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The aim of the present work is to study the effi ciency of a biocompatible polymer-based adsorbent for the removal 
of Pb (II) ions whose devastating effects on people’s health is a matter of great concern from aqueous solution. 
In this study, ethyl cellulose and gamma-Al2O3 nanoparticles/ethyl cellulose electrospun adsorbents were prepared 
for the batch removal of Pb (II) ions from aqueous solution. Both samples were characterized using contact 
angle analysis, N2 adsorption/desorption technique, FT-IR and SEM. The Freundlich model (R-square = 0.935 
and RMSD (%) = 6.659) and the Dubinin-Radushkevich model (R-square = 0.944 and RMSD (%) = 6.145) 
were found to be more reliable in predicting the experimental data from the adsorption of Pb (II) ions onto the 
electrospun gamma-Al2O3 nanoparticles/ethyl cellulose than the Langmuir model (R-square = 0.685 and RMSD 
(%) = 14.61) and also the Temkin model (R-square = 0.695 and RMSD (%) = 14.38).
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INTRODUCTION

          Nowadays, the profoundly adverse impact of poor 
water quality on people’s health has become a cause for 
growing concern in almost all countries in the develop-
ing world. Among all contaminants discharged into the 
environment, heavy metals are categorized as one of the 
most hazardous ones, even in very low concentrations. 
According to the World Health Organization, the expo-
sure to a concentration of Pb (II) ions higher than 0.01 
mg/L in potable water can irreversibly damage different 
bodily functions1–4. Pb (II) ions can be found in the ef-
fl uent of a diverse range of industrial sectors, including 
the production of dyes and pigments, glassware, alloys, 
batteries, electronic equipment etc5, 6.

Adsorption is considered to be a highly reliable method 
in order to treat wastewaters containing heavy metals, 
mainly due to its low cost and high fl exibility in design 
and operation, high selectivity and also high regeneration 
capacity7–10. Among the researches into the synthesis of 
effi cient adsorbents in recent years7–12, agro-based waste 
materials12, activated carbons13 and minerals14 are so 
popular adsorbents. Over the past few years, sheet-like 
adsorbents has attracted much attention mostly because 
they are much easier than powder-like adsorbents for 
being separated from the liquid phase and for being 
recovered after the process15, 16. Polymers are among 
the most common compounds in the preparation of 
sheet-like adsorbents. Compared with several other 
techniques, electrospinning is considered to be a simple 
technique which allows the mass production of highly 
porous, interconnected sheet-like adsorbents17–20.

Many polymers have shown considerable potential for 
being electrospun thus far18. In order to prepare materials 
used for environmental purposes like the treatment of 
wastewaters, ethyl cellulose can serve as a promising can-
didate since it is classifi ed as a biocompatible polymer21. 
For increasing the effi ciency of polymeric adsorbents 
in the removal of metal ions from aqueous medium, 
metal oxide nanoparticles are popular modifying agents 
because of their high surface area and also their surface 

hydroxyl groups22–29. Al2O3 nanoparticles are a common 
type of metal oxide nanoparticles which are well-known 
for the absence of diffusion resistance in their internal 
structure, their high surface binding energy and their 
considerable ability to increase the water permeability of 
the matrix into which they are impregnated30, 31. These 
characteristics make Al2O3 nanoparticles appropriate 
for being used as modifying agents in the preparation 
of adsorbents for purifying aqueous systems.

In the present work, ethyl cellulose and gamma- Al2O3 
nanoparticles-modifi ed ethyl cellulose adsorbents were 
prepared by means of electrospinning method for the 
batch removal of Pb (II) ions from aqueous solution. The 
prepared samples were characterized using contact angle 
analysis, N2 adsorption/desorption technique, Fourier 
transform infrared spectroscopy and scanning electron 
microscopy. The equilibrium adsorption isotherm was 
experimentally obtained for the adsorption of Pb (II) 
ions onto the electrospun gamma-Al2O3 nanoparticles/
ethyl cellulose and the data were fi tted to the Langmuir, 
Freundlich, Dubinin-Radushkevich and Temkin isotherm 
models.

MATERIALS AND METHODS

Materials
Ethyl cellulose (with an ethoxyl content of 48% and 

an average molecular weight of 100.000 g/mol), ethanol 
(with a purity of 99.7%) and gamma-Al2O3 nanopartic-
les (with a purity of 99.99%) were purchased from the 
Exir company, the Merck company and the TECNAN 
company, respectively. Table 1 lists the morphology, the 
BET surface area, the total pore volume and the ave-
rage pore diameter of the gamma-Al2O3 nanoparticles, 
according to the datasheet provided by the company. 
Anhydrous Pb (II) nitrate (with an analytical grade) 
from the Merck company was used as the source of Pb 
(II) ions in this study. All chemicals were used without 
any further purifi cation. 
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Adsorbent preparation and characterization
In order to prepare electrospinning solutions, ethyl 

cellulose (10 g) was initially dissolved in ethanol (50 mL) 
using a magnetic stirrer. The stirring process was carried 
out at ambient temperature (around 25oC) for 2 h. The 
gamma-Al2O3 nanoparticles/ethyl cellulose solution was 
also prepared by dispersing the nanoparticles (1 g) in 
the ethyl cellulose solution (10 mL) using an ultrasonic 
probe dispersion equipment. The dispersing process was 
carried out at 10 kHz for 30 min.

The electrospinning equipment used in this study is 
schematically shown in Fig. 1. As can be seen, the main 
parts of the electrospinning equipment were a syringe 
pump (for pumping out the polymeric solution loaded 
into a syringe), a DC high voltage power supply con-
nected to the tip of the syringe needle (for electrically 
charging the polymeric solution being pumped out) and 
a rotating cylindrical collector wrapped in aluminium foil 
(for collecting fi bers). In the electrospinning process, 
the solution was fi rst loaded into a 5-mL plastic syringe 
equipped with a 22-gauge steel needle with a length of 
3 cm. The syringe was then located in the syringe pump 
working at 1 mL/h. The distance between the needle tip 
and the collector was also fi xed at 10 cm. The voltage at 
which both ethyl cellulose and gamma-Al2O3 nanopar-
ticles/ethyl cellulose solutions were electrospun was 10 kV. 
The Taylor equation (Eq. (1)) can be used to calculate 
the minimum voltage, which is known as critical volt-
age, needed for overcoming the surface tension of the 
solution and initiating the electrospinning process32, 33:

 (1)

In Eq. (1), Vc (kV) is the critical voltage, H (cm) is the 
needle tip-collector separation distance, L (cm) is the 
length of the needle, D (cm) is the internal diameter 
of the needle and γ (mN/m) is the surface tension of 
the solution. The surface tension of both ethyl cellulose 
and gamma-Al2O3 nanoparticles/ethyl cellulose solutions 
was measured using a force tensiometer (Krüss, K6) 
and found to be approximately 34.5 mN/m. Using Eq. 
(1), the value of Vc in this study was found to be just 
above 7 kV. 

The static water contact angle analysis was performed 
using a video-based optical contact angle measuring in-
strument (Dataphysics, OCA 15 Plus) for comparing the 
electrospun ethyl cellulose and gamma-Al2O3 nanopar-
ticles/ethyl cellulose in terms of water permeability. The 
measurement was made by taking a photograph of the 
shape of a water droplet after being positioned for 5 s on 
the surface of each sample. The BET surface area, total 
pore volume and average pore diameter of the samples 
were measured by the N2 adsorption/desorption technique 
at –196oC using a gas adsorption analyzer (BEL Japan, 
BELSORP-mini II). Prior to the analysis, the samples 
were degassed under a fl ow of air with a temperature 
of 120oC for 2 h. The functional groups existing on the 
surface of the samples were compared by the Fourier 
transform infrared (FT-IR) spectroscopy in the range of 
4000–400 cm–1 using a spectrometer (Bruker, Tensor 27). 
The surface morphology of the samples was also studied 
by the scanning electron microscopy (SEM) analysis using 
an electron microscope (TESCAN, MIRA3).

Table 1. The morphology, the BET surface area, the total pore volume and the average pore diameter of the gamma-Al2O3 na-
noparticles

Figure 1. The scheme of the electrospinning equipment
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Batch adsorption study
Adsorption experiments were conducted by contacting 

the adsorbent (0.1 g) with aqueous solutions containing 
Pb (II) ions (50 mL) at fi ve different initial concentra-
tions (50, 100, 150, 200 and 250 mg/L) in a series of 
100-mL Erlenmeyer fl asks. The fl asks were shaken at 
200 rpm and at 25oC in a thermostatic shaking incubator 
for 24 h. It should be noted that the initial pH value 
of solutions was not adjusted. After 24 h, the adsorbent 
was separated from the liquid phase by a piece of fi lter 
paper and the remaining concentration of Pb (II) ions 
was subsequently measured using a fl ame atomic absorp-
tion spectrometer (Shimadzu, AA-670). The equilibrium 
capacity of the adsorbent at each initial concentration 
of Pb (II) ions can be calculated as below:
Equilibrium adsporption effciency  (2)

 (3)

In Eqs. (1) and (2), C0 (mg/L) is the initial concentra-
tion of Pb (II) ions, Ce (mg/L) is the equilibrium con-
centration of Pb (II) ions, qe (mg/g) is the equilibrium 
adsorption capacity, V (L) is the solution and M (g) is 
the mass of the adsorbent used.

RESULTS AND DISCUSSION

Equilibrium adsorption isotherm
Our preliminary experiments indicated that the adsorp-

tion capacity of the electrospun ethyl cellulose fi bers 
for the removal of Pb (II) ions from aqueous solution, 
compared to that of the electrospun gamma-Al2O3 
nanoparticles/ethyl cellulose, is too low. In fact, our stud-
ies showed that, under the conditions mentioned earlier, 
the equilibrium capacity of the electrospun gamma-Al2O3 
ranges between 1.030 and 6.013 mg/g with the increase 
in the initial concentration of Pb (II) ions from 50 to 
250 mg/L, while the equilibrium capacity of the electro-
spun gamma-Al2O3 nanoparticles/ethyl cellulose lies in 
the range of 9.385–62.05 mg/g with the increase in the 
initial concentration of Pb (II) ions from 50 to 250 mg/L. 
Accordingly, the equilibrium adsorption isotherm studies 
were just carried out by the electrospun gamma-Al2O3 
nanoparticles/ethyl cellulose. Figure 2 illustrates the effect 
of the initial concentration of Pb (II) ions on the equi-
librium adsorption effi ciency. Since both numerator and 
denominator in Eq. (1) change as the initial concentration 
changes, there is not any rational relationship between 
the values of the equilibrium adsorption effi ciency and 
the values of the initial concentration. 

The experimental data were fi tted to the Langmuir, 
Freundlich, Dubinin-Radushkevich and Temkin isotherm 
models (Eqs. (3)–(6), respectively)34:

 (4)

 (5)

 (6)

 (7)

In equations above, qe (mg/g) is the equilibrium adsorp-
tion capacity, Ce (mg/L) is the equilibrium concentration 
of Pb (II) ions, qL (mg/g) is the Langmuir adsorption 
capacity, KL (L/mg) is the Langmuir isotherm constant, 
KF (mg(1–1/nF) L(1/nF)/g) is the Freundlich isotherm constant, 
nF is the Freundlich isotherm intensity, qD-R (mg/g) is the 
Dubinin-Radushkevich adsorption capacity, KD-R (mol2/
kJ2) is the Dubinin-Radushkevich isotherm constant, bT 
(kJ/mol) is the Temkin isotherm constant, AT (L/mg), 
Rg (8.314 J/mol K) is the universal gas constant and T 
(K) is the absolute temperature.

Figure 3 illustrates the experimental adsorption data 
and also the equilibrium isotherms predicted by the abo-
ve-mentioned models. As Fig. 3 shows, the equilibrium 
adsorption capacity is directly proportional to the initial 
concentration of Pb (II) ions. To restate, the equilibrium 
adsorption increases as the initial concentration increases, 
which is due to the increase in the mass driving force in 
the adsorption medium as the initial concentration incre-
ases. The mass driving force increases as the difference 
between the concentration of adsorbate species in the 
solution and those removed increases. The rise in the 

Table 2. The adjustable parameters, R-square values and RMSD 
percentages for the adsorption of Pb (II) ions from 
aqueous solution onto the electrospun gamma-Al2O3 
nanoparticles/ethyl cellulose

Figure 2. The effect of the initial concentration of Pb (II) ions 
on the equilibrium adsorption effi ciency
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mass driving force allows more Pb (II) ions to diffuse 
from the liquid phase into adsorbent structure, leading 
to higher adsorption capacities35. According to Alberti 
et al.36, the experimental isotherm obtained in this study 
is phenomenologically categorized as a sigmoidal-shaped 
isotherm. This implies that the activation energy for the 
desorption of adsorbate species is concentration-depen-
dent37. Table 2 lists the adjustable parameters for each 
model, R-square values and root mean square deviation 
(RMSD) percentages calculated by the MATLAB non-li-
near least squares optimization routine. As the tabulated 
results show, the Freundlich and Dubinin-Radushkevich 
models with higher R-square values and lower RMSD 
percentages much better fi t the experimental data than 
the two other models. 

The value of nF can represent the extent to which 
an adsorption process is favourable. In general, an ad-
sorbent has good adsorption characteristics when nF is 
higher than unity38. Since nF was found to be 0.466 in 
the present study, it can be argued that the electrospun 
gamma-Al2O3 nanoparticles/ethyl cellulose is not a highly 
effi cient adsorbent for the removal of Pb (II) ions from 
aqueous solution, however, being much more effi cient 
than ethyl cellulose fi bers. 

Using the following equation, one can also calculate 
the value of mean free energy in an adsorption process 
(E (kJ/mol)), which is defi ned as the energy needed 
for removing each adsorbate species from its location 
to infi nity34:

 (8)

The value of E lies between 8 and 16 kJ/mol when 
chemisorption dominates the process, while it is lower 
than 8 kJ/mol when physisorption is dominant. In the 
present study, the value of E is approximately 0.003 kJ/
mol. This suggests that the adsorption of Pb (II) ions 
from aqueous solution onto the electrospun gamma-
-Al2O3 nanoparticles/ethyl cellulose occurs physically39. 
Table 3 lists the adsorption capacity of the electrospun 
gamma-Al2O3 nanoparticles/ethyl cellulose for the remo-
val of Pb (II) ions from aqueous solution based on the 

Dubinin-Radushkevich model with that of some other 
adsorbents used in earlier researches in recent years40–47.

Characterization studies
Figures 4 (A) and (B) illustrate the contact angle 

between a droplet of water and the surface of the 
electrospun ethyl cellulose fi bers and gamma-Al2O3 
nanoparticles/ethyl cellulose, respectively. As can be 
seen, adding gamma-Al2O3 nanoparticles to the ethyl 

Table 3. The adsorption capacity of the electrospun gamma-
Al2O3 nanoparticles/ethyl cellulose and some other 
adsorbents used in other studies for the removal of 
Pb (II) ions from aqueous solution

Figure 3. The equilibrium data and theoretical isotherms for 
the adsorption of Pb (II) ions from aqueous solution 
onto the electrospun gamma-Al2O3 nanoparticles/
ethyl cellulose

Figure 4. The contact angle between a water droplet and the 
surface of: (A) the electrospun ethyl cellulose and 
(B) the electrospun gamma-Al2O3 nanoparticles/ethyl 
cellulose
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in the FT-IR spectrum of gamma-Al2O3 nanoparticles 
correspond to stretching and bending vibrations of –OH 
groups, respectively54, 55. As mentioned earlier in the intro-
duction, the main mechanism in the adsorption of Pb (II) 
ions onto the electrospun gamma-Al2O3 nanoparticles/
ethyl cellulose is thought to be the attraction between 
surface –OH groups and Pb (II) ions in the liquid pha-
se. As Fig. 5 (B) depicts, these bands also exist on the 
surface of the electrospun gamma-Al2O3 nanoparticles/
ethyl cellulose, however they overlap similar bands in 
the FT-IR spectrum of the electrospun ethyl cellulose. 
The peak at about 3400 cm–1 in the FT-IR spectrum of 
the electrospun ethyl cellulose is associated with intra 
and/or intermolecular vibrations of –OH groups on the 
chains of ethyl cellulose, while the peak at 1600 cm–1 
results from C=O and C=C stretching vibrations56, 57. 

The SEM images of the electrospun ethyl cellulose and 
gamma-Al2O3 nanoparticles/ethyl cellulose are displayed 

cellulose solution decreases the contact angle of the 
fabricated sample by about 19 degrees. By defi nition, 
the higher the contact angle, the more permeable the 
sample is to water. Therefore, the electrospun gamma-
-Al2O3 nanoparticles/ethyl cellulose is more permeable 
to water, thereby being more effi cient for the adsorption 
of Pb (II) ions from aqueous solution.

Figures 5 (A) and (B) illustrate the N2 adsorption/
desorption isotherm and the BJH pore size distribution 
for the electrospun ethyl cellulose fi bers and gamma-
-Al2O3 nanoparticles/ethyl cellulose, respectively. Ac-
cording to Sing et al.48, both samples exhibit type III 
isotherms (convex to the relative pressure axis) which 
are characteristic of mesoporous adsorbents49, 50. The 
pore size distribution of the electrospun gamma-Al2O3 
nanoparticles/ethyl cellulose reveals that pores in this 
sample are distributed less broadly (or more uniformly 
in size) than those in the electrospun ethyl cellulose51–53. 
The BET surface area, total pore volume and average 
pore diameter of each sample are given in Table 4. It 
is obvious that adding gamma-Al2O3 nanoparticles to 
the ethyl cellulose solution increases the BET surface 
area, total pore volume and average pore diameter of 
the fabricated sample.

Figure 6 displays the FT-IR spectrum of the electro-
spun ethyl cellulose and gamma-Al2O3 nanoparticles/
ethyl cellulose and also gamma-Al2O3 nanoparticles. The 
absorption bands at about 3400 and 1600 cm–1 observed 

Table 4. The BET surface area, total pore volume and average 
pore diameter of the electrospun ethyl cellulose and 
gamma-Al2O3 nanoparticles/ethyl cellulose

Figure 5. The N2 adsorption/desorption isotherm (on the left) and the BJH pore size distribution (on the right) of: (A) the elec-
trospun ethyl cellulose and (B) the electrospun gamma-Al2O3 nanoparticles/ethyl cellulose
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in Fig. 7 at three different magnifi cation levels (500 x, 
5.00 kx and 10.0 kx). From Fig. 7, it is clear that the 
morphology of the electrospun ethyl cellulose signifi can-
tly different from that of the electrospun gamma-Al2O3 
nanoparticles/ethyl cellulose. Indeed, the electrospun 
ethyl cellulose has a fi brous morphology, while the 
surface of the electrospun gamma-Al2O3 nanoparticles/
ethyl cellulose is irregular in shape.

CONCLUSIONS

In the present work, ethyl cellulose, as a biocompati-
ble polymer, was used in order to prepare an effi cient 
adsorbent via electrospinning method for the batch 
removal of Pb (II) ions, one of the most hazardous 
contaminants for human health, from aqueous solution. 
Adding gamma-Al2O3 nanoparticles to the ethyl cellulose 
electrospinning solution showed a remarkable increase 
in the adsorption capacity of the prepared adsorbent 
for the removal of Pb (II) ions. This shows that these 
nanoparticles might be useful in the preparation of other 
types of polymeric adsorbents and membranes used for 
the removal of heavy metal ions or other pollutants which 
are ionized into positive form in aqueous medium. The 
electrospun gamm-Al2O3 nanoparticles/ethyl cellulose 
with a relatively high adsorption capacity compared 
with other adsorbents which need complex procedures 
to be prepared can be used as membranes in purifying 
wastewaters in both batchwise and continuous modes. 
The adsorbent prepared in this study might also be used 
as the substrate for preparing adsorbents which can 
be used in adsorption/photocatalytic hybrid separation 
processes after being modifi ed by photocatalytic nano-
structured materials 
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Figure 6. The FT-IR spectra of the electrospun ethyl cellulose, 
the electrospun gamma-Al2O3 nanoparticles/ethyl 
cellulose and gamma-Al2O3 nanoparticles

Figure 7. The SEM images of: (A, B and C) the electrospun ethyl cellulose (500 x, 5.00 kx and 10.0 kx) and (D, E and F) the 
electrospun gamma-Al2O3 nanoparticles/ethyl cellulose (500 x, 5.00 kx and 10.0 kx)
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