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ABSTRACT

Ribbon-like porous cellulose acetate (CA) ultrafine fibers with diameter of 0.94 ± 0.36 μm
and pore size of 52 × 98 nm were prepared by electrospinning. The adsorption properties of
Cu2+ on porous CA ultrafine fibers were studied. The maximum removal efficiencies of
Cu2+ on CA membrane (MCA), CA ultrafine fibers (FCA), and porous CA ultrafine fibers
(PFCA) were 19.1, 70.8, and 88.6%, respectively. This was attributed to the formation of
nanoporous structure on the fibers surfaces, which increased the special surface area from
4.33 to 56.57 m2/g. The adsorption data followed the Langmuir and Freundlich models.
But the Langmuir model had better correlation at different temperatures. Based on the
thermodynamic parameters, including ΔG˚, ΔH˚, and ΔS˚ calculated, the negative values of
ΔG˚ indicated that the adsorption of Cu2+ on PFCA was spontaneous and thermodynami-
cally favorable. The positive values of ΔH˚ demonstrate that the adsorption process
belonged to endothermic nature, and revealed that high temperature is more beneficial for
adsorption than low temperature. The positive value of ΔS˚ indicated that the randomness
at the solid/solution interface with some structural changes in both the adsorbates and
adsorbents during the adsorption process increased.
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1. Introduction

Water pollution due to toxic heavy metals, such as
cadmium, chromium, cobalt, copper, nickel, and mer-
cury caused by industries and agricultural sources is
one of the most serious environmental and public
problems [1–3]. The contamination of water caused by
heavy metals is a serious environmental problem due
to their toxicity, persistency, and bioaccumulation
tendency in nature. Therefore, it is necessary to take

effective strategies to remove heavy metal ions from
different effluents.

Various methods are available for removing heavy
metals from aqueous solutions, including reverse
osmosis [4], chemical precipitation [5], chemical oxida-
tion/reduction [6], membrane separation processes [7],
and ion-exchange [8]. Furthermore, some of these
methods generate secondary pollutants, the disposal
of which is an additional burden on the techno-
economic feasibility of treatment procedures. These
constraints have caused researchers to search for a
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simple, relatively low-cost, and effective method of
removing heavy metals from wastewater. Adsorption
is generally preferred for heavy metal ion removal
due to its availability of different adsorbents, high
efficiency, easily handling, reversibility, and possible
low-cost. The main requirement for adsorbents is a
low-cost/benefit ratio.

Electrospinning is a simple and versatile method
for fabricating continuous fibers with diameters rang-
ing from micrometers to several nanometers. The sim-
plicity of the fabrication scheme, the diversity of
materials suitable for use with electrospinning, as well
as the unique and interesting features associated with
electrospun nanofibers, all make this technique and
resultant structures attractive for a number of applica-
tions, such as reinforced materials [9,10], photocataly-
sis [11,12], sensor [13,14], adsorbent [15,16] and filter
materials [17,18], and so on.

Cellulose acetate (CA) is one of the most important
plant-derived polymers because of its wide variety of
applications [19]. Although chemically simple, cellu-
lose is a structurally complex polymer, and several
enzymes are required for the complete degradation of
this molecule [20]. Moreover, CA can be usually used
to treat wastewater as polymer materials. For example,
native cellulose fibers were surface modified by poly
(N,N-dimethyl aminoethyl methacrylate) (PDMAEMA)
to generate an anion adsorbent, which had high effi-
ciency in removal of F�, AsO�

2 , and AsO�
4 from aque-

ous solutions, even at low initial concentrations. Tian
et al. [21] had prepared cellulose acetate nanofibers
membrane with a diameter of 0.5–1.5 μm by electros-
pinning and surface modification with poly(metha-
crylic acid) (PMAA). The adsorption of heavy metal
ions Cu2+, Hg2+, and Cd2+ on this membrane was
investigated. However, nanoporous structure cellulose
acetate prepared by electrospinning for the adsorption
of copper(II) ion had been rarely reported.

In this work, nanoporous structure CA fibers mem-
branes were fabricated by electrospinning. The
adsorption behaviors of nanoporous CA fibers mem-
branes were evaluated by measuring the adsorption of
Cu2+. Subsequently, the adsorption equilibrium was
simulated using the Langmuir and Freundlich iso-
therm models. The thermodynamic parameters were
also well calculated and discussed in the system.

2. Experimental

2.1. Materials

N,N-dimethylformamide (DMF) and Dichlorometh-
ane (DCM) were purchased from Sinopharm Chemical

Reagents Co., China. Then 1,000mg L−1 of Copper(II)
standard solution (Sinopharm Chemical Regent Co.,
China) was diluted by distilled water into work solu-
tions described in the following experiments. Cellulose
acetate (CA) with degree of substitution (DS) of 2.45
and an Mw of 3.0 × 104 was obtained from Sigma-
Aldrich. All other chemicals were used as received.

2.2. Preparation of nanoporous CA fibrous membranes

CA spinning solutions of 12 wt.% were prepared
by adding 0.5 g CA into 1:4 (v/v) acetone/DCM sol-
vent mixtures, followed by magnetic stirring at ambi-
ent temperature. Spinning solution of 10mL was
immediately loaded into a plastic syringe equipped
with 18-gauge stainless steel needle. The feeding rate
was 20 μL/min monitored by a syringe pump (TS2-60,
Longer Precision Pump Co. Ltd, Baoding, China). An
electrode was clamped on the spinneret (stainless steel
needle) and connected to a power supply (DW-P303-
IAC, Tianjin Dongwen High Voltage Plant, China). A
grounded counter electrode was connected to a collec-
tor aluminum foil, which was placed 10 cm away from
the orifice. The applied voltage was kept at 10 kV.
Nanoporous structure CA fibrous membranes on the
grounded collector were collected, and then dried in a
vacuum oven at 50˚C for 5 h. Nanoporous structure
CA fibrous membranes were coded as NPCA.

In comparison to NPCA, the non-porous CA fibrous
membranes were prepared as follows: 12 wt.%
CA-spinning solutions were prepared by adding 0.5 g
CA into 1:2 (v/v) DMF/acetone solvent mixture. The
non-porous CA fibrous membranes (coded as FCA)
were fabricated by electrospinning (the method
described above). The CA membranes (coded as MCA)
were fabricated by casting method using 12 wt% CA
solutions dissolved in 1:2 (v/v) DMF/acetone.

2.3. Adsorption experiments

5.0 mg L−1 Cu2+ was prepared by directly dissolving
CuSO4 in deionized water. The pH of the solutions was
4.0, adjusted by dilute NaOH and HCl aqueous solu-
tions. The adsorption experiments were carried out by
suspending 100mg of PFCA, MCA, and FCA, respec-
tively, in 50mL solution of 5.0 mg L−1 Cu2+ at 25˚C,
under continuous magnetic stirring. The amount of the
adsorbed Cu2+ was determined by measuring the con-
centration of the Cu2+ in the solution. The percentage of
Cu2+ removal η (%) and adsorption capacity qe (mg/g)
was calculated by Eqs. (1) and (2) as follows:
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g ¼ ðC0 � CeÞ
C0

(1)

qe ¼ VðC0 � CeÞ
m

(2)

C0 and Ce: initial and equilibrated concentrations of
Cu2+ (mg L−1), respectively; V: the volume of the aque-
ous solution (L); m: the mass of adsorbent (g).

The concentrations of metal ions were measured
through a ternary-complex method, the details are as
follows [22]: Cu2+, Rhodamine B, and KI could form
negative complex ions, which had the special absorp-
tion wavelength around 590 nm. The intensity of
absorption peak (located at 592 nm) can be used to
represent the concentration of Cu2+. The concentra-
tions of Cu2+ were measured by ultraviolet–visible
(UV–vis) spectroscope (Lambda 850, PerkinElmer). So
a standard curve was firstly drawn by measuring the
intensity of the absorption peaks of the negative com-
plex ions with known Cu2+ concentrations. And when
the absorption peak intensities of the negative com-
plex ions were measured, the concentrations of Cu2+

can be calculated through comparison with the corre-
sponding standard curves.

Regarding the isotherm experiments [23], a series
of adsorbents with 20, 40, 60, 80, and 100mg were,
respectively, added to 5.0 mg L−1 of 50mL Cu2+

solution at pH 4.0 under continuous magnetic stir-
ring and constant reaction time of 90min throughout
the adsorption experiment. The experiments were
conducted at different temperatures of 25, 35, and
45˚C. Both the Langmuir and the Freundlich models
could perform the experimental data conducted.

2.4. Characterization of morphology and structure

The viscosity was measured with a rotational
viscometer (NDJ-1, Shanghai Precision and Scientific
Instrument Co., China) at 25˚C. Electrical conductivity
was measured with an electric conductivity meter
(G series, CM40G, TOA Electronics, Japan). The
diameter and morphology of specimens were
observed on SEM (JSM-7500LV, JEOL) Specimens
were sputter coated with platinum before SEM obser-
vation. The diameter and pore size were measured by
the SEM software Smile-view (version 2.0, JEOL). The
porosity and specific surface areas were characterized
by N2 adsorption–desorption isotherm analysis
(Micromeritics ASAP2020 apparatus at 77 K).

3. Results and discussion

Fig. 1(A) shows SEM of non-porous CA fibrous
membranes (FCA) prepared by electrospinning 12
wt.% CA solutions using 1:2 (v/v) DMF/acetone as
solvent. Relative smooth and round fibers with diame-
ters of 0.48 ± 0.10 μm were obtained. Liu and Tang [24]
reported cellulose acetate fibrous membranes with
smooth surface prepared by electrospinning of cellu-
lose acetate in solvent mixture N, N-dimethylacet-
amide (DMAc)/acetone. This result was in agreement
with this work. Fig. 1(B) shows SEM of CA mem-
branes (MCA) with a smooth surface prepared by tape
casting. A mass of similar behavior was observed in
membranes obtained by tape casting.

Non-porous CA fibrous membranes were obtained
using 1:2 (v/v) DMF/acetone as solvent. This attrib-
uted that the boiling point of DMF/acetone (Tb=
88.3˚C) was high. Since solvent evaporation was slow,
as the jet arrived before collector, a bigger temperature
gradient between the surface of the jet and the bulk
was not obtained. Therefore, the non-porous fibers
were obtained when the solvent completely volatil-
ized. Based on the above reasons, in order to obtain
nanoporous structures CA fibrous membranes, the
highly volatile acetone/DCM (Tb= 42.4˚C) mixture sol-
vent was used instead of 1:2 (v/v) DMF/acetone.
Fig. 2(A) shows the SEM of nanoporous structure CA
fibrous membranes (NPCA) with a diameter of 0.94 ±
0.36 μm (Table 1). The viscosity and conductivity of
CA-DMF/acetone (1:2) solution were 0.10 Pa s and
10.23 μs/cm and of CA-acetone/DCM (1:4) solution,
0.18 Pa s and 6.30 μs/cm. Therefore, 1:4 (v/v) acetone/
DCM mixture solvent yielded thicker CA fibers
because of the less stretching of the jet since these
solutions have high viscosity and low conductivity
values. In addition, ribbon-like fibers are formed
(Fig. 2(A,B)) by the collapse of a tube-like fiber skin
due to a rapid vaporization of solvent from the inside
of the fiber and atmospheric pressure tends to collapse
the tube formed by the skin as the solvent evaporated
[25]. The SEM images of NPCA with higher magnifi-
cations are given in Fig. 2(B). It was observed that the
nanoporous structure CA fibers with pore sizes of 52 ×
98 nm. The porous structure was due to the rapid evap-
oration of highly volatile 1:4 (v/v) acetone/DCM mix-
ture solvent and a subsequent rapid solidification of
CA polymer chains during the electrospinning process.
The fast evaporation of solvent gives rise to local phase
separation, and the solvent-rich regions transform into
pores during the electrospinning process [26].

The placement of DCM by a solvent with high
boiling point such as DMF eliminated the pore
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formation. When 1:2 (v/v) DMF/acetone solvent sys-
tem was used, we obtained smooth fibers without the
presence of porous structure (Fig. 1(A) and Table 1).
In addition, the fibers were round instead of a ribbon-
like structure. Therefore, the reason for a porous and
ribbon-like structure for CA fibers was because of the
highly volatile nature of DCM. The fiber-specific sur-
face area was increased from 4.33 (FCA) to 56.57m2/g
(NPCA) by the formation of nanoporous structure,
which was in favor of the adsorption of Cu2+.

To further understand the pore structure of NPCA,
their N2 adsorption and desorption isotherms were
measured. The typical N2 adsorption–desorption iso-
therms and pore size distributions of NPCA are

shown in Fig. 3. The insets in Fig. 3 are the corre-
sponding pore size distribution (PSD) curves, which
were derived by the Barret–Joyner–Halenda (BJH)
method. They revealed a pore size distribution cen-
tered at about 55 nm. This was in agreement with
SEM observation. In addition, the Brunauer–Emmett–
Teller (BET) analysis showed that the surface area of
the NPCA was 56.57m2/g (Table 1).

The adsorption of Cu2+ on adsorbent was studied
as a function of contact time at 25˚C and initial adsor-
bent concentration of 5.0 mg L−1. As can be seen from
Fig. 4, the adsorption of Cu2+ on MCA, FCA, and
NPCA attained an equilibrium state after 40min. The
adsorption occurred rapidly within the first 10min,

Fig. 1. SEM images of (A) FCA prepared by electrospinning and (B) MCA prepared by tape casting.

Fig. 2. (A) SEM images of NPCA and (B) Magnification of A.

Table 1
Morphology and BET of the adsorbent

Adsorbent Morphology Diameter (μm) Pore size (nm) BET (m2/g)

MCA Smooth membranes – – 0.0029
FCA Round fibers 0.48 ± 0.10 – 4.33
NPCA Ribbon-like fibers with nanoporous 0.94 ± 0.36 52 × 98 56.57
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which is probably due to the abundant availability of
active site, such as hydroxyl group chemically rapidly
to combine with Cu2+. The adsorption rate decreased
with increasing adsorption time and gradually
achieved equilibrium. The maximum removal efficien-
cies of Cu2+ on MCA, FCA, and NPCA were 19.1,
70.8, and 88.6%, respectively. The increase in removal
efficiency (NPCA) was certainly attributed to the
formation of nanoporous structure on the fibers
surface, which increased the special surface area.

Fig. 5 shows the amount of Cu2+ adsorbed on
NPCA as a function of the equilibrium concentration

of Cu2+ from aqueous solution. It was shown that the
amount of adsorbed Cu2+ increased with the increase
of the equilibrium concentration at different tempera-
tures. The maximum adsorption capacity of the NPCA
was 27.85mg/g at 318 K. The adsorption data were
analyzed by Langmuir and Freundlich models.

The Langmuir isotherm is expressed as follows
[27, 28]:

Ce

qe
¼ 1

qmaxb
þ Ce

qmax
(3)

qe (mg g−1): the equilibrium Cu2+ concentration on the
adsorbent, Ce (mg L−1): the equilibrium Cu2+ concen-
tration in solution, qmax (mg g−1): the maximum
adsorption capacity corresponding to complete mono-
layer adsorption and b (Lmg−1): the Langmuir adsorp-
tion constant.

The Freundlich isotherm is expressed as follows
[29]:

ln qe ¼ ln kf þ 1

n
lnCe (4)

qe (mg g−1): the equilibrium Cu2+ concentration on the
adsorbent, Ce (mg L−1): the equilibrium Cu2+ concen-
tration in solution, Kf (L/mg) and n are the Freundlich
constants that can be related to the adsorption capac-
ity and the adsorption intensity, respectively.

The experimental data were fitted onto Langmuir
and Freundlich models as illustrated in Fig. 6. The
values of isotherm constants and correlation coeffi-
cients (R2) are presented in Table 2. The maximum

Fig. 3. Nitrogen adsorption and desorption isotherms mea-
sured at 77 k for NPCA with the insert showing the pore
size distribution curves calculated from the adsorption and
desorption branches.
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Fig. 4. The removal efficiency of Cu2+ from aqueous solu-
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at different temperatures.
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theoretical adsorption capacity of the NPCA was
28.44mg/g (318 K) predicted by the Langmuir model,
and the estimated values matched well with the
experimental value (27.85 mg/g) (Fig. 5). The reference
reported that the maximum theoretical adsorption
capacities of Cu2+ for other adsorbents were in range
of 50.45–19.20 (mg/g) [3,30–32]. The result showed
that NPCA had a good ability for Cu2+ sorption.
Moreover, the R2 was about 0.999 and 0.929 for Lang-
muir and Freundlich models, respectively, which indi-

cates that the Langmuir model provided the better fit
to the experimental data [33].

The thermodynamic parameters of Cu2+ adsorption
by NPCA, such as the change of Gibbs free energy
(ΔG˚), the standard enthalpy change (ΔH˚), and stan-
dard entropy change (ΔS˚), could be calculated from
the experimental data obtained at different tempera-
tures in the range of 298–338 K. The relationship
between ΔG˚ and KD is given by the following (5)–(7)
equations[34,35]:

DG0 ¼ �RT lnKD (5)

lnKD ¼ DS0

R
� DH0

RT
(6)

KD ¼ qe
Ce

(7)

KD: the sorption distribution coefficient, T (K): temper-
ature, R (J (mol K)−1): the ideal gas constant, qe
(mg g−1): the equilibrium Cu2+ concentration on the
adsorbent, and Ce (mg L−1): the equilibrium Cu2+

concentration in solution.
The plots of lnKD vs. 103/T are shown in Fig. 7.

The values of the thermodynamic parameters are col-
lected in Table 3. As can be presented in Table 3, the
negative values of ΔG˚ at all temperatures indicated
that the adsorption of Cu2+ on PFCA was spontaneous
and thermodynamically favorable. Moreover, ΔG˚

value decrease from −2.560 to −6.701 with the increas-
ing temperature from 298 to 338 K shows that the
adsorption reaction for Cu2+ on PFCA was more spon-
taneous at high temperature, indicating that the
adsorption processes are favored in high temperature.
The positive value of ΔH˚ (20.337 kJ mol−1) demon-
strates that the adsorption process belongs to endo-
thermic nature, revealing that high temperature is
more beneficial for adsorption than low temperature.
Irani et al. [36] reported that the ΔH˚ values lie in the
ranges of 2.1–20.9 and 80–200 kJmol−1 for physical and
chemical adsorptions, respectively. Therefore, the
adsorption of Cu2+ onto the NPCA belonged to
physical adsorption. The ΔS˚, equal to 0.121 Jmol−1K−1,
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Fig. 6. Linear curve fitted in (A) Langmuir model and (B)
Freundlich model for Cu2+ adsorption by NPCA.

Table 2
Fitted parameters of Langmuir and Freundlich models

T/K

Langmuir Freundlich

R2 qmax/(mg/g) b/(L/mg) R2 n Kf (mg/g)

298 0.9994 27.40 0.226 0.9194 3.3 5.6
308 0.9996 28.11 0.237 0.9195 3.5 6.1
318 0.9996 28.44 0.228 0.9326 3.7 6.7
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indicated the increased randomness at the solid/
solution interface with some structural changes in
both the adsorbates and adsorbents during the adsorp-
tion process.

4. Conclusions

In this study, nanoporous structure CA ultrafine
fibers were prepared by electrospinning using 1:4 (v/v)
acetone/DCM as solvent used as adsorbent for remov-
ing Cu2+ from aqueous solutions. The experimental
data were fitted into Langmuir and Freundlich mod-
els, and Langmuir model provide the better fit to the
experimental data. The maximum theoretical adsorp-
tion capacities of the NPCA was 28.44mg/g, which
indicated that NPCA had a good ability for Cu2+ sorp-
tion. Thermodynamic parameters were calculated and
the results revealed that the adsorption of Cu2+ on
NPCA was spontaneous and endothermic. This study
had provided the new method to prepare nanoporous
structure electrospun fibers, which were used to treat
wastewater.
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