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Chitosan-PEQO nanofiber mats for copper removal in aqueous solution
using a new versatile electrospinning collector
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ABSTRACT

Electrospun Chitosan-Polyethylene oxide (PEO) nanofiber mats were fabricated using a new collector design.
Besides being reusable, it allows to assess the desired morphology of the mat in a quicker way. To test its
efficiency, nonwoven mats designed for water treatment applications were prepared using conditions never
been reported before. Under these conditions, continuous and flawless nanofibers of 151£36 nm in diameter
were achieved. Adsorption capacity of the mats for copper ions in aqueous solutions were investigated. Results
showed that sorption equilibrium was achieved within 150 min with a homogenous distribution of copper ions
within the nanofibrous mats. The pseudo-second order kinetic model best fitted the experimental data. The
Langmuir isotherm best described the sorption process with a maximum adsorption capacity of 124 mg/g for
trial temperatures ranging from 25 to 60 °C. Thermodynamic parameters (AG°, AH® and AS®) demonstrate that
the adsorption was feasible, endothermic and spontaneous. The desorption potential and mat’s reusability were
also studied. Results reveal that the electrospun chitosan mats can be desorbed and reused up to 5 cycles without
significant loss in adsorption performance.

Highlights

e A new collector design was developed to quickly determine process parameters to achieve appropriate
nanofiber assemblies.

e The CS-PEO electrospun mat exhibited good capacity for adsorption and desorption of copper ions in
aqueous solution.

e The nonwoven mat features a high reusability potential, which is essential for industrial water
treatment applications.

Keywords: Water purification, Chitosan electrospun nanofibers, Electrospinning collector, Copper ions
adsorption, Sorbent reusability.

1. INTRODUCTION

Water contamination, especially by toxic heavy metals, has become a major concern over the last decades
around the world [1-3]. This is particularly the case in developing and fast-growing countries where rapid
industrialization increases demand for water with clear effects on the supply of safe drinking water and access
to adequate sanitation services for the population [4]. In such cases, heavy metal wastewaters are in some way
discharged into the environment. This is a serious problem as heavy metals are not biodegradable, very toxic
and have a carcinogenic effect in living organisms where they can be accumulated [1, 5, 6]. Among them,
copper ions are frequently detected in waste streams and natural waters, since it is widely used in electrical,
machinery, semiconductor, and many other industries. Extensive studies have demonstrated that copper ions
discharged into the water can cause serious detrimental effects to human health of which mainly cirrhosis, vomit
and central nervous system-related effects [7, 8].

To limit those negative impacts, industries need to reduce their pollution loads before wastewater discharge
into the environment. Therefore, appropriate treatment technologies must be used. Numerous techniques are
available from which the adsorption process is among the most effective thanks to its simplicity, easy handling
and economic feasibility, providing high efficiency to remove heavy metals from water [6, 9]. Among the
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current adsorbents, activated carbon is extensively used because of its versatility and high adsorption capacity
owing to its wide surface area [8, 10]. However, it suffers from expensive regeneration and it possesses a high
affinity toward organic molecules, which leads to plugging of internal pores and, therefore incomplete
adsorption towards contaminants. Therefore, the search for low-cost adsorbents has intensified in recent years.
These materials are described as those usually available at free cost and abundant in nature [8].

Chitosan (CS) is the world’s third most abundant natural polymer [1]. It is produced from chitin found in the
residues of the crabbing industry. Due to the abundance and availability of this waste product, it is potentially
a cheaper solution to current adsorbents available on the market. It is also biodegradable, biocompatible and
compostable. The presence of amino and hydroxyl groups in the polymer backbone allows the chelation of
metals and their adsorption from the water phase [1, 5, 9]. Among the chitosan-based materials (nanoparticles,
gel beads, membranes, films, sponges, fibers or hollow fibers) [1], chitosan films obtained by electrospinning
are an attractive way to remove pollutants from aqueous solutions. This is mostly due to the nanometric diameter
size of the resulting fibers providing structural advantages [7, 11]. However, the optimization of the process in
this technique is time consuming. At least 10 parameters may have major effects on morphology of the material
[12]. For this reason, one of the purposes of this research is to develop an electrospun nanofiber sorbent material
using a new time-saving type of collector, which provides several advantages compared to the aluminum foil
generally used in the electrospinning system. Also, new electrospinning conditions were assessed to obtain
good nanofibrous mat’s structural properties as well as adsorption capacity toward copper ions from aqueous
solutions. Desorption trials with various eluents were also carried out to ensure the reusability of the nanofibrous
mats and estimate their potential impact for the protection of the environment.

2. MATERIAL AND METHODS
2.1 Materials.

The chitosan used at low molecular weight had a deacetylation degree of 75 to 85%. Polyethylene oxide (PEO)
was used as a co-spinning agent and its average molecular weight was Mv 900,000. Concentrated acetic acid
(99.7%) was used to dissolve the chitosan powder. Copper sulfate pentahydrate (CuSO4-5H>0) was used as a
model contaminant for adsorption testing. All chemicals were supplied by Sigma-Aldrich (USA) without
additional purification. Ethylenediamine tetraacetic acid (EDTA) powder (99% A.C.S, OMEGA chemical
company, USA) was used for the titration of copper ions in the presence of Murexide as the indicator. Sodium
carbonate (Na>CO3) was also used for nanofiber neutralization. Distilled water was used for preparing each of
the solutions.

2.2 Preparation of CS-PEO solution.

Chitosan, which is commonly dissolved in acetic acid, is known to be difficult to electrospin alone, due to its
high viscosity and surface tension. Some publications [13—15] have reported electrospinning of chitosan alone
by dissolving it in Trifluoro acetic acid (TFA) or Dichloromethane (DCM). However, these solvents, beyond
being toxic, are carcinogenic; therefore, their use is not recommended. To solve this problem, chitosan is
generally blended with PEO which is a synthetic nontoxic polymer and easily electrospinnable [16, 17].

For this reason, a solution of 1.5 w% PEO dissolved in distilled water and a solution of 2.5 w% chitosan
dissolved in acetic acid (90% v/v) were prepared individually. Both solutions were kept agitated at 23 °C for
20 h to ensure complete and homogeneous dissolution. Subsequently, these solutions were mixed at a ratio of
4:3 by weight of CS/PEO and the resulting solution was magnetically stirred for 2 h. Then, the mixture was
placed in an ultrasonic bath for 15 min to remove air bubbles. Finally, the mixture was kept at rest for 3 h before
being used in the electrospinning system.

2.3 Nanofibrous mat preparation

The polymeric solution was introduced into a 5 mL syringe fitted with a 20 Gauge (Kimble chase, Gerreshimer)
blunt stainless-steel needle. The solution was electrospun using a horizontal electrospinning set-up as shown in
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Fig. 1. The system was equipped with a programmable pump (KD scientific, model 100), a high voltage power
supply (Gamma High Voltage Research, USA) and a metallic wireframe as a new type of collector.

Electrospun CS/PEO fibers were fabricated using the following conditions:

= Voltage: 12 to 14 kV

=  Feed rate: 0.6 mL/h

= Distance between needle and collector: 12 cm
=  Needle diameter: 0.6 mm D.I.

Collector

High voltage
power supply

Syringe pump

Fig. 1 Schematic diagram of the electrospinning set-up

At the end of the electrospinning process, the nanofibrous mat was removed from the frame and dried in an
oven at 75 °C for 24 h. Then, the nanofibers were neutralized with a solution of Na,CO3 0.1M for 3 h in order
to hold their morphology in aqueous solution. The mat was then washed with distilled water until the pH of the
wash water was 6 and finally dried at room temperature [18].

2.4 Characterization of CS-PEO nonwoven mats

To study the morphology of nanofibers, images of the mat at different magnifications were taken using a JEOL-
JSM 5500 scanning electron microscope (SEM) at a voltage of 15 kV after gold coating pretreatment. The
nanofiber’s average diameter was measured using an image processing software [19] from a minimum of 100
nanofibers per sample. The dispersion analysis and the chemical quantification of the elements were carried out
by X-ray energy dispersion (EDX) Oxford instrument X-Max 20 mm?.

2.5 Batch adsorption experiments

Chitosan has a stronger ability to adsorb Cu?* from CuSO4 compared to other salts [20]. Therefore, copper
solutions at predetermined concentrations were prepared by diluting anhydrous copper sulfate in distilled water.
Subsequently, batch adsorption tests were performed to study copper adsorption by stirring 25 mg of mat sample
into 50 mL of the copper solution at 200 rpm and pH 6.0. The quantity of copper ions adsorbed was calculated
according to the following equation:

qe = (CO - Ce) % (1)



Where:

q.: Copper uptake at equilibrium (mg/g);

Co: Initial copper concentration (mg/L);

C.: Copper concentration at equilibrium (mg/L);
V: Volume of solution (L);

m: Mass of the sorbent (mg).

After equilibrium, the copper concentration remaining in the aqueous phase was determined by a titration
technique [21]. Then, the mat was rinsed with distilled water and dried at room temperature for further analyses.
All the experiments were performed in triplicate.

2.6 Kinetic analysis

Adsorption kinetic studies were carried out at room temperature with an initial concentration of 100 ppm of
copper ions. At intervals of 30 minutes, 2 mL samples were taken from the flask and the concentration of copper
was determined by titration. In order to elucidate the adsorption mechanism involved, non-linear pseudo-first
order (Eq. 2) and non-linear pseudo-second order (Eq. 3) models were used to fit experimental data as they are
the most widely tested models for the sorption of copper ions from wastewater [5, 22, 23]. The pseudo-first
order model supposes physical adsorption as the mechanism of prevalence, while the pseudo-second order
model assumes chemical adsorption.

qe = qe(1 — exp™at) ®)
_ kz‘?ezt

U= Thkyqet ®)

Where:

g.: Amount adsorbed (mg/g) at equilibrium;

g+ Amount adsorbed (mg/g) at time t (min);

k;: Pseudo first order adsorption rate constant (min™);

k>: Pseudo second order adsorption rate constant (g/g min).
2.7 Equilibrium isotherms

Equilibrium isotherms were carried out at 25 °C, 45 °C and 60 °C for initial copper concentrations ranging from
25 to 150 ppm. After 3 h, 2 samples of 2 mL were taken from the flasks and copper concentrations were
determined by titration. Preliminary trials have shown that adsorption equilibrium was achieved after 3 h. In
this work, three isotherm models were evaluated: Langmuir, Freundlich and Dubinin-Radushkevich (D-R) to
study the adsorption behavior. The Langmuir isotherm model assumes a monolayer adsorption onto a
homogeneous surface where the adsorbed molecules do not interact, and the binding sites have a uniform
affinity and energy. The non-linear expression of this isotherm is represented by Eq. (4) [24]:

Ce
e = dmkL 5 o 4)



Where:

qm: Maximum adsorption capacity (mg/g);

ki: Langmuir constant (L/mg);

q.: Equilibrium copper uptake on the adsorbent (mg/g);

C.: Copper concentration at equilibrium (mg/L).

On the other hand, the Freundlich model is based on the assumption of multilayer adsorption on a heterogeneous
surface, and the amount adsorbed increases infinitely as the concentration increases. The non-linear model can
be described by Eq. (5) [25]:

qe = kpCJ" )

Where:

n: Adsorption intensity constant;

kr: Freundlich constant (mg/g);

ge: Equilibrium copper uptake on the adsorbent (mg/g);

C.: Copper concentration at equilibrium (mg/L).

Finally, the non-linear D-R isotherm model is usually expressed as follows [26]:

9o = dp-reFe) (©)
Where:

q.: Quantity of solute adsorbed per unit mass of adsorbent (mol/g);

gp-r: Maximum adsorption capacity (mol/g);

B: Activity coefficient related to free adsorption energy (mol%/J?);

€: Polanyi's potential (J/mol) (¢ =RT In [1 + 1/ Ce]);

R: Gas constant (R = 8.314 J/mol K);

T: Absolute temperature (K);

C.: Copper concentration at equilibrium (mg/L).

This isotherm model is normally applied to determine the nature of the adsorption process by calculating the
activation energy (£) defined as the minimum energy needed for a particular adsorbate-adsorbent interaction
and can be determined accordingly to Eq. (7) [27]. This value refers to the energy needed to transfer an adsorbate
molecule to the surface of the adsorbent from infinite distance in the solution.

E= %)

If £ < 8 kJ/mol, the adsorption is rather considered as physical. Nevertheless, adsorption is presumed as
chemical if 8 kJ/mol < E < 16 kJ/mol.



2.8 Thermodynamic analysis

In order to study the spontaneity and feasibility of the process, thermodynamic parameters were determined by
calculating the values of Gibbs free energy (4G°, J mol™!), entropy change (4S°, J mol' K-!) and enthalpy change
(4H°, ] mol™") conforming to the following equations [28, 29]:

AG° = —RTIn (k.) (8)
K=& ©)
InK, = -2+ = (10)

AG° at various temperatures is determined from Eq. (8), where K. is the constant of equilibrium adsorption.
Enthalpy and entropy are obtained from the slope, AH°/R and the intercept AS°/R by plotting In K. versus 1/T
according to Van’t Hoff equation Eq. (10).

2.9 Reusability study

After sorption, CS-PEO mats were rinsed with deionized water and dried overnight at room temperature.
Desorption experiments were performed under batch conditions using various eluents and concentrations as
indicated in Table 1. After desorption, the mats were rinsed with deionized water and dried at room temperature
for subsequent adsorption/desorption cycles.

The effect of eluent pH was then studied using various EDTA-NaOH mixture ratios as shown in Table 2. From

both series of experiments, percentage recoveries of copper, as well as weight losses of mats were recorded
after soaking time.

Table 1 Desorption trials with various eluents and conditions

Eluent Concentration Ratio
M) (viv)
NaCl 4.6 -
NaOH 1 —
HCI 0.01 -
H2SO04 0.1 -
EDTA 0.00025 -
EDTA-NaOH 0.001/1 1:0.0028
EDTA-HCI 0.001/0.5 1:0.0028

Table 2 Experimental conditions used to prepare mixture ratios of EDTA-NaOH to achieve targeted pH.

Test VNaoH Ratio pH
(uL) (V)

1 35 1:0.0007 6.5

2 70 1:0.0015 7

3 105 1:0.0021 7.5

4 140 1:0.0028 8

5 175 1:0.0035 8.5

EDTA conc.: 0.0001M; NaOH conc.: 1M; Volume EDTA: 50 mL



3. RESULTS AND DISCUSSION
3.1 Preparation of CS-PEO nonwoven nanofibrous mats

A typical electrospinning set-up contains a syringe, a high voltage power supply, and an aluminum foil as a
collector. The syringe is filled with the polymeric solution which is then pushed out using a pump at a controlled
rate. In order to create an electric field, the metallic needle of the syringe must be connected to a high voltage
power supply along with the grounded collector where the nanofibers will be deposited during the
electrospinning process. When it is a question of manufacturing a new nanofiber membrane or an existent
membrane under different conditions, the optimization process of the parameters must be clearly first carried
out. During this stage, it is very common to observe the formation of -solid particles (caused by electrospraying)
or a combination of particles and fibers (electrospraying/electrospinning effect) before achieving continuous
and flawless fibers which will further form a nonwoven mat (Fig. 2). However, these two electrohydrodynamic
processes cannot be easily distinguished at naked eye as both lead into a nano-morphological material. Thus,
every time a material is produced, the use of an eclectronicthe microscope is essential to determine the
morphology obtained. This is a time-consuming and expensive process. For this reason, we have designed a
new collector in the form of a metallic wire-frame that allows to identify in a faster way the morphology of the
collected material; particles, fibers or particles/fibers (Fig. 3). Since the central part of the wire-frame collector
is empty, if an electrospraying process occurs, the charged particles will be pulled into the electric field towards
the metallic part of the collector and therefore deposited only over the frame as shown in Fig. 3a. On the
contrary, when an electrospinning process takes place, a nanofiber web starts to build up at the corners of the
frame due to the larger surface area in there, which leads to the build-up of surface charges (Fig. 3b). The
deposition process will continue until a mesh covers completely the empty space within the frame as a “spider’s
web” as shown in Fig. 3c. Furthermore, this collector also allows to quickly identify if a combination of an
electrospraying/electrospinning process is occurring since even if some nanofibers are deposited, the particles
can break them, preventing or reducing the formation of the mat.

Hence, this new collector system is providing several advantages compared to the standard aluminum foil
generally used in electrospinning set-up. The most important advantages are its reusability, an easier mat
recovery process using a simple cutter, and a faster way to determine the morphology of the collected material.

Fig. 2 Polymeric solution electrodeposited over an aluminum foil with three different morphological
possibilities having the same appearance at naked eye



Fig. 3 Effect of Electrospraying (a) and Electrospinning at the beginning of the process (b) and at the end (c),
using the wire-frame collector

3.2 Characterization of CS-PEO nonwoven nanofibrous mats

The morphological characteristics of CS/PEO electrospun mat and the nanofiber’s diameter size distribution
are presented in Fig. 4a and 4b, respectively. The SEM image shows uniform and continuous nanofibers with
an average diameter of 151 £+ 36 nm. This relatively small diameter should provide a high specific surface area,
with more NH> groups on the surface. If those groups are available for copper ions, a high adsorption capacity
is expected.
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Fig. 4 (a) Scanning electron micrograph and (b) diameter distribution of native CS/PEO electrospun nanofibers
(4:3 ratio blends)

Fig. 5 shows a SEM micrograph of the nonwoven mat after sodium carbonate treatment. Obviously, the surface
structural appearance of the mat has changed. The sodium carbonate treatment appears to result in a loss of
well-defined nanofiber structure. This behavior has been previously reported by other authors [30, 31]. The
change in appearance is believed to be a consequence of a dissolution of the amine salts formed by the chitosan
and its solvent (NH3*CH3COQ- in our case) which cause the whole structure collapse.



Fig. 5 SEM image of collapsed nanofibers after washing with Na,CO;

Fig. 6a shows a typical EDX spectrum for a CS/PEO nanofibrous mat sample after copper ions adsorption. A
copper peak is observed indicating the existence of copper ions. The sulfur peak appears due to the copper
sulfate used to prepare the copper solutions for the adsorption trials. Fig. 6b also presents a typical EDX
mapping of the copper loaded CS-PEO mat that clearly shows the homogenous distribution of sorbed copper.

Cu Lal,2

Fig. 6 A typical energy dispersive (a) spectrum of Cu (II) ions loaded with CS-PEQ; (b) mapping image showing
the distribution of copper signals on the surface

3.3 Copper adsorption Kinetics

The effect of contact time on Cu?* sorption capacity is presented in Fig. 7. Results show that the adsorption rate
was fast in the initial stages of the process, where most of the adsorption occurs in approximately the first 30
min. The rate gradually decreased later on the way towards equilibrium where the maximum adsorption is
achieved within 150 min (96mg/g) and the adsorption capacity does not change anymore with time. This means
that all the available sites of adsorbent are saturated. For that reason, for further analysis, 150 min is established
as equilibrium time of copper sorption.
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Fig. 7 Adsorption kinetic of copper ions onto the CS/PEO electrospun mat at room temperature

Two reaction models were used to interpret experimental data: Pseudo-first and pseudo-second order models.
The kinetic parameters for both models were obtained by non-linear regression using OriginPro 8.5.1 software,
and results are presented in Table 3. Although relatively high R? values for both pseudo-first order and pseudo-
second order resulted, the pseudo-second order model best fitted the experimental data. This suggests that the
rate-limiting step of Cu®* ions depends mainly on the chemical adsorption, and electron sharing and exchange
occurred between the adsorbent and the adsorbate [32]. A similar behavior was observed by [27, 33] and on
other chitosan derivatives adsorbents [34-36]. However, according to the literature [18, 33], the plots of the
first-order equation are only suitable in the first stage (20 to 30 minutes) of interaction and not for the entire
range of contact times.

Table 3 Summary of kinetic models’ parameters for the adsorption of copper ions onto CS/PEO nanofibrous

mats
Experimental Pseudo first order model Pseudo second order model
qexp k] qe R2 k2 qe R2
(mg/g) (min™) (mg/g) (g/g min) (mg/g)
96.19 0.0488 94.85 0.9975 0.0009 101.40 0.9995

3.4 Adsorption isotherms and thermodynamic parameters

Fig. 8 shows Langmuir, Freundlich and Dubinin-Radushkevich isotherms nonlinear model fittings at 25 °C, 45
°C and 60 °C, respectively. Table 4 presents the values of corresponding isotherm parameters, including the
correlation coefficients (R?) of each model. As it can be seen, the curves have an L-shape (Langmuir) type, in
which the curves are concave upwards; it takes into account that the higher the solute concentration, the greater
the adsorption capacity until the adsorbent becomes covered [33, 37]. Results show that copper adsorption
slightly increases with temperature, which suggest that the rise of temperature favors the adsorption efficiency
of copper ions.

10



100 |

80 |

00+

80 |

) ‘B
T BOL W Bf S
«_5- ; m Experimentl GRT=15C = ; w Emperimenzl &g T=55
= oY —Langanir isofrern T=25°C & ol — Freundiich otherm T=25%
w Experimentsl dois T=I5C P # Expermentsl etz T=15C
: - - -Lengeir sotherm T=45C — — -Frandlichisotam T=45C
a0 |2 & Exparimental doi T=R0°C 20 & Experipentsl dets T=R0°C
b - LememuirisothernT=80°C( | | ] e Freundlich i sothesn T=807C
:| 1 1 1 1 1 1 :| 1 1 1 1 1 ]
0 20 40 &0 20 100 120 0 20 ) 0 0 00 [
Ce{mglL) Ce(mglL)
20
00
20|
W
o 80
= @ B Experimantldek T=25C
B ol T » Experimengldee T=H571
_;r’ 4 Experimentlde T=0T
; — DR isotam T=25C
I - — -DR isotharm T=45C
i - DR isotam T=60C
0

a 20 40 ] 80 100 120
Ce(mgL)

Fig. 8 Non-linear fitting of experimental data by (a) Langmuir, (b) Freundlich, and (c) Dubinin-Radushkevich
isotherm models at 25 °C, 45 °C and 60 °C

Table 4 The three isotherms model parameters for metal adsorption onto CS-PEO adsorbent

Freundlich Langmuir D-R
T Kr n R? Gmax K R? qpR Bor E R?
(°C)  (mg/g) (mg/g) (L/mg) (mg/g)  (mol*J%) (kJ/mol)
25 24361 3.032 09756 124.01 0.061 0.9914 9556 8.8E-06  0.238 0.8980
45  30.581 3.424 09719 124.41 0.085 0.9823 110.69 2.6E-05 0.138 0.7790
60 34779 3.680 0.9802 125.16 0.115 0.9802 11451 23E-05 0.145 0.7808

The correlation coefficient parameters demonstrate that Langmuir isotherm model is best fitting experimental
data with R? values ranging from 0.98 to 0.99. Freundlich isotherm is also fitting data correctly with R? values
slightly lowered than values for Langmuir. Such closed correlation coefficients suggest that both monolayer
sorption and heterogeneous surface conditions may coexist under these experimental conditions. D-R isotherm
was the least appropriate model to describe experimental data with the lowest R? values at every temperature
studied. Sine Langmuir isotherm is best fitting experimental data; it is then possible to determine the feasibility
of the adsorption process using the dimensionless constant separation factor (Rr) which is specified as [38]:

1
1+KCo

L

(1)
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Where Cy (mg/L) is the initial copper ions concentration. The value of R; indicates the type of isotherm that is
either unfavorable (R; > 1), linear (R, = 1), favorable to chemisorption (0 < R; < 1) or irreversible (R, = 0). In
this study, the value of R; for copper sorption by CS-PEO mat varied from 0.0805-0.7283. Therefore, this result
indicates the favorability of the copper ion sorption on the current adsorbent.

Regarding the D-R model, the calculated free adsorption energy for adsorption (E) was below 8 kJ/mol for all
temperature studied as can be seen in Table 4. These results indicate that the adsorption mechanism of copper
ions by the nanofiber mat is rather physical. However, the D-R model does not fit the data well with the lowest
R? values compared to Langmuir and Freundlich models.

Thermodynamic parameters such as the Gibbs free energy, enthalpy change, and entropy change are provided
in Table 5. The negative values of AG® for all temperatures indicate as expected a spontaneous process and
thermodynamically favorable.

Table 5 Parameters acquired from the adsorption data thermodynamic analysis

T K. AG° AH® 48°
©C) (kJ/mol) (kJ/mol) (kJ/mol K)
25 8.1141 -5.1896
45 12.077 -6.6933
17.658 0.0763
60 18.164 -8.0308

Furthermore, the numerical value of 4G° was more negative when the temperature increment. This indicates
that the Cu?" sorption is more spontaneous at higher temperature, suggesting that the quantity adsorbed at
equilibrium increased with increasing temperature. The positive value of AH® is a proof of the endothermic
nature of the sorption process. One possible interpretation of this in terms of enthalpy is that ions such as Cu
(IT) are completely solvated in water. When these copper ions are about to be adsorbed, a part of their hydration
sheath must be lost, which requires energy [39]. This dehydration energy replaces the exothermic degree of the
copper ions being tied to the surface. The value of 45° comes out as positive, showing that after the adsorption
process of Cu?" ions, more randomness is generated at the solid-solution interface during the adsorption. The
positive entropy also suggests that the adsorption process is irreversible [40, 41].

3.5 Desorption studies

To date, the desorption of heavy metals from chitosan sorbent materials has not been widely investigated. There
is thus a need to develop suitable approaches to supply chitosan sorbent materials with reusability feature. At
present, solutions of H,SO4, HCI, NaCl, EDTA, HNOs and NaOH as eluents have been used for the desorption
process of copper from chitosan-based materials. However, so far there are no publications with a complete or
high percentage of desorption at good conditions. For example, Rajurkar and Mahajan (2015) examined the
effect of NaOH 0.1 M on Cu?" desorption from chitosan film, and only 84.9% desorption efficiency was
achieved after 90 min. In another study [43], two different eluents (EDTA and HNOj solutions) were used for
desorption of copper from chitosan/PV A beads. The maximum desorption was 87.4% for 0.001 M EDTA and
68.5% for 0.001M HNO;3. In the work of A. Ghaee et al. (2010), desorption of Cu?* from a chitosan membrane
has been performed with EDTA 0.0004 M. Desorption reached 77.4% after 24 h. Many other works [1, 2, 11,
28] reported very high desorption capacities (above 94%). However, information was incomplete regarding the
time to achieve the maximum desorption and/or weight loss issues of the nanofiber mat, which are two very
important factors at industrial scale. Therefore, in this work, the desorption of copper ions from the CS/PEO
electrospun nanofibrous mat was carried out by testing five different eluents using conditions previously
optimized trying out different concentrations, agitation speed, contact time and temperature. The results are
shown in Fig. 9.

Fig. 9 shows that desorption is not only poor in acidic medium but also the nanofibers are damaged, leading to
significant weight losses of the nanofibrous mats. This is because in such medium, the dissolution of chitosan
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occurs, except in sulfuric acid solutions, where chitosan is insoluble. However, H,SO4 treated mat was not
capable of adsorbing more than 10%.
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Fig. 9 Weight losses of the nanofibrous mats and desorption performances of various eluents

On the one hand, it is well known that copper ions can be desorbed properly and efficiently by EDTA solutions
which is a chelating agent who has the strong ability to form a stable complex with copper. On the other hand,
the mat’s structural property is affected at high concentrations of EDTA due to the low pH of the solution.
However, it can be seen that high desorption without significant weight losses can be achieved using alkaline
EDTA 0.001M as the eluent (EDTA-NaOH, pH 8) with only one hour contact time. Based on these results, pH
values were adjusted by varying the volume of NaOH 0.01M in the EDTA-NaOH solution in order to optimize
the regeneration of the nanofibrous mat (Fig. 10).
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Fig. 10 Effect of pH on Cu (II) desorption efficiency and weight loss of the mat



Fig. 10 shows that desorption efficiency increases with pH. This is because under an alkaline environment, the
electrostatic interactions between the CS-PEO mat and copper ions are weakened, which improves copper
desorption from the mat [39]. When pH was equal to or higher than 8.5, the desorption efficiency remained
almost constant at the highest value of 98.7%. Therefore, a pH of 8.5 was suitable for the desorption of copper
ions.

An EDX analysis of the mat was also carried out to determine the elemental composition of the nanofibrous
mat after each processing step (Table 6). It is obvious that the adsorption and desorption processes occur as
copper and sulfur ions appear and then disappear, respectively. On the other hand, results reveal that washing
of the mat after the stabilization treatment was efficient since no sodium peak appears in the EDX spectrum.

Table 6 Surface composition (%Atm) of CS-PEO nanofibers determined by EDX.

Element Native Neutralized Adsorption Desorption
CS-PEO CS-PEO

C 68.41 61.39 52.43 59.83
o 26.40 31.92 36.73 32.70
N 5.19 6.69 6.72 7.38
Cu - - 2.29 0.09

S --- --- 1.83 ---
Na - - --- ---

3.6 Reusability potential of the nanofibrous mats

The regeneration of nanofibrous mat is a critical aspect in the adsorption process, as the reusability capacity is
an important issue for economic improvement, especially on an industrial scale. Thus, multiple
adsorption/desorption cycles are used to evaluate the performance of the adsorbent’s reusability and metal
recovery. As can be seen in Table 7, the adsorption capacity of the nanofibrous mat was slightly reduced after
five adsorption/desorption cycles. Results demonstrate that the CS/PEO nanofibers can be reused several times
without major loss of the adsorption efficiency. This is therefore opening important opportunities for industrial
applications.

Table 7 Reusability performance of regenerated CS-PEO nanofibrous mats at optimized conditions.

Number of cycles Adsorption capacity (qmax)

(mg/g)
1 93.07
2 91.16
3 84.78
4 86.38
5 83.51

4. CONCLUSIONS

The feasibility of the preparation of CS-PEO nanofibrous mat by using a new electrospinning collector design
has been demonstrated in this paper. It has also been shown that the performance characteristics of the
nonwoven mat are comparable to those made by using the typical electrospinning set-up mostly used in
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experimental studies. This device does not only provide time-saving optimization of the parameters, reusability,
easy recovery of the membrane and high performance, but is also very simple to make. This combination of
advantages reveals the potential of this new design and provides better options for future works. Besides, it
could be applied well on an industrial scale. Beyond that, the CS-PEO nonwoven mats obtained showed a high
adsorption capacity towards copper ions in aqueous solutions. Two models were employed to describe the
adsorption kinetics. The pseudo-second-order model fitted the best. However, both kinetic models were
appropriate to fit experimental data. The metal adsorption on the CS-PEO mat slightly increased as the
temperature increased. Three isotherm models were used to interpret the equilibrium data, with the Langmuir
model giving the best fit. The mean free energy values determined from the D-R model showed that the
mechanism of adsorption was rather physical. However, according to the kinetic results, both physical and
chemical mechanisms are presented in the adsorption process. The copper adsorption process onto the CS-PEO
composite sorbent was spontancous (4G° < 0) and endothermic (4H° > 0). This eco-friendly material is a
promising adsorbent to replace activated carbon due to its adsorption capacity, its low cost and its abundance
in the world. One particular advantage of the sorbent material is its remarkable reusability potential showed by
successive adsorption-desorption cycles, making it suitable for use in water purification. Based on results
obtained, it can be concluded that CS-PEO nanofibrous mats produced using a wire-frame collector can be used
efficiently as an adsorbent to remove copper ions from wastewater.
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