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a b s t r a c t
In this paper, carbon-based membranes with an extremely high surface area were prepared as a fil-
tration–adsorption membrane for separating Pb2+ and Cd2+ metal ions from aqueous solutions. High 
surface area value (1,751.1 m2 g–1) and unique microscopic structure of nanofibers were obtained 
with the use of polystyrene (PS) and polyethylene glycol (PEG) as organic and degradable com-
pounds along with aluminum salt and tetraethyl orthosilicate (TEOS) in the polyacrylonitrile (PAN) 
matrix. The use of aluminum salt and TEOS in the PAN matrix not only influenced the Brunauer–
Emmett–Teller value but also enhanced the mechanical properties of membranes. The role of PS, 
PEG, silica and alumina on surface area and adsorption capacity of heavy metals were evaluated. In 
order to improve the separation and adsorption ability of the membrane, a functionalization process 
was performed by triethylenetetramine. The functionalization changed some mechanical properties 
and hydrophilicity of the membrane resulted in better antifouling property and higher permeability. 
The antifouling and rejection efficiency of membranes were investigated at two different pH lev-
els. The static adsorption capacity and the rejection efficiency of the functionalized membrane were 
450.11, 431.48 mg g–1 and 93.25%, 90.11% for Pb and Cd, respectively. The role of mesopores on the 
adsorption of heavy metals was investigated by adsorption kinetic. The filtration studies revealed 
that the synthesized membrane has good filtration performance even after 10 regeneration cycles.

Keywords:  Carbon nanofibers; Filtration performance; Functionalized nanofibers; Adsorption–
filtration membrane

1. Introduction

One of the important worldwide issues affecting human 
health is the presence of heavy metals in waterways. 
Increasing the amount of these pollutants is the direct result 
of the aggravation of industrial activities. Most of these pol-
lutants have toxic, carcinogenic, mutagenic and non-bio-
degradable nature. Therefore, it is urgent to lower their 
concentration to an acceptable level.

This problem has been alleviated by using different 
methods including chemical precipitation, ion exchange, 
solvent extraction, adsorption, biological processes, elec-
trochemical reduction and membrane separation [1]. 
Among them, adsorption is known as an effective and 
economic method for removing heavy metals from waste-
water [2]. However, additional procedures are required for 
separating the adsorbents from the solution which highly 
increases the operation cost of separation. To overcome 
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this challenge, the researchers have been developed an 
adsorption–filtration membrane which is a combination 
of adsorption and filtration processes. High permeability, 
high surface porosity, the good pore structure of mem-
branes, hydrophilicity and antifouling nature of mem-
branes are essential parameters for achieving the highest 
separation efficiency by membranes [3]. Many adsorbents 
such as oxide minerals, polymeric materials, biosorbents 
and activated carbon have been used as adsorbents to 
remove pollutants [4]. Among them, activated carbons 
have been mostly used to remove a wide variety of organic 
and inorganic contaminants because of its high surface 
area, porous structure and the presence of different surface 
functional groups [5].

Recently, electrospun carbon nanofibers attracted the 
researcher’s attention due to their unique properties such 
as thermal stability, high surface area, chemical resistance, 
and micropores opening directly to the outer surface [6]. 
Polyacrylonitrile (PAN) polymer has been widely used as a 
precursor to prepare carbon nanofibers because of its low 
cost and high carbon yield [7,8]. However, it is reported 
that PAN-derived carbon nanofibers have un-optimized/
limited mechanical properties [9]. In this regard, carbon 
nanomaterials such as carbon nanotubes and graphene 
are used in combination with PAN matrix to improve the 
mechanical properties of carbon nanofibers [10]. On the 
other hand, activated carbon showed poor capacity and 
affinity for the selective removal of some heavy metals 
which is related to the lack of selectively specific surface 
functionalities [11]. In this regard, metal oxides possess-
ing large amounts of terminal hydroxyl groups have been 
introduced to the carbon nanofibers [11]. Generally, the 
large pore diameter and high permeability of the elec-
trospun membrane enable it to be a suitable choice for 
filtering organic pollutants [12]. But, it cannot remove 
small contaminants like heavy metals efficiently [13]. 
To overcome this problem, various functional groups 
including carboxyl, tetrazine, sulfonic, amino, and phos-
phoric groups have been introduced to the membrane 
surface [14,15]. The researchers modified the activated 
carbon with thionyl chloride and ethylenediamine to 
remove mercury ions from the solution [16]. Also, phe-
nyl-functionalized magnetic activated carbon was pre-
pared for removing the pharmaceutical compound from 
solutions [17]. The presence of functional groups not only 
enhances the adsorption capacity of the membrane but also 
increases the hydrophilicity of the membranes which is 
an effective way to reduce the surface fouling problem [18].

The total surface area and activity of membranes can 
be significantly increased by introducing a porous struc-
ture to the nanofibers [19]. The porous structure enhances 
the adsorption ability of adsorbents toward pollutants. 
Zinc oxide/activated carbon nanofibers with the Brunauer–
Emmett–Teller (BET) surface area of 1,404 m2 g–1 were syn-
thesized by researchers [20]. Porous carbon nanofibers from 
PAN/SiO2 precursors with high BET surface area are pre-
pared [6]. Also, electrospun polyacrylonitrile (PAN)-based 
nanofibers with BET surface area of 450 m2 g–1 were pre-
pared for the removal of formaldehyde using steam acti-
vation that occurred during the carbonization process [21]. 
The researchers stated that the strength and elastic modulus 

of PAN-based carbon fiber can tailor by controlling the 
carbonization and graphitization temperatures [22]. They 
reported that the tensile strength and elastic modulus 
reached to its maximum at carbonization temperatures of 
1,400°C and 1,700°C, respectively. However, the carbon-
ization procedure at high temperatures requires special 
equipment for high energy consumption [23]. On the other 
hand, the creation of porous structure, small fiber diame-
ter, and great specific surface area is the key parameter in 
the preparation of adsorbents with high adsorption capac-
ity toward pollutants. However, these parameters have 
adverse effects on the mechanical properties of adsorbents 
[24]. In this regard, metal oxide nanoparticles such as mag-
nesium oxide (MgO), manganese oxide (MnO2), zinc oxide 
(ZnO) and nickel oxide (NiO) have been used to enhance 
the physicochemical properties of activated carbon nanofi-
bers [25]. In this study, a strong functionalized nanofibrous 
carbon/alumina/silica membrane was prepared by using 
tetraethyl orthosilicate (TEOS) as the precursor of silica 
and aluminum salt in the PAN matrix followed by oxida-
tion and grafting procedure of triethylenetetramine (TETA) 
on the nanofiber surface. The carbonization process was 
performed at a relatively low temperature of 700°C. The 
adsorption capacity and filtration performance of prepared 
nanofibers toward Pb and Cd ions were evaluated.

2. Experimental

2.1. Materials

Polyacrylonitrile (PAN) copolymer (93.7% acrylonitrile 
and 6.3% vinyl acetate with Mw = 100.000 g mol–1) was pur-
chased from Isfahan Polyacryl Inc., (Iran). Polystyrene (PS), 
MW = 250 kDa, polyethylene glycol (PEG), tetraethyl ortho-
silicate (TEOS) and N,N-dimethylformamide (DMF) were 
obtained from Sigma-Aldrich Co. Triethylenetetramine 
(TETA; 97% purity), aluminum chloride (AlCl3), lead nitrate 
(Pb(NO3)2) and cadmium sulfate hydrate (CdSO4, 8H2O) 
were obtained from Merck, Germany.

2.2. Preparation of porous carbon/alumina membrane

PAN (0.65 g) and PS (0.45 g) were dissolved in 10 mL 
DMF at room temperature. Then, 0.16 g aluminum chloride, 
0.16 g PEG and 0.3 g TEOS were added to the solution and 
it was electrospun under an electrical field range of 16–22 kV, 
the distance between the tip of needle and collector of 17 cm 
and the feeding rate of 0.6 mL h–1 (hybrid nanofibers, here-
after). The electrospinning apparatus was a Gamma High 
Voltage Research RR60 power supply and nanofibers were 
collected onto an aluminum (Al) sheet. The porous carbon/
alumina membrane was prepared by placing the hybrid 
nanofibers in an electrical furnace. Before this step, four 
nanofiber mats with the dimension of 10 cm2 × 10 cm2 were 
placed on each other and pressed under a weight of 2 kg.

The stabilization step was performed by heating the 
nanofibers from room temperature to 230°C at a heat-
ing rate of 5°C/min with a residence time of 1 h in air. 
The obtained nanofibers were carbonized at 700°C with a 
heating rate of 3°C/min. The nanofibers were held at this 
temperature for 2 h.
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2.3. Oxidation process and grafting of TETA on the surface

The oxidation process was conducted by immers-
ing the membrane in 100 mL 5 M HNO3 solution for 7 h 
at 40°C followed by washing with deionized water until 
the aqueous pH > 5. The oxidized membrane (0.5 g) was 
immersed in a batch containing 10 mL TETA and 30 mL 
deionized water for 5 min. Then, the membrane was dried 
at room temperature and placed in a vacuum oven at 
125°C for 1 h. After that, the membrane was washed with 
deionized water and dried. This procedure was repeated 
3 times to increase the number of grafted molecules.

2.4. Characterization

The surface morphology of membranes was investi-
gated using a field-emission scanning electron microscope 
(FE-SEM, Sigma, Zeiss, Germany). The BET surface area 
and pore size distribution were evaluated using the nitro-
gen adsorption (Micromeritics Gemini III 2375, USA) and 
mercury intrusion technique (AutoPore III, Micromeritics 
Instrument Co., USA), respectively. The elemental anal-
ysis was performed on an Elementar Vario EL, USA. An 
image processor (SXM-196X) was used to determine the 
average diameter of nanofibers. The measurement of the 
metal ions concentration was performed by an atomic 
absorption spectrophotometer (939 Unicam). The porous 
and core/shell structure of nanofibers was observed by 
transmission electron microscopy (TEM, JEM-2100, JOEL, 
Japan) at an accelerating voltage of 200 kV. The mechani-
cal properties of the membranes were evaluated according 
to ASTM D882-09 using an Instron TE-500 from Farayab, 
Iran. A CH-1-S thickness meter was used to measure the 
sample thickness. To achieve this purpose, five random 
positions were selected to obtain the average thickness. 
The isoelectric point (IEP) of synthesized nanofibers was 
determined by the reported method [26]. The swelling ratio 
was calculated according to the following equation.

Swelling ratio %( ) =
−





×

W W
W
w d

d

100  (1)

where Ww and Wd are the membrane weights after swelling 
for 24 h under wet and dry conditions respectively.

2.5. Filtration studies

The filtration performance of the membrane was evalu-
ated by monitoring the water flux of deionized water (pure 
water) through the membranes using a dead-end filtration 
cell. The outer diameter and active filtration area of filtra-
tion housing (TAMI Industries, France) were 47 mm and 
12.6 cm2 (40 mm diameter), respectively. The water flux 
of the different membranes was measured at a pressure 
of 0.4 MPa at 25°C. 0.4 L of deionized water was passed 
through the membranes and the filtration time was recorded. 
The flux, J (L m–2 h–1), was calculated as Eq. (2) [27]:

J Q
A t

=
∆

� �  (2)

where Q, A and Δt are the amount of collected pure water 
(L), the effective membrane area (m2) and the time of fil-
tration (h), respectively.

Evaluation of the anti-fouling property of membranes 
was conducted by measuring the flux of water contain-
ing bovine serum albumin (BSA) with the concentration 
of 1 g L–1 over 60 min at the pH level of 5.5 and 7.5. The 
BSA concentrations in the feed and the permeate solu-
tions were measured using a UV-Vis spectrophotome-
ter (Lambda 25, PerkinElmer, USA), at a wavelength of 
280 nm. The membranes were washed with pure water for 
10 min and the water flux was measured. The flux recovery 
ratio (FRR) was calculated by the following equation.

FRR %( ) = ×
J
J
2

1

100  (3)

where J2 and J1 are the water flux of aqueous BSA solution 
(L m–2 h–1) and pure water flux (L m–2 h–1), respectively.

Filtration performance toward heavy metals was 
evaluated by filtering an aqueous solution containing 
50 mg L–1 heavy metals. The flux was adjusted to 20 L h–1. 
The concentration of the metal ions in the feed and per-
meated water was evaluated using atomic absorption 
spectrophotometer.

The rejection efficiency (R%) of the membranes was 
calculated as:

R
C
C

% = −






×1 1002

1

 (4)

where C2 (mg mL–1) and C1 (mg mL–1) are concentrations 
of metal ions in the permeate and the feed respectively. 
All the experiments were done three times and the 
standard deviation was <5%.

The adsorption capacity of membranes for Pb and 
Cd ions was determined as Eq. (5).

q
C C V

M
e�

�� ��0 �
 (5)

where C0 and Ce are the initial and the equilibrium concen-
trations of the metal ions in the solution (mg L–1), V is the 
volume of the solution (L), C is metal ions concentration 
at t = t and M is the weight of the adsorbent.

3. Result and discussion

3.1. Microscopic characterization

Fig. 1 shows that FE-SEM images of hybrid, carbon/
alumina/silica and Functionalized carbon/alumina/silica 
nanofibers at different magnifications. As can be seen, the 
hybrid nanofibers presented a uniform morphology with 
a smooth surface. The average diameter of nanofibers was 
288 nm. After the carbonization process, a rigid structure 
for nanofibers was observed which was due to the degra-
dation of polymeric part and the change of polymeric part 
(organic) of nanofibers to carbon (inorganic). The rigid 
structure of inorganic material produced from hybrid 
templates was reported by researchers [26]. In this case, 
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the average diameter of nanofibers was 271.5 nm which 
was lower than hybrid nanofibers. This was related to the 
contraction and shrinkage of hybrid nanofibers at high 
temperatures. From the FE-SEM images, the porous struc-
ture of nanofibers was observable. Also, some conglutina-
tion of nanofibers especially at their touching points was 
detected because the addition of TEOS and aluminum 
salt to the PAN matrix resulted in attaching the adjacent 
silanol group of silica and Al-O groups together at high 
temperature (section 3.2). For functionalized nanofibers, 
there was no significant change in the nanofiber morphol-
ogy compared to the carbon/alumina/silica sample except 
for increasing the conglutination of nanofibers. Also, the 
deposition of a thin layer on the nanofiber surface was 
detected which can be attributed to grafting the TETA 
molecules. However, the porous structure was observable 
even after the deposition of the TETA layer. The average 
diameter of nanofibers was 275.3 nm. Furthermore, some 
hollow nanofibers were detected in the images of carbon/
alumina/silica and functionalized nanofibers (Fig. 1C 
and F). According to Fig. 1D, the oxidation process using 
nitric acid had no effect on the morphology of nanofibers.

TEM images of different nanofibers are shown in 
Fig. 3. For hybrid nanofibers, the core-shell structure was 
seen which can be related to the difference between den-
sities of PAN and PS polymers. Previously, it was stated 
that the mixture of PAN/PS polymers formed a porous 
carbon structure due to the phase separation phenomenon 
[28]. In this study, the polymer with lower density (PS) was 
incorporated in the PAN polymer. The PAN was appeared 
black (polymer with higher density) and the PS had light 

color in the images. Also, the core thickness in the core-
shell structure was changed along the nanofiber length. 
It was suggested that core-shell nanofibers resulted in the 
formation of hollow structures because of the existence of 
polymeric parts as the core at the whole nanofiber length 
which can be degraded and formed a hollow structure. 
Also, the mesoporous structure of nanofibers was detected 
(Fig. 3E). In TEM images, the presence of some nanopar-
ticles related to the alumina and silica in nanofibers was 
detected (Fig. 2D). After the functionalization process, 
a thin layer with a thickness of 5.5 nm was deposited on 
the nanofiber surface (Fig. 3B).

The surface area of nanofibers was evaluated by BET 
analysis and the results are shown in Table 1. It was clear 
that the carbon/alumina/silica nanofibers had an extremely 
large BET surface area value which was attributed to 
the porous structure of nanofibers. Also, as mentioned 
earlier, a hollow structure was observed for some nanofi-
bers which can increase the BET surface area of the sam-
ple [29]. Functionalization of nanofibers reduced the BET 
surface area values from 1751.1 (for carbon/alumina/silica 
nanofibers) to 1,492 m2 g–1 due to the filling of some pores 
existing on the nanofiber surface by TETA molecules. 
A similar result was reported earlier for functionalizing 
of Mn2O3 nanofibers by acrylic acid [30]. However, the 
reduction of BET value was not significant indicating that 
the number of organic molecules grafted on the nano-
fiber surface was higher than the number of penetrated 
molecules into the pores. This can be due to the presence 
of specific sites on the nanofiber surface reacted with 
TETA and the small size of pores on the surface [31].

Fig. 1. FE-SEM images of (A) hybrid, (B and C) carbon/alumina/silica, (D) oxidized and (E and F) functionalized nanofibers.
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Fig. 3. TEM images of (A) hybrid, (B) functionalized and (C–E) carbon/alumina/silica nanofibers.

Fig. 2. The average diameter of different nanofiber-based on standard error. The standard deviation values were lower than 1%.
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The effect of different components used for preparing 
the nanofibers on BET surface area was investigated and the 
results are shown in Table 1. As can be seen, the presence 
of PS in hybrid nanofibers had the most effective in achiev-
ing a high BET surface area value. Slow degradation of PS 
during the carbonization process caused to generate pores 
on the nanofiber surface [28]. After PS, PEG played a major 
role which can be probably due to the generation of water 
molecules by PEG during the carbonization process. The 
evaporating of water molecules from the matrix formed a 
porous structure. Porous carbon nanofibers were prepared 
by using steam during the heat-treatment process [20]. The 
use of TEOS as the precursor of silica and aluminum salt 
also increased the BET value. However, the combination 
of compounds (PS and PEG) resulted in preparing carbon 
nanofibers with extremely high BET surface area.

The pore size distribution of samples was investigated 
by Barrett–Joyner–Halenda (BJH) method and the results 
are presented in Fig. 4. It was obvious that carbon/alu-
mina/silica and functionalized membranes showed a nar-
row pore size distribution centered at 2.89 and 2.80 nm, 
respectively, indicating on the mesoporous structure of 
samples [32]. The porous carbon nanofibers with an aver-
age pore size of 2.62 nm were prepared by researchers [20]. 
The pore size distribution of functionalized membrane 
was wider than carbon/alumina/silica which was related 
to the presence of pores with different sizes due to the 
deposition of TETA molecules on the nanofiber surface. 
The pore size distribution of the hybrid sample showed 
an irregular pattern with no distinct peak in the range 
of 2–50 nm. The mesoporous structure of carbon-based 
nanofibers was confirmed by the adsorption/desorption 
isotherms (Fig. 5). The carbon/alumina/silica and function-
alized nanofibers showed a type IV isotherm with a type 
H3 hysteresis loop suggesting the mesoporous structure of 
nanofibers. However, the adsorption/desorption isotherm 
of hybrid nanofibers showed a type II structure indicated 
on the non-porous structure of nanofibers.

Since, the pore size and the porosity are important 
parameters affecting on water flux of the membrane, the 
pore size distribution and porosity of carbon/alumina/

silica and functionalized membranes were investigated 
by the mercury intrusion method and the result is shown 
in Fig. 6. As can be seen, the pore size distribution curves 
of carbon/alumina/silica and functionalized membranes 
centered at 725 and 783.5 nm, respectively. However, 
functionalized membrane presented a wider distribution 
than carbon/alumina/silica membrane which was due to 
the conglutination of nanofibers together. Also, the mean 
pore diameter of nanofibers (Table 1) was shifted toward 
higher values because of increased nanofiber diameter 
[33]. The porosity of functionalized nanofibers increased 
from 68.11 (for carbon/alumina/silica nanofibers) to 71.02% 
by the reason for increased nanofiber diameter.

3.2. Mechanical properties of the membrane

The electrospun membranes usually show weak 
mechanical properties due to their highly porous struc-
ture as well as weak bonding between the nanofibers 
[24]. Therefore, to investigate the filtration performance, 
an additional substrate is required [34]. The mechanical 
properties of different membranes were investigated and 
the result is shown in Table 2. All the reported data are 
average values obtained from analyzing three randomly 
selected membrane specimens. For carbon/alumina/silica 
without PEG, carbon/alumina/silica without PS and car-
bon/alumina/silica without PEG and PS, the mechanical 
properties of membranes were proportional to the BET 
surface area values. With increasing the BET surface area 
value the tensile strength was decreased due to higher 
amounts of pores in the nanofiber structure. The sample 
prepared without PS and PEG showed the highest ten-
sile strength and tensile module due to its non-hollow 
and non-porous structure and lower average nanofiber 
diameter. Higher tensile strength of nanofibers at the lower 
nanofiber diameter value was reported by researchers [22]. 
The main effect on mechanical properties was attributed to 
silica and alumina components. It was found that the pres-
ence of silica enhances significantly the tensile strength and 
module. This can be probably due to the interaction of silica 
with carbon resulted in increasing the interconnections. 

Table 1
Result of BET and mercury intrusion analyses for different nanofibers

Method Based on nitrogen adsorption Based on mercury intrusion

Nanofibers BET (m2 g–1) Vm (cm3 g–1) Vtotal (cm3 g–1) ap (nm) Porosity (%)

Hybrid 29.5 8.182 0.270 738.69 69.57
Carbon/alumina/silica 1751.1 507.896 0.252 729.55 68.11
Carbon/alumina/silica without PEG 968.8 254.112 – –
Carbon/alumina/silica without PS 787.2 202.361 – –
Carbon/alumina/silica without PEG and PS 208 60.588 – –
Carbon/alumina 990.7 301.148 – –
Carbon/silica 1,070.5 322.195 – –
Functionalized 1,492 456.056 0.302 790.21 71.02

Vm: volume of adsorbed nitrogen on the nanofiber surface;
ap: mean pore diameter;
Vtotal: total pore volume.
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Fig. 5. Nitrogen adsorption/desorption isotherm for (A) hybrid, (B) carbon/alumina/silica and (C) functionalized nanofibers.
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Fig. 4. The pore size distribution (obtained by BJH method) of (A) hybrid, (B) carbon/alumina/silica and (C) functionalized nanofibers.
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Also, the attachment of silanol and Al-O groups of adja-
cent nanofibers together during the carbonization process 
can be regarded as another reason. It was reported that 
TEOS was responsible for the structural stability of carbon/
silica nanofibers [35]. The mechanical properties of carbon 
nanofibers without silica and alumina could not be inves-
tigated by the used instrument because they were crushed 
easily. It was reported that the surface modification process 
which increases the hydrophilicity of substrates reduces 
the mechanical properties of membranes [36]. In this study, 
the tensile strength of functionalized nanofibers decreased 

slightly which can be due to the pre-oxidation of nanofibers 
by nitric acid and the amorphous nature of the depos-
ited layer which had higher elasticity and lower strength 
compared to the crystalline materials. Although, TETA 
deposited layer played a crosslinking role on the nanofiber 
surface it had a negative effect on mechanical behaviors.

3.3. Hydrophilicity of membranes

The hydrophilicity of membranes was determined 
by water swelling and water contact angle analyses. The 

Table 2
Mechanical properties of different membranes

Nanofibers Tensile strength 
(MPa)

Elongation at 
break (%)

Tensile module 
(GPa)

Thickness 
(µm)

Average 
diameter (nm)

hybrid 34.21 11 0.31 1.36 288
Carbon/alumina/silica 425.35 1.12 44.60 1.34 271.5
Carbon/alumina/silica without PEG 429.71 1.01 46.12 1.37 270.1
Carbon/alumina/silica without PS 440.84 0.95 46.98 1.35 281.6
Carbon/alumina/silica without PEG and PS 484.02 0.21 49.25 1.34 260
Carbon/alumina 324.66 1.16 32.03 1.37 270.8
Carbon/silica 350.45 1.05 34.14 1.36 269.7
Oxidized carbon/alumina/silica 380.05 1.25 36.13 1.35 270
Functionalized 399.19 1.22 38.65 1.35 275.3

  
(A) (B) 

 
(C) 

Fig. 6. The pore size distribution (obtained by mercury intrusion method) of (A) hybrid, (B) carbon/alumina/silica and 
(C) functionalized nanofibers.
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swelling ratio was attributed to the number of hydro-
philic sites on the membrane surface and on the mem-
brane morphology [37]. The swelling ratio for carbon/
alumina/silica membrane was 3.18% which was increased 
to 14.25% for functionalized membrane due to the incor-
poration of amine groups on the nanofiber surface. For 
the carbon/alumina/silica membrane, the water molecules 
could be penetrated into the membrane pores. Also, it was 
stated that the capillary effect in highly porous materials 
enhances the water absorption property [38].

The wettability of membranes was also investigated 
by contact angle analysis. The water contact angle for 
carbon/alumina/silica and functionalized membranes 
was 131.5° and 21.45°, respectively. The change of hydro-
phobic nature of carbon/alumina/silica membrane to 
hydrophilic for functionalized nanofibers was due to the 
incorporation of TETA molecules onto nanofiber sur-
face. This was also very beneficial to the diffusion and 
adsorption of ions from the solution to the fiber surface [39].

3.4. Filtration studies

3.4.1. Water flux study

Fig. 7 shows the water flux of membranes at the fil-
tration time of 60 min. The pure water flux for carbon/
alumina/silica and the functionalized membrane was 
125.66 and 275.23 L m–2 h–1 at the filtration time of 10 min, 
respectively. Increasing the water flux value for func-
tionalized membrane was due to the more hydrophilic 
nature of this membrane. In this study, the hydrophilicity 
of the membrane was increased due to the incorpora-
tion of amine groups on the surface. Also, the average 
diameter of nanofibers was increased after the func-
tionalization process resulted in higher average pore 
diameter values. More open pores caused to increase 
in the water flux values and lowered the resistance of 
water permeability through the membranes.

3.4.2. Antifouling study

The fouling property of membranes was evaluated by 
filtration of BSA solution at two pH levels of 5.5 and 7.5 

and the results are shown in Fig. 8A. It was found that 
the water flux for carbon/alumina/silica membrane was 
decreased from 125.66 (for pure water) to 72.05 L m–2 h–1 
for BSA solution at a pH of 7.5 indicated that BSA was 
deposited on the surface and pores due to hydrophobic 
nature of membrane [40]. Also, the flux was decreased 
during the filtration process due to the fouling of the 
membrane by BSA molecules. At the pH of 5.5, the water 
flux showed a higher decline for carbon/alumina/silica 
membrane because of opposite charge of membrane and 
BSA resulted in increasing the adsorption of BSA on the 
membrane surface (the water flux was 51.2 L m–2 h–1). 
For functionalized membrane, the water flux was much 
higher than carbon/alumina/silica membrane at both pH 
levels due to the better permeability of the functionalized 
membrane. A slight decrease from 275.23 (for pure water) 
to 270 L m–2 h–1 was observed because of the hydrophilic 
nature of the membrane which was not favored for adsorp-
tion of BSA (pH = 7.5). However, the water flux decreased 
3.11% during the filtration process (1 to 60 min). This can be 
due to the penetration of BSA molecules in the membrane 
pores. The water flux was 202.6 L m–2 h–1 when the solu-
tion pH was 5.5. The FRR value of carbon/alumina/silica 
and functionalized membranes were 42.01% and 92.25%, 
respectively. For hydrophilic membranes, an adsorbed layer 
of water molecules on the surface hinders the adsorption 
of protein and other fouling agents. The IEP of carbon/
alumina/silica and functionalized membranes were 7.8 
and 6.7, respectively. At the pH of 7.5, the surface of the 
carbon/alumina/silica membrane was relatively neutral 
and functionalized membrane bore a negative charge. On 
the other hand, BSA was negatively charged at the pH of 
7.5 (IEP of BSA was 4.7–4.9 [41]. Therefore, a self-rejecting 
layer could be formed on the membrane surface resulted 
in higher BSA rejection and water flux values. At the pH 
of 5.5, an electrostatic attraction could occur between the 
positively charged functionalized membrane and neg-
atively charged BSA molecules which were decreased 
the water flux value and showed intensified water flux 
decline. Adsorption of BSA on the membrane surface 
decreased the water flux due to fouling the pores existing 
among the nanofibers. The BSA rejection value for carbon/

Fig. 7. The water flux of membranes at the filtration time of 60 min.
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alumina/silica and functionalized membranes at different 
pH levels are shown in Fig. 8B. The functionalized mem-
brane had the BSA rejection of 92.46% and 88.91% at the pH 
of 5.5 and 7.5, respectively. Higher BSA rejection at pH of 5.5 
was due to the higher adsorption capacity of the membrane.

3.4.3. Heavy metal ion rejection

The rejection efficiency of membranes for different 
heavy metals was investigated and the result is shown in 
Fig. 9. The carbon/alumina/silica membrane showed the 
rejection efficiency of 48.59% and 44.02% for Pb(II) and 
Cd(II) ions, respectively (pH = 7.5). For functionalized 
membranes, the efficiency was increased to 93.25% and 
90.11% for Pb(II) and Cd(II) ions, respectively because 
of incorporating amine groups on the membrane surface 
which are highly active in formation of complexes with 
metal ions [42,43]. The presence of amine groups on the 
surface increases the adsorption capacity toward metal 
ions because of the incorporation of lone–pair electrons 

of nitrogen in the vacant orbitals of heavy metal ions and 
high nucleophilicity of amine groups which is affected on 
adsorption of metal ions [44,45]. The rejection efficiency of 
membranes was also evaluated at a pH of 5.5. The results 
showed that the rejection percentage of carbon/alumina/
silica membrane was decreased to 32.05% and 24.52% for 
Pb and Cd ions, respectively. This can be due to the electro-
static repulsion that occurred between positively charged 
membrane surface and positively charged metal ions (sur-
face charge of the membrane was dependent on IEP, sec-
tion 3.4.2). A similar result was observed for functionalized 
membrane and the rejection efficiency was decreased to 
78.1% and 73.54% for Pb and Cd ions, respectively. It was 
concluded that the electrostatic attraction was the initial 
driving force of heavy metals binding to the adsorption 
site of the membrane. The static adsorption capacity of 
membranes was evaluated at pH = 7.5, membrane dose of 
0.01 g, initial metal ion concentration of 100 mg L–1, adsorp-
tion time of 60 min and the solution volume of 50 mL. It 
was found that the carbon/alumina/silica membrane had 

 
 

(A) (B) 
Fig. 8. (A) The fouling property of membranes was evaluated by filtration of BSA solution at two pH levels of 5.5 and 7.5 and (B) The 
BSA rejection value of carbon/alumina/silica and functionalized membranes at different pH levels.

Fig. 9. The rejection percentages of different samples at different pHs.
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the adsorption capacity of 230 and 209.25 mg g–1 for Pb 
and Cd ions, respectively. These values were increased to 
450.11 and 431.48 mg g–1 for functionalized membrane, 
respectively because of chelating the heavy metals by 
TETA molecules. Moreover, the metal ions can be encap-
sulated by TETA chains. Such a result was reported for 
the adsorbents modified with polyamidoamine (PAMAM) 
dendrimer [46]. Fig. 10 shows the changes in water flux 
during the rejection of heavy metals by membranes. As 
can be seen, the flux of heavy metal-containing water was 
slightly lower than pure water flux. Also, the flux showed 
a negligible decrease during the filtration process due to 
fouling the membrane by heavy metals [34]. However, 
the shrinkage of TETA chains after the chelation pro-
cess [47] and the firm structure of membranes that were 
not deformed mechanically during the filtration process 
hinder from decreasing the water flux. The water flux of 
membranes at the filtration of Pb ions was slightly lower 
than the flux for Cd ions which can be due to the higher 
adsorption capacity of membranes toward Pb than Cd ions.

As mentioned earlier, the synthesized membranes 
were highly porous due to the use of PS and PEG. In 
order to investigate the effect of mesopores on the adsorp-
tion efficiency of membranes, the adsorption capacity 
of membranes produced without the use of PS and PEG 
was determined as 178.19 and 161.74 mg g–1 for Pb and 
Cd, respectively (carbon/alumina/silica). Also, the capac-
ity was 428.58 and 415.37 mg g–1 for functionalized mem-
brane, respectively. It was found that the mesopores on 
the surface-enhanced the adsorption capability of mem-
branes due to their ability to trap pollutants in their pores. 
However, the effect of pores on the adsorption capacity of 
carbon/alumina/silica membrane was more than its effect 
for functionalized membrane. The adsorption kinetics for 
adsorption of metal ions by membranes was investigated 
(section 3.4.4). The effect of the presence of alumina and 
silica on adsorption property of membranes was investi-
gated and the result is shown in Table 3. It was observed 
that the presence of silica had a greater influence on the 
adsorption capacity of carbon/alumina/silica membrane 
than alumina because the carbon/silica membrane had 
a higher BET surface area value than carbon/alumina 
membrane. However, for functionalized membrane, 

the effect of silica and alumina was lower than un-func-
tionalized membranes confirming that the adsorption 
of heavy metals was mainly occurred by amine groups.

3.4.4. Adsorption kinetic

The mechanism of solute sorption onto a sorbent 
can be investigated by employing kinetic models [48]. In 
this study, pseudo-first-order, pseudo-second-order, and 
intra-particle diffusion models were used for a better under-
standing of adsorption behaviors [49]. The non-linearized 
form of pseudo-first-order equation is expressed as [50]:

q q k tt e= − − ×( ) 1 1exp  (6)

where qe is the amount of adsorbed heavy metals at equi-
librium (mg g–1), qt is the amount of adsorbed heavy metals 
at t time (mg g–1) and k1 is the equilibrium rate constant of 
pseudo- first-order adsorption (min−1).

The non-linear form of the pseudo-second-order kinetic 
model is as follows [51]:
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Fig. 10. Water flux of membranes at the rejection of different heavy metals (A) Pb and (B) Cd.

Table 3
Adsorption capacity value for different prepared membranes

Membrane Adsorption capacity 
(mg g–1)

Pb(II) Cd(II)

Un-functionalized membrane

Carbon/alumina/silica 230 209.25
Carbon/alumina 202.58 180.05
Carbon/silica 210.14 187.68

Functionalized membrane

Carbon/alumina/silica 450.11 431.48
Carbon/alumina 441.87 421.24
Carbon/silica 445.17 427.31
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where qe is the amount of adsorbed heavy metals at 
equilibrium (mg g–1) and k2 is the pseudo-second-order 
equilibrium rate constant (g mg–1 min–1).

The intra-particle diffusion model is given as [52]:

q k t It p= +
1
2  (8)

where kp and I are the intra-particle diffusion rate con-
stant and intercept, respectively. The experimental data on 
the effect of an initial metal ion concentration was fitted to 
the kinetic models using Data fit version 9.0. In order to 
optimize the procedure chi-squared error function was used.

The chi-squared test (χ2):

χ2

1

2

=
−( )

=
∑
i

n
e e

e

q q

q
, calc , means

,means

 (9)

where n is the number of observations in the experimen-
tal data, qe,cal is equilibrium capacity obtained by calcula-
tion from the model (mg g–1) and qe,means is the equilibrium 
capacity (mg g–1) from the experimental data.

Table 4 shows the parameters obtained from different 
kinetic models. It is clear that the carbon/alumina/silica 
and functionalized membranes followed the pseudo- 
second-order kinetic model because of higher correlation 
coefficient and lower error function values. However, the 
intra-particle diffusion model showed a high correlation 
coefficient and relatively low error values for both mem-
branes. Since the straight line of intra-particle diffusion 
models was not passed through the origin indicating that 
the intra-particle diffusion was not the only rate- controlling 
step (Fig. 11). It was reported that activated carbon can 
adsorb various types of pollutants due to the presence 
of non-localized electrons and reactive groups (includ-
ing OH, COOH, NH2 and amide group) in its structure 
through π-π interactions, hydrogen bonding and charge 
electrostatic force [53]. Also, they stated that the presence 
of metal oxide in the activated carbon matrix enhances 
the adsorption efficiency of activated carbon.

Diffusion within the pore volume (intra-particle 
diffusion) and diffusion along the surface of the pores 
(surface diffusion) are involved in the adsorption rate. 
The adsorption of heavy metals onto the surface of nanofibers 

(A) (B)

Fig. 11. Intra-particle diffusion model for Pb (A) and Cd (B).
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may not be the diffusion control because there is a bound-
ary layer resistance [54]. In this regard, the kinetic data 
were analyzed by Boyd model represented as Eq. (7) [55].

B Ft � � � �� �0 4977 1. ln  (10)

where F is the fraction of solute adsorbed at the time, 
t (min), and can be calculated from F = qt/qe. qe is the 
amount adsorption capacity at equilibrium (mg g–1). 
The regression coefficient of the Boyd model is shown in 
Table 3. The result revealed that although the plot of Bt 
against time (min) had a high correlation coefficient it had 
a non-zero intercept indicating that intra-particle diffu-
sion was the rate-controlling step in adsorption of heavy 
metals by synthesized nanofibers (the figure is not shown).

The kinetic data was also investigated by the Elovich 
model. Elovich’s equation is given as Eq. (8) [56].

q tt
e

e
e

= ( ) −
1 1
b

αb
b

ln ln  (11)

where α and b are constants during any experiment. 
The constant α is regarded as the initial rate because 

(dqt/dt) approaches a when qt approaches α. be is related 
to the extent of activation energy and surface cover-
age for chemisorptions (g mg–1). The parameters related 
to the different kinetic models are summarized in 
Tables 2 and 3. It was found, the R2 value was low and also 
the qe values calculated from the Elovich equation were 
not agreed with the experimental values. It is reported 
that the Elovich model has been used for describing the 
kinetics of the chemisorption process [57].

The linear relationship between the pseudo-rate con-
stant (k2) and the temperature was used to estimate the 
activation energy (Ea) of the adsorption [Eq. (9)] [58].

ln lnk k
E
RT
a

2 0= −  (12)

where k0 is the temperature-independent factor (g mg–1 
min–1), R is the gas constant (8.314 J mol–1 K–1) and T is the 
solution temperature (K). The result showed that the Ea 
and k0 were 50.47 kJ mol–1 and 10.14 × 104 g mg–1 min–1 for 
Pb and 49.84 kJ mol–1 and 9.42 × 104 g mg–1 min–1 for Cd 
ions, respectively indicating on physical adsorption of 
heavy metals on the nanofiber surface. It is stated that 
low activation energies (5–50 kJ mol–1) are characteristics 
for physical adsorption, while higher activation energies 
(60–800 kJ mol–1) suggest chemical adsorption [59].

3.4.5. Membrane regeneration

The rejection efficiency of heavy metals by different 
membranes and the water flux after regeneration cycles 
are shown in Fig. 12. As can be seen, for functionalized 
membrane, the rejection efficiency and water flux showed 
a sudden decrease for Pb(II) from 93.25% to 88.29% and 
260 to 239.85 L m–2 h–1, respectively after the first regener-
ation cycle. Such a result was observed for Cd(II). These 
can be due to fouling of mesopores existing on the nanofi-
ber surface and irreversible deformation of the membrane 
[60]. The decrease of water flux and rejection efficiency 
with the regeneration cycles was gradual because some of 
the adsorption sites were lost permanently. Furthermore, 
the decrease in the rejection efficiency and water flux for 
carbon/alumina/silica membrane at the first regeneration 
cycle was much higher than functionalized membrane 
indicating that the presence of amine groups on the mem-
brane surface-enhanced significantly the filtration perfor-
mance and regeneration ability of membranes. For car-
bon/alumina/silica membrane, the rejection efficiency and 
water flux were 16.1%, 15.89% and 20.42, 22.63 L m–2 h–1 for 
Pb and Cd ions, respectively after 10 regeneration cycles. 
The functionalized membrane showed the rejection effi-
ciency of 86.01% and 81.91% and the water flux of 234.41 
and 241.55 L m–2 h–1 for Pb and Cd ions, respectively after 
10 regeneration cycles.

3.4.6. Comparison of membranes with other 
prepared membranes

In this study, adsorption–filtration membranes were pre-
pared. In this regard, the adsorption capacity of prepared 
membranes toward heavy metals as compared to some 

Table 4
The parameters obtained from different kinetic models

Membrane Carbon/alumina/
silica

Functionalized 
carbon/alumina/silica

Model Pseudo-first-order

Metal ion Pb(II) Cd(II) Pb(II) Cd(II)

R2 0.775 0.741 0.805 0.814
qe,cal 185.16 180.34 298.66 282.58
k1 0.128 0.111 0.143 0.131
χ2 8.086 6.802 6.668 8.822

Model Pseudo-second-order

R2 0.993 0.995 0.999 0.998
qe,cal 196.58 187.05 448.25 429.64
k2 × 10–2 11.25 10.17 3.054 2.485
χ2 0.868 0.842 0.844 0.886

Model Intra-particle diffusion

R2 0.995 0.994 0.920 0.939
kp 28.393 26.141 52.215 50.266
I 4.139 0.327 65.78 54.986
χ2 1.448 1.682 1.156 1.254

Model Elovich

R2 0.685 0.632 0.614 0.599
α 222.58 208.41 335.19 317.51
b 1.11 1.12 2.44 2.58
χ2 8.889 8.758 8.447 7.896

Model Boyd

R2 0.588 0.541 0.597 0.534
χ2 0.682 0.698 0.782 0.722
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previously prepared membranes and the result is shown in 
Table 5. It was clear the functionalized membrane had a much 
higher adsorption capacity than other previously prepared 
membranes because of the incorporation of amine groups 
on the surface and mesoporous structure of the membrane. 
Also, the adsorption capacity value for carbon/alumina/sil-
ica membrane was higher than many prepared adsorbents 
due to its extremely high surface area and the presence 
of alumina and silica in the carbon matrix [58,61–63].

Amine-functionalized MCM-41 membrane with the 
adsorption capacity of 2.8 and 3.7 mg g–1 for Cr and Cu, 
respectively, a maximum water flux of 58.4 L m–2 h–1 and 
humic acid rejection of 87.1% was prepared [64]. Chitosan/
polyvinyl alcohol/polyethylene glycol/aminated multi-
walled carbon nanotubes membrane was prepared for 
removing Cu ions from solutions. The membrane showed the 
adsorption capacity of 28.3 mg g–1, water flux of 9 L m–2 h–1 
and rejection efficiency of 95% at an initial metal ion con-
centration of 10 mg L–1 [65]. Polydopamine-polyethersulfone 
ultrafiltration-adsorption membrane with the static adsorp-
tion capacities of 20.23, 17.01 and 10.42 mg g–1 for Pb, Cd 
and Cu ions, respectively was prepared [66]. The membrane 
showed the rejection efficiency of 92.9% for BSA, maximum 
water flux of 166 L m–2 h–1. Also, the researchers reported that 

the prepared polyethersulfone/PANI/Fe3O4 membrane had 
the rejection efficiency of 80% toward heavy metal at a low 
metal concentration of 5 mg L–1 and water flux of 52 L m–2 h–1. 
The prepared membrane at the present study showed higher 
maximum water flux, heavy metal rejection percentages, 
good antifouling property and higher static adsorption 
capacity. It was suggested that the prepared membrane can 
be effectively applied for the removal of Pb and Cd ions from 
solutions.

4. Conclusion

In this paper, carbon/alumina/silica membrane was 
prepared through the addition of PS, PEG, aluminum 
salt and TEOS in PAN polymer followed by stabilization 
and carbonization processes and it was used for sepa-
rating heavy metals from solution. The prepared mem-
brane showed a high BET surface area and mesoporous 
structure. In order to improve the filtration performance, 
the surface of the membrane was modified with TETA. 
The modification process enhanced the hydrophilicity of 
the membrane resulted in higher permeability and bet-
ter antifouling property. The functionalized membrane 
showed the lead adsorption capacity of 450.11 mg g–1, 

  
(A) (B) 

Functionalized 

  
(C) (D) 

Carbon/alumina/silica

 

Fig. 12. (A and C) the rejection efficiency of heavy metals by different membranes and (B and D) the water flux after 
regeneration cycles.
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pure water flux of 275.23 L m–2 h–1 (at the filtration time of 
10 min), Pb rejection of 93.25% and BSA rejection of 92.46% 
(pH = 5.5) which was much higher than the adsorption 
capacity (230 mg g–1), pure water flux (125.66 L m–2 h–1), 
heavy metal rejection (48.59%) and BSA rejection (68.88%) 
(pH = 5.5) for carbon/alumina/silica (un-functionalized) 
membrane. This was mainly due to the incorporation of 
amine groups on the membrane surface. The presence of 
alumina and silica enhanced the mechanical properties and 
adsorption capacity of membranes. The regeneration stud-
ies revealed that the functionalized membrane has high 
rejection efficiency and water flux even after 10 regenera-
tion cycles. Kinetic studies showed that the adsorption of 
heavy metal ions from solution had physical nature.
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