =

Q
A

		

		

(1)

Fig. 1. Schematic depiction of nanofiltration setup

Fig. 1. Schematic depiction of nanofiltration setup
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 Cp
R (%) =
1 −
 Cf


 ×100


		

skeleton of graphite structure was confirmed by
the peak at 1640 cm−1. the stretching vibration
properties of carboxylic groups are observed
at1540 and 1730 cm-1 [15]. The stretching vibration
of OH band from carboxylic groups (COOH
and COH) and adsorbed water molecules on the
surface of MWCNTs and fMWCNTs can be seen
by the asymmetric broad and strong bond between
3200 and 3700 cm−1 with a maximum at 3425
cm−1. Moreover, the absorption bands at 2350 and
1130 cm−1 can also be assigned to O-H stretching
vibration mode of strong H-bonded-COOH [21].
All of the mentioned bands became sharper after
oxidation of MWCNTs by concentrated nitric acid.
TGA diagrams of the MWCNTs and fMWCNTs
are shown in Fig. 3. As shown in TGA diagram of
pristine MWCNTS (dashed line), a slight weight loss

(2)

where Q is volumetric flow rate of permeate
(L.h-1), A is the effective membrane area (m2), Cp
and Cf are cobalt concentration in permeate and
feed solution, respectively.
RESULTS AND DISCUSSION
MWCNTs and membrane characterization
Fig. 2a and 2b Show FTIR spectra of Purified
MWCNTs and fMWCNTs. In both spectra, two
peaks at about 2930 and 2895 cm−1 can be assigned
to the asymmetric and symmetric stretching
vibrations of νas (CH2) and νs (CH2). The presence
of the stretching vibration of C=C in carbon

Fig.FTIR
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(about 2%) occurred below 250 ºC can be attributed
to the removal of physically adsorbed moisture
and gases from the surface of MWCNTs. A drastic
weight loss near 540 ºC indicates the beginning of
MWCNTs decomposition [22]. In comparison with
the thermogram of fMWCNTs, some differences
between these two thermograms were observed
which can be attributed to the presence of phenolic,
carbonyl and carboxyl groups on the surface of
the fMWCNTs. Introducing functional groups to
MWCNTs increases the polarity and hydrophilicity
of fMWCNTs surface which consequently led to
increasing of the amount of adsorbed moisture on
the sample. Therefore, the relatively greater weight
loss (about 6 wt. %) up to 250 was observed in the
thermogram of fMWCNTs. In continuation of the
thermogram, about 2 wt. % weight loss up to 540
ºC is seen which is because of the decomposition
of the attached functional groups. This weight loss

confirms the presence of phenolic, carbonyl and
carboxyl groups on the surface of fMWCNTs [23].
Finally, considerable weight loss of around 540 ºC
is related to the fMWCNTs decomposition.
The membrane structure of PES before and after
addition of fMWCNTs was studied by FESEM.
Figs. 4(a, b) and 4(c, d) show the FESEM images
of cross-sectional of pure PES and mixed matrix
membranes (PES containing 0.6 wt% fMWCNTs),
respectively. As can be seen, both membranes
have an asymmetric cross-sectional structure in
which sponge-like porous substrates support the
dense active layer. The comparison between these
figures shows that the finger-like macrovoids are
shorter in the MMM compared with pure PES
and these finger-like defects don’t continue to the
surface of the membrane. It means that the MMM
probably has fewer surface defects than neat one
and likely it exhibits better rejection properties

4. Cross sectional FESEM
micrographs
of the neat membrane
containing 22 wt.
% PES (a and22
b) and
Fig. 4.Fig.Cross-sectional
FESEM
micrographs
of neat membrane
containing
wt.the
%mixed
PESmatrix
(a and
membrane containing 22 wt. % PES and 0.6 wt.% fMWCNTs (c and d)

b) and
The mixed matrix
membrane
containing
22 wt.
% PES and
0.6 wt.%22fMWCNTs
Fig.
4. Cross-sectional
FESEM
micrographs
of neat
membrane
containing
wt. % PES(c
(aand
and

Table 1. Water contact angels of neat membrane containing 22 wt. % PES and the MMM containing 22 wt. % PES and 0.6 wt.% fMWCNTs.

b) and The mixed matrix
membrane
containing
22membrane
wt. % PES
and220.6
Table
1. Water contact
angels of d).
neat
containing
wt. wt.%
% PES fMWCNTs (c and
and the MMM containing 22 wt. % PES and 0.6 wt.% fMWCNTs.

d).

Sample
PES (22% wt.)
MMM (PES, 22%wt. / fMWCNTs, 0.6% wt.)
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[24]. These effects can be attributed to the viscosity
of polymeric solution which increases by the
addition of fMWCNTs. This agent can delay phase
inversion and limit nonsolvent attraction during
phase inversion process [25]. Consequently, it
would encourage the formation of macrovoids and
contribute to larger flux [26].
The static contact angle was measured to evaluate
the membrane surface hydrophilicity by the sessile
drop method. Table 1 shows the obtained contact
angles results of neat membrane containing 22 wt.
% PES and the mixed matrix membrane containing
22 wt. % PES and 0.6 wt.% fMWCNTs. As shown,
the contact angles of MMM is lower than that
of neat PES membrane. This can be due to the
presence of multiwall carbon nanotubes containing
hydrophilic functional groups on the external
surface of the membrane.
Permeation test results
In order to investigate the effect of polymer
concentration on the behavior and performance
of the membrane, four solutions containing
20, 22, 24 and 26 wt. % PES were prepared and
fabricated by a wet phase inversion method. Fig.
5 shows the results of the permeability and cobalt
ion rejection percentage. As can be seen, the
membrane permeability decreased with an increase
in polymer concentration. The rise in polymer
content causes the increase of the viscosity and
more adhesion of the polymer chains which lead to
the rise in the thickness of polymer active layer and
consequently the decrease in the size of porosity

[16]. This phenomena influence the amount of
solvent passing and thus, reduce the amount
of flux or permeability. On the other hand, the
decline in the size of the membrane pores results
in the rise in sieving property of the membrane and
consequently increases the cobalt rejection.
By comparison the results and considering the
amount of cobalt ion rejection percentage (60.15%)
and flux (6.03), the membrane containing 22 wt. %
PES was selected in the continuation of our work.
To investigate the effect of MWCNTs content on
the removal of cobalt by the MMM, membranes
containing 0.05, 0.1, 0.3, 0.6 and 1 wt. % (solid
base) fMWCNTs in PES matrix (containing 22 wt.
% PES) were fabricated. Fig. 6 shows the permeate
results of the prepared membrane samples. As
shown, the membrane permeates flux of the MMMs
increases considerably as fMWCNTs increases by
0.05 wt. % of fMWCNTs and then it decreases by
increasing the number of fMWCNTs. The initial
increase of flux (from 6.03 to 9.95 L/m2.h) can be
explained by hydrophilic property of fMWCNTs
in polymeric solution which consequently causes
to increase the membrane porosity. Indeed, the
addition of fMWCNTs containing functional
groups and hydrogen bonds increases the water
affinity of the MMM and causes fast exchange of
solvent and non-solvent during phase inversion.
Therefore, this exchange creates more pores in
the membrane which results in more permeate
flux. With the more increase of fMWCNTs, the
viscosity increasing compensates the hydrophilic
effect of fMWCNTs, which induce instantaneous
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phase inversion. Hence, the membrane porosities
decrease which lead to the permeate flux reducing
in spite of membrane hydrophilicity increasing.
On the other hand, as can be seen in Fig. 6,
with increasing of fMWCNTs in the mixed matrix
membranes, the rise in cobalt ion rejection is
observed.
It seems that restructuring of the membrane
by adding the fMWCNTs and increment in
hydrophilicity of the membrane gives rise to
the increase in the water permeability without
considerable permeation enhancement of cobalt.
This phenomenon can be attributed to the created
electrical charge on the membrane surface, due
to the presence of fMWCNTs, which causes the

electrostatic attraction of the positive cobalt ions
by negatively functional groups of fMWCNTs
in the MMM [27]. In spite of the fact that the
removal of cobalt in 1% fMWCNTs membrane is
higher than other concentration of fMWCNTs, the
fMWCNTs weight percentage of membrane in the
next experiments was selected to be 0.6, base on the
relatively good permeation flux (3.02 L/m2.h) and
good cobalt ion rejection percentage (83.51%).
The effect of pressure on permeate flux and
rejection percentage of cobalt ions was studied at
three different operating pressures (15, 20 and 25
bar). The diagram depicted in Fig. 7 shows the
result of this study. Whereas the driving force in
the membrane processes is the difference of the
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pressure, it is evident that the increase in operating
pressure leads to the rise in the permeate flux (Fig.
7). However, to obtain the high flux by increasing the
operating pressure does not sound desirable from
the commercial applications point of view (due to
the need for greater investment in equipment and
more operating costs). Furthermore, using higher
operating pressures results in rapid fouling of the
membrane which is another disadvantage of higher
operating pressures [28]. Therefore, the operating
pressure of 20 bar with higher cobalt ion rejection
(83.51%) and permeation flux (3.02 L/m2.h) was
selected for the next parameter study.
On the other hand, Fig. 7 shows that cobalt ion
removal remains almost constant by raising the

pressure. This phenomenon could be attributed to
an intrinsic property of the fabricated membrane
which has not been influenced by the pressure in the
range of 15 to 25bar.
The feed flow rate was investigated as another
important factor that could affect the performance
of the membrane. For this purpose, the permeation
test was performed on a PES/0.6 wt.% fMWCNTs
at three different flow rates (10, 25 and 40 liters per
hour). Fig. 8 shows the result of this study. As shown,
the increase in the feed flow rate leads to a slight
increase in the permeate flux. It can be attributed
to the mass transfer mechanism affected by feed
velocity [29]. In addition, an increase in feed flow rate
causes a slight increase in cobalt ions rejection. Since
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feed flow rate cannot affect separation performance
of the membrane intrinsically, it can probably be due
to the decrease in the thickness of the concentration
polarization layer as a result of increasing the feed
flow rate. This fact decreases the driven force and
leads to the increasing rejection percent of cobalt
ion. Contrary to this, some reports ascribed this
phenomenon to the surface forces of the membrane
which get stronger than forces within the membrane
matrix as feed flow rate increases [30].
To evaluate the effect of cobalt ion concentration
in feed solution on the separation performance of the
MMM, solutions containing 5, 8, 10, 20, and 40 ppm
of cobalt ions were prepared and used in permeation
tests. The obtained results have been shown in Fig.
9. As can be seen, the permeate flux increases with
a rise in cobalt ion concentration from 5 to 8 ppm
and then decreases slightly by increasing the cobalt
ions concentration. The increase of the permeate
flux in the region of 5 to 8 ppm can be related to
concentration polarization effect which increases
when cobalt ions concentration increases in aqueous
feed solution [28].
According to Fig. 9, the increase in the
concentration of cobalt ions in the studied region
has an insignificant effect on cobalt ions rejection
by the MMM. It can be due to the formation of a
complex between cobalt ions and carboxylic, ketone
and phenolic functional groups of fMWCNTs in
the MMM. In other words, with a rise in cobalt
ion concentration, the interaction of Co2+ with
these free groups to form a positively charged
complex is increased. Therefore, the negative

charge of the membrane is reduced and may even
be slightly positive. Consequently, the selectivity
of the membrane could only be done by the space
prevention induced by the size of solutes [31].
Fig. 10 shows the effect of permeation test time
on rejection and permeate flux of the membrane at
three different times of 30, 90 and 180 min. As can
be seen, by increasing the time of the experiment, a
slight decrease in permeate flux of the MMM (22 wt.
% PES/ 0.6 wt.% fMWCNTs) is shown. This effect
can be attributed to the concentration polarization
effect which causes more mass transfer resistance and
results in a decrease in permeate flux. In addition,
Fig. 10 shows a downward trend in cobalt ions
rejection from 84.63% (in 30 min) to 79.52% (in 180
min). It can be attributed to the salt concentration
on the membrane surface which causes anions to be
rejected by the negatively charged membrane surface.
In other words, nitrate and cobalt concentration
gradually increase in the locality of the membrane
surface and consequently the fixed negative charge
of the membrane is reduced. Therefore, it leads to a
reduction of cobalt ions rejection [24].
The effect of feed solution pH on the rejection
of cobalt ions and permeate flux was investigated.
Fig. 11 shows the effect of the solution pH on the
rejection of cobalt ions and permeate flux. According
to the solubility product of Co(OH)2 (pKsp= 14.8), it
is clear that the most dominant species of cobalt at
pH values above 6 was found to be as Co(OH)2, and
other species such as Co2+ and Co(OH)+ is negligible.
Therefore, at above pH, the fouling of the membrane
is another challenge to investigate the scrutiny of
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pH had a negligible effect on the permeate flux.
inversion (immersion precipitation) technique and
However, there is a fall in cobalt ions rejection
characterized by FESEM. The performance of the
percent by increasing in the pH value up to 4. This
prepared pure PES and MMMs was investigated
can be explained by the change in the membrane
by Permeation tests for the removal of cobalt ions
from wastewater. The results showed that the MMM
surface charge while the solution pH increases. The
containing 22 wt. % PES and 0.6 wt. % fMWCNTs
membrane used in this research (PES) has neutral
has the best performance on the removal of cobalt
charge near pH=4 [32], which will be resulted in
ions. Moreover, the effect of operating conditions
minimum removal of cobalt. It means that in this
on the membrane performance for cobalt ions
pH, the sieving mechanism is an only effective
factor for the membrane selectivity because of steric
removal was studied in details. Permeation test
hindrance of ions size.
results exhibit that the increase in operating
As can be seen in Fig. 11, cobalt ion rejection
pressure results in the increase in permeate flux
increases in acidic pH below 4. When the solution
while it does not have a considerable effect on
pH decrease, the positive charge of the membrane
cobalt rejection percentage. The increasing of
increases and consequently rejects more Co2+ ions.
feed flow rate indicated that both parameters,
Hence, the electrical charge in comparison with
permeate flux and cobalt rejection, have increased
steric hindrance gives rise to more increase in cobalt
slightly. It was found that by increasing cobalt ion
ions rejection. On the other hand, the increase in pH
concentration in the feed solution, the membrane
solution (higher than 4) brings about an increase in
flux first increased and then decreased while cobalt
the negative charge of the membrane. Consequently,
rejection remained almost constant. In addition,
nitrate ions are refused by the membrane and resulted
prolonging the test time affected on the MMM
in an increase in cobalt ion rejection because the
performance by a partial decrease in permeate flux
cation and anion cannot act independently. In other
and decrease in cobalt rejection. Also, the obtained
words, Co2+ is rejected to keep the neutral electrical
results from the effect of feed solution pH on the
membrane performance showed that feed pH
condition of the solution [33].
does not have a significant effect on the permeate
flux while the cobalt rejection decreased and then
CONCLUSIONS
increased. The obtained results show that the
In this paper, multi-walled carbon nanotubes
prepared membrane can be a promising candidate
(MWCNTs) were purified and functionalized by
for the removal of cobalt ions and other multivalent
nitric acid and characterized by FTIR and TGA
cationic from wastewater.
experiments. In addition, the flat sheet membranes
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