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ABSTRACT

Diethylenetriaminepentaacetic acid-modified chitosan/polyethylene oxide nanofibers (CS-DTPA/PEO
NFs) were developed for enhanced heavy metal ion adsorption. These nanofibers were prepared by
electrospinning, and their morphology and structure were investigated by scanning electron
microscopy (SEM), and Fourier-trans-form infrared spectroscopy (FTIR), respectively. The ability of CS-
DTPA/PEO NFs to removing copper (Cu?*), lead (Pb?*) and nickel (Ni?*) ions from aqueous solutions was
tested at room temperature. The effects of [DTPA]/[NH>] molar ratio, pH and initial concentration of
metal ions on their absorption capacity were investigated to optimize process conditions, using
pseudo-first and apparent-second-order, Boyd and intraparticle diffusion models to determine the
rate-limiting step of metal ions adsorption. In turn, Freundlich, Langmuir, Temkin and Dubinin-
Radushkevich isotherm models were used to describe the experimental data. The results demonstrate
a decrease in the ability of CS-DTPA/PEO NFs to adsorb metal ions in the following order: Cu?* > Pb?* >
Ni%*. The adsorption equilibrium is established after 90 min from the first contact with solutions
containing the metal ions, and data are described using the Langmuir isotherm model. The maximal
adsorption capacities of CS-DTPA/PEO NFs for Cu®** , Pb?* and Ni* ions were 177,142, 56 mg g?,
respectively. The stability and reproducibility of CS-DTPA/PEO NFs were determined after five
adsorption-desorption tests.
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1. Introduction

Water resources are extensively used in all stages of industrial production (chemical and
electrochemical, among others) and consequently contaminated with heavy metal ions, which are
often disposed of in the environment. The presence of heavy metal ions in drinking water, air and soil
leads to their gradual accumulation in living organism, thereby causing various diseases, poisoning and
mutations [1,2]. Toxic metals ions, such as Pb?* and Ni?*, can inhibit some enzymes, cause oxidative
stress (destroying cell membranes) and alter gene expression [3,4]. As a result, different allergic
reactions, cancers, and severe effects on the central nervous system of children and on the
reproductive system have already been reported [5,6]. In contrast, other metal ions, such as iron,
cobalt, copper, manganese, and zinc, are present in the human body and play a key role in several
biochemical processes, but when in excess, these elements can be harmful as well [7]. For instance,
excess Cu®* is related to some renal diseases, liver dysfunction, stroke, inflammation and cancer [8].
Therefore, environmental protection and remediation systems must be developed to eliminate
pollution.

Generally, water purification processes are expensive and time-, reagent- and energy-consuming and
hence inconvenient from an economic standpoint [9]. Currently, heavy metals ions are removed from
natural waters and industrial effluents through adsorption, which is one of the most prevalent
approaches due to its simplicity, cost-efficiency and process control [9]. In this context, a new
generation of nano- and micro-adsorbents have been built on inorganic, organic or hybrid materials
for their high sorption capacity, stability and reusability [10,11,12,13,14,15]. With such properties,
electrospun membranes based on renewable and low-cost biopolymers become thus an interesting
choice for wastewater treatment [16,17,18].

Chitosan-based nanofibers and their adsorption properties of heavy metals have been widely
investigated [19,20,21]. Biocompatible, biodegradable and non-toxic nature of chitosan together with
reactive functional groups such as hydroxyl (-OH) and amino (-NH,) groups along the backbone,
allowing chemical modification or chelation of heavy metals ions, including copper (Cu?*), lead (Pb?*),
cadmium (Cd?* ) and arsenate (As®> ), among others [22,23,24]. For these reasons, chitosan stands out
as a highly attractive polymer, which is widely used in various fields of research. However, one of the
main drawbacks of chitosan, particularly of low and medium molecular weight chitosan, is their low
electrospinnability, which accounts for the low chemical resistance of such fibers in acidic media and
for their reduced ability to bind heavy metals [25,26]. Despite these disadvantages, carboxylic (-COOH),
sulfo (-SOsH) and additional amino groups have been introduced into the chitosan backbone to
enhance the adsorption ability [27,28] of chitosan fibers, and Ying Lin et al. [29] and H. Yan [30] have
demonstrated that chitosan-poly(acrylic acid) or carboxymethylated derivatives have higher
adsorption capacity than natural chitosan.

Diethylenetriaminepentaacetic acid (DTPA) and ethylenediamine-tetraacetic acid (EDTA) are well
known chelating agents, which form stable complexes with a wide range of metals [31,32]. Hence,
chemical bonding to DTPA and EDTA could increase the sorption properties of chitosan-based
materials [33,34]. Yet the number of reports related to materials based on the modification of chitosan
with DTPA and EDTA remains limited because the high number of reactive carboxyl groups in the
structure of acids causes chitosan crosslinking, forming microgels and beads [35,36]. Nevertheless, a
recently developed method for the preparation of DTPA-modified chitosan by EDC/NHS crosslinking in
TEMED buffer, which avoids the formation of insoluble forms of chit-osan, opens new opportunities
for developing various types of DTPA-modified chitosan-based materials [37].



Based on the above, we developed a method for preparing chitosan-DTPA/polyethyleneoxide
nanofibers (CS-DTPA/PEO NFs) by electrospinning (Scheme 1). These nano fibers were prepared using
sets of DTPA-modified chitosan (CS-DTPA) differing in DTPA content. Their adsorption capacity was
tested for Cu?*, Pb?* and Ni%* ions, optimizing the pH, contact time and initial metal concentrations. A
series of kinetic and equilibrium batch adsorption experiments were also performed to determine the
maximum adsorption capacities. Adsorption on CS-DTPA/PEO NFs was also investigated in depth to
improve our knowledge on the underlying mechanism and nature of this process.

2. Experimental part
2.1. Materials

Chitosan (low molecular weight, M,, = 50-190 kDa, deacetylation degree 75-85%), polyethylene oxide
(PEO, My, = 600 000 g mol?), Diethylenetriaminepentaacetic acid (DTPA) with purity = 99%, N-
Hydroxysuccinimide 98% purity, N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
(EDC) 98% purity, N,N,N',N'-Tetramethyl ethylenediamine (TEMED) with purity = 99.0% and
Glutaraldehyde solution (50% in H,0) were purchased from Sigma-Aldrich. Cuprum (ll) sulfate
anhydrous with purity = 99% was purchased from Fluka. Nickel (Il) sulfate hexahydrate with purity >
98% and lead (ll) nitrate with purity > 99% were purchased from Sigma-Aldrich. Lead, nickel and copper
atomic adsorption standards (1000 mg L™ in 3% nitric acid) were purchased from Agilent Technologies,
USA. Potassium carbonate and sodium hydroxide were bought from IPL Lukes, Czech Republic. Ethanol
was purchased from Ing. Petr Svec -PENTA s.r.o, Czech Republic. Nitric acid (ACS grade) was purchased
from Sigma-Aldrich. Glacial acetic acid analytical grade was purchased from Microchem, Slovakia. All
chemicals were used as received without further purification.

2.2. Preparation of DTPA-modified chitosan

DTPA-modified chitosan (CS-DTPA) was prepared by EDC/NHS crosslinking [37]. Briefly, 10 ml of 2%
chitosan solution (pH 4.7) was mixed with 10 ml of DTPA solution activated with NHS and EDC ([NHS]
and [EDC]/[COOH] = 1.3) in TEMED/HCI buffer pH 4.7. The [DTPA]/[NH; ] molar ratio ranged from 0.1
to 0.6. The reaction mixture was left standing for 72 h at room temperature, and then the product was
recovered and purified by dialysis (MWCO 12 kDa) for 3 days against distilled water. Afterwards, the
final product was frozen and dried under vacuum.

2.3. Preparation of CS-DTPA/PEO and CS/PEO nanofibers

The electrospun solution was prepared as follow: a 1.5% CS-DTPA solution in 72% w/w acetic acid was
mixed with a 5% w/w PEO solution in 72% w/w acetic acid under stirring overnight to obtain a
transparent solution with a 70:30 CS-DTPA/PEO ratio.
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Fig. 1. SEM images and size distribution of pre- and post-stabilized CS/PEO (a-c) and CS-DTPA/PEO (b-d) nanofibers,
respectively.
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Fig. 2. ATR-FTIR spectra of PEO (blue), stabilized CS/PEO (green) and CS-DTPA/PEO NFs (black).

Electrospinning was performed on a laboratory electrospinning equipment SpinLine 40 SPUR (Czech
Republic). The CS-DTPA/ PEO (70:30) was loaded in a 20 ml plastic syringe connected to an 8-nozzle jet
system. The solutions were electrospun with an applied voltage of 40 kV, the tip-collector distance was
15 c¢cm, and the flow rate of 0.01 ml min! was regulated using a syringe pump. Nanofibers were
collected on a vertically disposed polypropylene spun bond support (400 250 mm) with a basic weight
of 30 gm=.

The resulting nanofiber membrane was stabilized by crosslinking under 5% glutaraldehyde vapor for 6
h and then treated with a 1% glycine solution for 4 h and 1 M K,COs; for another 12 h. Afterwards, the
membrane was washed with distilled water and dried in a drying chamber at 40 °C for 24 h.

The same procedure was used to prepare the non-modified CS/PEO nanofibers mat.

2.4. Characterization of CS-DTPA and CS-DTPA/PEO and CS/PEO nanofibers

The structure of CS-DTPA was confirmed by *H NMR (Varian Unity Inova 400 MHz), using deuterium
oxide (Aldrich) (0.6 ml) and adding deuterium hydrochloric acid in deuterium oxide (10 uL) and 1 uL of
t-Butanol-OD as a reference standard (6 1.23 ppm). Spectra were deciphered by first-order analysis.
FTIR spectra in the 600-4000 cm™ range were recorded on an FTIR Spectrometer (Nicolet iS5, Thermo
Scietific) equipped with ATR (Ge crystal, 64 scan 4 cm™) to determine the main functional groups in the
structure of raw materials and CS-DTPA/PEO and CS/PEO nanofibers. Morphology and surface



composition were investigated under a scanning electron microscope (NANOSEM 450 FEI, Hillsboro,
OR, USA) operated at 5 kV under 90 Pa pressure in a water vapor environment. Imagel 1.52a
(developed by National Institutes of Health) was used to calculate the average diameter and size
distribution of nanofibers based on SEM photos taking 150 measurements per sample. X-ray
photoelectron spectroscopy (XPS) measurements were carried out with a K-Alpha* spectrometer
(ThermoFisher Scientific, East Grinstead, UK). The samples were analyzed using a micro-focused,
monochromated Al Ka X-ray source (400 um spot size) at an angle of incidence of 30° (measured from
the surface) and an emission angle normal to the surface. The kinetic energy of the electrons was
measured using a 180° hemispherical energy analyzer operated in the constant analyzer energy mode
(CAE) at 200 eV and 50 eV pass energy for the survey and high resolution spectra respectively. Data
acquisition and processing were performed using Thermo Advantage software. The XPS spectra were
fitted with Voigt profiles obtained by convolving Lorentzian and Gaussian functions. The analyzer
transmission function, Scofield sensitivity factors, and effective attenuation lengths (EALs) for
photoelectrons were applied for quantification. EALs were calculated using the standard TPP-2 M
formalism.
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Fig. 3. High-resolution C 1 s and N 1 s XPS spectra of CS-DTPA/PEO (a, c) and CS/PEO (b, d) nanofibers. Measured spectra are
presented with open circles, while their corresponding fitted envelopes are presented with red lines. The individual
contributions of different functional groups are represented with blue lines.
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Fig. 4. (a) CS-DTPA/PEO NFs after Cu?* (right) and Ni?* (left) ions adsorption, (b) Plot of the amount of Cu?*, Pb?* and Ni?*
ions (q) adsorbed on CS-DTPA/PEQ NFs vs. [DTPA]/[NH2] molar ratio. All samples contained 20 mg CS-DTPA/PEO NFs, and
the initial metal ions concentration was 300 mg L-1. The amount of metal ions was measured after 120 min of contact under
stirring at 150 rpm.

All spectra were referenced to the C 1 s peak of hydrocarbons at 285.0 eV. The BE scale was controlled
by the well-known position of the photoelectron C-C and C-H, C-O and O-C = O C 1 s peaks of
polyethylene terephthalate and Cu 2p, Ag 3d, and Au 4f peaks of metallic Cu, Ag and Au, respectively.
The BE uncertainty of the reported measurements and analysis is in the range of £ 0.1 eV.

2.5. Adsorption experiments

All adsorption experiments were performed at room temperature under continuous stirring (150 rpm)
using a fixed amount of adsorbent (20 mg of CS-DTPA/PEO or CS/PEO NFs). The concentrations of Cu?
*, Pb* and Ni** metal ions in the solutions before and after adsorption experiments were determined
by Flame atomic absorption spectroscopy (Flame AAS, Duo 240FS/240Z UltrAA, Agilent Technologies,
USA) at wavelengths of 324.8, 283.3 and 353.2 nm, respectively. The AAS calibration was performed

using Cu?*, Pb?* and Ni* ion standard solutions in the concentration ranges of 1-20, 5-75, 5-80 mg L},
respectively.
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Fig. 5. (a) Cu?*, Pb2* and Ni2* ions adsorbed on NFs (q) vs. pH (20 mg CS-DTPA/PEO NFs with 0.4 [DTPA]/[NH;] molar ratio;
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(20 mg CS-DTPA/PEO NFs with [DTPA]/[NH,] molar ratio 0.4, pH 5 for Cu?* and Pb2* and pH 6 for Ni2* ions). The amount of
metal ions was measured after 120 min of contact under stirring at 150 rpm.
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The amount of Cu?*, Pb?* and Ni?* adsorbed, separately, on the nanofibers was calculated as follows
[38,39]:

_(C=Cy) #V

= -1
g w(meg) (1)

where Gy is the initial concentration of metal ions (mg L1), whereas Ceq represents the concentration at equilibrium (mg L-
1); V is the volume of the solution containing the metals (L), and m is the weight (g) of the nanofibers.

2.5.1. Adsorption kinetics evaluation

Kinetic adsorption experiments were performed in parallel using solutions with an initial Cu2+, Pb2+
and Ni2+ ion concentration of 500 mg L-1. After 5, 15, 30, 45, 60, 90, 120 and 180 min of contact with
the nanofibers, the concentration of the metal ions was determined.

Table 1 Correlation coefficient (R2), kinetic parameters (adsorption capacity (ge) and rate constant (ki, k)) of CuZ*, Pb2* or
Ni2* adsorption on CS-DTPA/PEO NFs observed using pseudo-first-order and pseudo-second order models.

Metal ions  Pseudo-first-order madel Fseudo-second -order madel
glmg g~ "1 kimin~") g2 gimg g™ ") kg mg  min 2
-

Cu** 156 0.16 0495 168 0.0012 0.09
PR 126 0.13 098 136 0.0012 0.09
Mi** 50 0.08 097 55 0.0017 0.99

pseudo-second-order kinetic, Boyd and intraparticle diffusion models, using the following equation
[39]:

g =q.(1—e"r) (2)
Efl.:sz

=T g, kat (3)

— In{1 — F) = kgt (4)

g =K +cC, (5)

where g: and qe are adsorption capacities at time t (min) and equilibrium (mg g), k1 and k, are pseudo-
first-order and pseudo-second-order rate constants, F is the solute adsorbed fraction at various times
t, ko is the film diffusion rate constant (min 1), Ki is the intraparticle diffusion rate constant, Cy is the



intercept that confirms the existence of film diffusion and is related to the thickness of the boundary
layer. Nonlinear fitting was used to determine the appropriate values ofqe, ki, k, [40].

2.5.2. Adsorption equilibrium studies

The equilibrium adsorption studies were performed as follow: nano fibers were immersed in 10 ml of
solution containing Cu?*, Pb?* and Ni®* ions at variable concentrations; 50, 100, 200, 300, 400, 500,
600, 750 mg L'2.The amount of adsorbed metal ions was determined after 90 min of exposure.

The experimental data were fitted using Langmuir and Freundlich equations, respectively [39,41]:

_ c.llmu.xK-'-'l"—J
=715 e K1.Ce (6)
g = K:C)'" 7)

where ge and gmax are equilibrium and maximum metal uptake capacities (mg g™?), Ce is equilibrium
metal ion concentration in the solution (mg L?), KL is the equilibrium constant of the Langmuir model
(L mg™), and KF and n are the Freundlich constants, which represent adsorption capacity and intensity,
respectively.

Table 2 Correlation coefficient of fitted curves (R2) and rate constants (ky, K1, K2) of Cu2*, Pb2* or Ni2* ion adsorption on CS-
DTPA/PEO NFs calculated according to the Boyd and intraparticle diffusion kinetic models.

Metal ion Boyd model Intraparticle diffusion model
kpimin ") Intercept p2 Emgg " g2 KEimgg™" gz
min ~™*) min ~"=)
cu™* 0.028 0.74 099 146 096 28 0.75
Ph 0.017 1.00 043 150 090 149 0.89
Mi* 0.015 0.73 nar 59 099 140 0.89

To describe the nature of the adsorption process, the equilibrium data were processed using the
Dubinin-Radushkevich and Temkin isotherms models [26,42]:

Ing, = Ing_— Bpge (8)

RT | RT
q‘: = T]nﬁj- + Tl.]'ll:__\_.- I:r:]:l

where ge and gmax are equilibrium and maximum metal uptake capacities (mmol g1), Ce is equilibrium
the metal ion concentration in the solution (mmol L), fiDR is the Dubinin-Radushkevich constant (mol?
J2), € is the Polanyi potential (¢ = RTIn(1 + 1/Cc)), R is the molar gas constant (8.314 J mol* K1), T is
absolute temperature (K), b is the Temkin coefficient, which is related to sorption heat (J mol?), and
Kt is the Temkin isotherm constant. The Ky, gmax and b, Bor were calculated from the intercepts and
slopes of fitting curves, respectively. Based on /5DR, the mean adsorption energies E (k] mol?) were
calculated according to the following equation [26]:



(10)

2.6. Competitive adsorption study

The competitive adsorption study was performed in 50 ml of Cu?*, Pb?* and Ni?* mixed solution (200

mg mg L, pH = 5) and 100 mg of CS-DTPA/PEO or CS/PEO NFs. The amount of each adsorbed metal
ion was determined after 90 min of experiment.
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Fig. 7. (a) Amount of Cu2*, Pb2+ and Ni2* adsorbed on NFs (q:) vs. t1/2 time, fitted using the intraparticle diffusion model. (b)
Plots of — In(1 — F) vs. time for Cu?*, Pb2* and Ni2* adsorption on NFs, fitted using the Boyd model. Experimental
conditions: 20 mg CS-DTPA/PEO NFs, 500 mg L' initial ion concentration, 150 rpm stirring rate.
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Table 3 Correlation coefficient (R2), isotherm parameters (maximum metal uptake ca-pacitiy (qmax) and equilibrium
constants (KL, KF, n)) for Cu*, Pb2* or Ni2* ion adsorption on CS-DTPA/PEO NFs and CS/PEO NFs observed according to the
Freundlich and Langmuir isotherm models.

Material (NFs)] Metal Freundlich isothermn Langmuir isotherm
Effmgg™™) n B2 dp(mgg ] EpL Rz
mg~ ")

CS-DTPA/PED  Cu®* 23 29 094 177 0025 099
PE* 28 36 092 142 0041 0.9
Ni** 0 36 096 5& 0018 0.9

CS/PEOQ ot 23 33 094 144 0030 0.98
P 14 31 086 113 0018 0.9
Ni** & 31 096 50 0012 0.9

2.7. Evaluation of the regenerative capability of CS-DTPA/PEO nanofibers

To investigate the regenerative capacity of CS-DTPA/PEO nanofibers, five adsorption-desorption cycles
were performed. In each step, after Cu?*, Pb%* or Ni** ion adsorption, CS-DTPA/PEO nanofiber
membranes were treated with 10 ml of 0.01 M HNOs and 10 ml of 0.01 M NaOH solutions for 5 min
and then washed with deionized water up to neutral pH. The optimal contact time for nanofibers
contain Cu?* and Ni?* ions were determined experimentally by the loss of color of CS-DTPA/PEO NFs.

3. Results and discussions
3.1. CS-DTPA preparation and characterization

As described above, the presence of a high number of reactive carboxylic groups in DTPA usually leads
to chitosan crosslinking, forming insoluble microparticles during the condensation reaction [33].
TEMED/HCI was used an activation buffer to obtain soluble CS-DTPA with a yield of almost 78% [37],
which could undergo further transformations. As previously reported [37,43], the resulting product
was analyzed by FTIR (Fig. $1) and 1H NMR (Fig. S2). The presence of typical amide | bond at 1622 cm’
! corresponding to C = O stretching vibrations of COOH in carboxylate and amide Il and amide Il bonds
at 1568 and 1390 cm™ corresponding to CN stretching and NH bending vibrations on FTIR spectra of
the product (Fig. S1) suggests that DTPA is covalently bound to chitosan [44]. In the 1H NMR spectrum
of CS-DTPA (Fig. S2), signals at 4.20 and 2.03 ppm were attributed to protons A of DTPA and protons
of acetylated units of chitosan (Hac), respectively. The signals at 3.5-4 ppm were attributed to overlap
of C3-C6 protons of chitosan and to B, C protons of DTPA. The peak at 3.20 was related to the overlap
of protons D of DTPA and C2 of chitosan.

3.2. Preparation and characterization of CS-DTPA/PEO and CS/PEO nanofibers

The morphology and size distribution of the nanofibers pre- and post-stabilization are illustrated in Fig.
1. Before stabilization, both CS-DTPA/PEO and CS/PEO NFs (Fig. 1 a-b) showed a smooth and uniform
surface with fibers averaging 137 and 135 nm in diameter, respectively. Well-known reduction
systems, including saturated solutions of K;COs; or NaOH and their mixtures with ethanol, were
adopted for nanofibers stabilization [25,39].
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rate and 90 min contact time; the initial metal ion concentrations ranged from 50 to 750 mg L.

Table 4 Correlation coefficient (R2), isotherm parameters (maximum metal uptake capacitiy (gmax) and isotherm
constants (Kr, b, Bog, E)) for Cu?*, Pb?* or Ni?*ion adsorption on CS-DTPA/PEO NFs and CS/PEO NFs calculated according to
the Temkin and Dubinin-Radushkevich models.

Material (NFs) Metal ion Temkin model Dubinin-Radushkevich model
EriL g™ ") Bk mal %) Rz Jmesmmeal g Bpgmal® 12 Efkd mal ) R
CS-DTPA/PED cu** 17.1 4.3 0.97 23 67 107 27 0.95
PH 121 19.9 0.98 o7 21 10 49 0.98
Ni** 142 13.5 [iR:r) 08 10.6 107% 22 0.41
CS/PEQ Cur** 138 57 0.95 12 5.6 10% 30 0.95
PH 513 3.9 0.96 04 26 10% 4.4 0.93
Ni** 7a 14.3 [iR:r) 0.6 14.410% 1.9 0.85

The reduction process disrupts the nanofiber structure, as shown in Fig. S3. To overcome this problem,
CS-DTPA/ PEO and CS/PEO NFs were preliminarily crosslinked by glutaraldehyde vapor to stabilize the
nanofibers before the reduction step. Considering that chitosan reactive -NH; groups are implicated in
its low crosslinking, the NFs were exposed to 5% glutaraldehyde (GA) for 6 h to preserve the
concentration of free amino groups for interaction with metal ions.

As illustrated in the SEM micrographs in Fig. 1c-d, the crosslinked CS/PEO and CS-DTPA/PEO NFs
preserve their structure and smooth surface after the reduction step. However, CS/PEO and CS-
DTPA/PEO NFs display a branched structure and average diameter increased by up to 218 and 180.9
nm, respectively. These features may have resulted from the washing process, which made the
nanofibers stick to each other.

The presence of PEO in CS/PEO and CS-DTPA/PEO NFs was observed by ATR-FTIR (Fig. 2). The peaks at
2887 and 1563 cm™ can be ascribed to CH; stretching and to N-H bending vibrations, respectively, due
to crosslinking with PEO and GA. Representative chitosan and chitosan-DTPA functional groups such
as N-H and O-H stretching vibrations of the polysaccharide units (3200-3600 cm™) and C-O-C stretching
vibrations at 1100cm™ are identified in the spectra. The CS-DTPA/PEO structure shows an amide | bond
at 1625 cm™ after the stabilization and reduction steps.

X-ray Photoelectron Spectroscopy (XPS) was measured to prove the covalent structure of CS-
DTPA/PEO and CS/PEO nanofibers. Wide-scan XPS spectra confirmed the presence of C, N and O



elements. The high-resolution C1sand N 1 s spectra are shown in Fig. 3. In C 1 s spectra, in XPS spectra
of both samples could be found four peaks at 285.0, 286.3, 287.6 and 288.1 eV, corresponding to C-C,
C-O/C-N, C = 0 and O-C = O, respectively. The presence of PEO chains causes high amount of C-O
groups. In N1s spectra, peaks at 399.6, 401.0 and 401.9 eV corresponding to C-NH; and C-N-C, N-C=0
and charged nitrogen N * could be found. Successful modification with DTPA was confirmed by higher
amount of O-C = O groups originating from DTPA in C 1 s spectra and by higher intensity of peaks
corresponding to N-C = O and charged nitrogen in N 1 s spectra of CS-DTPA/PEO.

3.3. Adsorption studies
3.3.1. Optimization of adsorption parameters

The adsorption capacity of CS-DTPA/PEO NFs was assessed for Cu?*, Pb2* or Ni?* ions. The color of the
nanofibers in contact with Cu?* and Ni%* ions changed during the adsorption process due to the
increasing concentration of these ions near the surface of the nanofibers (Fig. 4a). As shown in Fig. 4b,
maintaining the concentration of metal ions constant (300 mg L) and varying the [DTPA]/[NH] molar
ratio significantly increased the adsorption capacity of CS-DTPA/PEO NFs. The trend shows that the
optimal [DTPA]/[NH;] molar ratio is 0.4 (Fig. 4b). At higher values, the amount of metal ions adsorbed
on the CS-DTPA/PEO NFs does not change significantly.

The effects of pH and initial metal ion concentration on the sorption capacity of CS-DTPA/PEO NFs
were investigated (Fig. 5) to optimize the conditions of adsorption. The optimal pH range for Cu?*, "2
* or Ni** ion absorption by CS-DTPA/PEO NFs is from 4 to 6, as shown in Fig. 5a. This range is related to
the properties of the sorbent and metal salts. After the reduction and washing steps, CS-DTPA/PEO
NFs contain free NH; and -COOK active groups, which have a high affinity to the metal ions. The
presence of -NH3+ and -COOH on the CS-DTPA/PEO NFs surface at low pH causes a strong electrostatic
repulsion between them and metal ions in solution, preventing absorption [45]. Raising the pH to 5
promotes a gradual increase in Cu2+ and Pb2+ absorption, decreasing the impact of the media on the
active surface sites [39]. The same trend was been observed for Ni?* when increasing the pH to 6.
Further increasing the pH leads to the hydrolysis of metal ions, with the partial formation of metal
hydroxides, which are poorly soluble or insoluble in agueous media, thereby decreasing the adsorption
of metal ions by the NH; groups [46,47]. As a result, the maximal adsorption capacities of CS-DTPA/PEO
NFs was observed at pH 5 for Cu** and Pb?* ions and at pH 6 for Ni%* ions.
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Fig. 10. (a) Competitive Cu, Pb2* and Ni2* adsorption on CS-DTPA/PEO NFs and CS/PEO NFs. Experimental conditions: pH = 5,
initial concentrations of metals 200 mg L1,100 mg CS-DTPA/PEO NFs or CS/PEO NFs, 150 rpm stirring rate, 90 min contact
time. (b) Cu?*, Pb2* and Ni2* recovery (%) and uptake capacities (qe) of CS-DTPA/PEO NFs vs adsorption-desorption cycles.
Experimental conditions: 500 mg L! initial metal ion concentration, 20 mg CS-DTPA/PEO NFs, 150 rpm stirring rate, 90 min

contact time (c) Possible mechanism of Cu?t, Pb2* and Ni2* adsorption-desorption on CS-DTPA/PEO NFs.

Fig. 5b show the impact of the initial concentrations of the metal ions on the adsorption capacity of
CS-DTPA/PEO NFs (initial concentration ranging from 50 to 750 mg L). The amount of Cu?*, Pb?* or
Ni%* ions adsorbed on the surface of CS-DTPA/PEO NFs increases with the concentrations of the metal
ions up to 500 mg L1, At this concentration, the adsorption capacity of the nanofibers reaches their
limit, and a further increasing the metal ion concentrations has no significant effect on the adsorption
process, thus indicating the saturation of the active sites. Based on these results, the concentration of
Cu®, Pb?* or Ni?* ions used in subsequent adsorption experiments was 500 mg L.



3.3.1.1. Cu*,Pb* andNi?* adsorption kinetics

After performing the experiments at optimal pH and concentration (500 mg L?), experimental kinetic
curves were constructed, as shown in Fig. 6a. The amount of Cu?*, Pb? or Ni?* ions adsorbed on the
surface of CS-DTPA/PEO NFs quickly increase 60 min after contact due to the high concentration of
active sites on the surface of nanofibers. In the following 30 min, the adsorption rate gradually
decreases, reaching the equilibrium after 90 min. Therefore, 90 min can be considered the time at
which saturation of the active sites occurs.

To determine the rate-limited step and the adsorption mechanism, pseudo-first-order and pseudo-
second-order kinetic, Boyd and intraparticle diffusion models were used to process the experimental
data (Eq. (2)-(5)). The patterns of the pseudo-first-order and pseudo-second-order kinetic models for
each metal adsorption experiment are illustrated in Fig. 6b-d, and the relative kinetic parameters are
outlined in Table 1. As shown in Table 1, the values of equilibrium adsorption capacities for both
models match the experimental data. However, the correlation coefficient R? of the pseudo-second-
order model (R? > 0.99) is higher than that of the pseudo-first-order model (R? > 0.95) and, hence, the
former is more suitable than the latter. The k, constants (Table 1) confirm that the Cu?*, Pb?* or Ni*
ions adsorb to the surface of CS-DTPA/PEO NFs at the same rate. According to this model, the rate-
limited step of Cu®*, Pb? or Ni** ion adsorption is chemisorption, and two active sites on the surface
of CS-DTPA/PEO NFs are involved in the adsorption of a single metal ion [48].

The Boyd and intraparticle diffusion models were used to fit experimental absorption kinetics data
(Fig. 7) to estimate the contribution of diffusion to the adsorption process [39,49]. As shown in Fig. 73,
the adsorption process includes two steps. According to previously published works [50], the second
horizontal section of the regression curves (Fig. 7a) corresponds to an equilibrium adsorption state
and has no effect on adsorption kinetics. As a result, Cu**, Pb?* and Ni?* adsorption on CS-DTPA/PEO
NFs involves a single step, external diffusion, which is characterized by high values of the rate constant
K: (Table 2). As shown in Fig. 7b, curve fitted using the Boyd model describes well the kinetics of Cu?
ion adsorption on the surface of nanofibers (R? = 0.99). However, the rate-kinetic constants (ky) of this
model (Table 2) are higher than those of the pseudo-second-order model. Consequently, the ability of
the pseudo-second-order model to describe the experimental kinetic data and the adsorption process
of Cu?*, Pb?* and Ni** on CS-DTPA/PEO NFs is limited by the chemisorption step.

3.3.1.2. Adsorption isotherms

Itis commonly known that the equilibrium state in adsorption systems primarily depends on the nature
of the interaction between adsorbent and adsorbate. The maximum adsorption capacity and
equilibrium constant are the main determinants of the optimum mass of adsorbent and of the
component profile between adsorbent and water [51].

Herein, Langmuir, Freundlich, Dubinin-Radushkevich and Temkin models were used to describe
experimental data on Cu?*, Pb? or Ni?* ion adsorption on CS-DTPA/PEO NFs. The patterns assessed by
fitting the data using the Langmuir and Freundlich models (Egs. (6) and (7)) and the adsorption
parameters are displayed in Fig. 8 and Table 3, respectively. The trend (Fig. 8) is more compliant with
the Langmuir model than with the Freundlich model, as shown by the correlation coefficients (R?)
(Table 3). Moreover, the gmax values of CS-DTPA/PEO NFs for Cu?*, Pb?* or Ni** ion adsorption are 177,
142 and 56 mg g}, respectively, as determined using the Langmuir model and are in line with the
experimental data. Consequently, Cu* , Pb? or Ni%* ion adsorption proceeds with the formation of a
monomolecular layer on the surface of CS-DTPA/PEO NFs. The results also suggest that active



adsorption sites are homogeneously distributed on the surface of the nanofibers and that free active
sites could fix only one Cu?*, Pb? or Ni?* ion [39].

Although the Langmuir model suggests the formation of a chemical bond between adsorbent and
adsorbate, the calculated equilibrium parameters do not provide any information about the nature of
this interaction. To describe the physical or chemical nature of the adsorption process, the equilibrium
data were processed using the Dubinin-Radushkevich and Temkin isotherm models (Eq. (8) and (9)).

The patterns assessed when using the Dubinin-Radushkevich and Temkin isotherm models are shown
in Fig. 9, and the related adsorption parameters are outlined in Table 4. The values of the Temkin
coefficient b related to adsorption heat and the calculated values of free adsorption energy (Eq. (10)
and Table 4) are lower than 80 kJ mol™* and 8 kJ mol?, respectively, thus indicating that Cu?*, Pb% and
Ni%* ion adsorption on CS-DTPA/PEO NFs primarily depends on physical interactions [26,42].

The same equilibrium experiments were performed for CS/PEO NFs (Fig. S4). The comparison of data
of CS/PEO NFs with those of CS-DTPA/PEO NFs (Table 3) shows that the presence of functional groups
of DTPA increases the maximum adsorption capacity of Cu?*, Pb?* and Ni%* ions on the surface of the
nanofibers by 22.8, 25.7 and 14%, respectively. However, the additional active sites do not affect the
mechanism of adsorption, which is also physical for pure nanofibers (Table 4).

Most importantly, CS-DTPA/PEO NFs also have a higher capacity to adsorb Cu?*, Pb?* and Ni?* ions than
other known chitosan-based and modified chitosan-based adsorbents (Table S1) [33,52,53,54].

3.4. Competitive adsorption

Competitive adsorption studies allowed us to determine the relevant selectivity of CS-DTPA/ PEO NFs
to metal ions in multicomponent systems. As shown in Fig. 10a, CS-DTPA/ PEO NFs have a higher ability
to adsorb Cu?* than Ni** or Pb? ions in their mixture. Simultaneously, the findings are in line with the
stability constant of complexes of these metal ions with chitosan, O-containing-chitosan derivatives
and DTPA (EDTA), which decrease in the series: Cu?* > Ni** > Pb?*[52,55]. Thus, additional functional
groups from DTPA improve the adsorption properties of CS-DTPA/ PEO NFs but do not affect the
selectivity of the material.

3.5. Regeneration studies of CS-DTPA/ PEO NFs and adsorption-desorption mechanism

Regeneration and reusability are essential properties of any adsorbent. For CS-DTPA/ PEO NFs, 5
sequential adsorption-desorption cycles were performed to assess the regenerative capacity and the
loss of activity after each cycle. As shown in Fig. 10b, after 5 adsorption-desorption cycles, the
adsorption capacity of CS-DTPA/ PEO NFs for Cu?*, Pb?* and Ni?* ions decreased by 17, 20 and 12%,
respectively. This decrease can be explained by the reduction in the number of available active sites as
the nanofibers stick to each other (Fig. $5) during the regeneration process. However, the nanofibrous
structure and the high sorption capacity of CS-DTPA/ PEO NFs remain unchanged after five
regeneration cycles.

Based on adsorption and regeneration studies, the possible adsorption-desorption mechanism is
shown in Fig. 10c. CS-DTPA/PEO NFs effectively remove Cu?*, Pb?* and Ni%* ions from aqueous solution
thanks to the synergistic effect of the active -COO- and free -NH, and -OH groups on their surface,
which determine the adsorption properties of each component in the adsorbent. Generally, Cu?*, Pb?
* and Ni?* retention on the surface of CS-DTPA/PEO NFs is associated with (a) electrostatic attractions



between metal ions and -OH and NH; groups of the chitosan fragment, (b) coordination of divalent
metals with DTPA fragments and NH; groups of chitosan and (c) leaching of K or Na ions from two
carboxylate anions of DTPA fragments (Fig. 9c) [36,56]. According to adsorption isotherms studies
(Section 3.3.3.), electrostatic interaction and leaching processes are more prevalent during the
adsorption. Physical adsorption was also confirmed by the fast desorption of Cu?*, Pb?* and Ni2+ ions
from CS-DTPA/PEO NFs after treatment with slightly acidic solutions (0.01 M HCI), which protonated -
NH2 and -COO- groups and led to repulsion between these groups and metal ions. Further treatment
of CS-DTPA/PEO NFs with NaOH solution neutralized the excess of acid and activated the -NH2 and -
COONa groups on the surface for the next adsorption cycle.

4. Conclusion

In the present study, a series of CS-DTPA/PEO electrospun nanofiber membranes were successfully
prepared for the effective removal of Cu?*, Pb%* and Ni?* ions from aqueous solutions. Batch adsorption
experiments showed that the adsorption capacity of CS-DTPA/PEO NFs for metal ions decreases in the
series: Cu® > Pb?* > Ni?* . A pseudofirst-order model describes adsorption kinetic data, and the
adsorption of one Cu2 +, Pb2+ or Ni2+ ion require two active centers. Adsorption isotherm analysis
showed that the adsorption process is closest to the Langmuir model and proceeds with the formation
of a monomolecular layer on the surface of CS-DTPA/PEO NFs. Based on the Langmuir model, the
maximum adsorption capacities of CS-DTPA/PEO NFs for Cu?*, Pb2* and Ni** are 177,142 and 56 mg g
1 respectively. The calculated adsorption heat and free energy values based on the Temkin and
Dubinin-Radushkevich models, respectively, indicate the physical nature of Cu?* , Pb* or Ni* ion
adsorption on CS-DTPA/PEO NFs. In addition, several adsorption-desorption experiments showed that
CS-DTPA/PEO NFs have excellent regenerative capability and reusability, with a slight decrease in the
adsorption capacity of the material after 5 cycles.
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