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Abstract

Cellulose acetate (CA) and chitosan (CS) were selected as the raw materials for preparing the biobased porous nanofibers
for the removal of chromium ions in aqueous solutions. The structurally stable nanofibrous biocomposite membranes were
successfully electrospun fabricated using a double-needle method. Nanoindentation mapping revealed that the micro or nano-
scale knots were formed through a synergistic action of the hydrogen bonding, electrostatic forces, and interfacial compat-
ibility of CA and CS. The average elastic modulus and hardness values of CA/CS biocomposite nanofibers were 0.23 GPa
and 1.72 GPa, respectively. The nanofibrous membrane exhibited outstanding structural stability in an aqueous solution
(with a wide pH range) and good thermal stability. The biocomposite nanofibrous membrane with 50% CS loading (BENF-
50) had an optimum adsorption capacity of 51.6 mg/g for chromium ions in the aqueous solution at pH =3 as well as good
reusability of up to eight cycles. The fabricated biocomposite nanofibrous membranes showed excellent structural stability,
thermal stability, and adsorption performance, making them promising adsorbent materials for treating water pollution.
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1 Introduction

The rapid development of global industrialization and the
overuse of fossil energy lead to the deterioration of envi-
ronmental pollution [1, 2]. Heavy metals are considered as
the major pollutants in aquatic ecosystems produced from
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both natural and industrial sources [3, 4]. The naturally
produced heavy metals are originated from the erosion of
metal-containing rocks and the release of a volcanic eruption
[5]. The industrially produced heavy metal pollutants
are from sewage irrigation, municipal wastes, mining
wastes, machinery manufacturing, and electroplating [6, 7].
Additionally, heavy metal pollutants can be generated from
fertilizers and pesticides used in agricultural production. A
recent survey of the famous scenery of the Lijiang River
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in China showed that several heavy metal ions including
cadmium (Cd*"), chromium (Cr®"), mercury (Hg**"), zinc
(Zn**), and lead (Pb>") exceeded World Health Organization
permissible limit [8—10]. Heavy metals caused severe pollu-
tion to aquatic ecosystems, even at the low concentrations.
Prolonged accumulation of heavy metals in human bodies
through food chains can easily injure some organs, thereby
negatively affecting the nervous, reproductive, and cardio-
vascular systems, leading to carcinogenesis, malformations,
and death [11].

Numerous methods, such as precipitation [12], electroly-
sis [13], photocatalysis [14], separation [15], coagulation/
flocculation [16], ion exchange [17], and adsorption [18],
have been attempted to mitigate heavy metal pollution.
Among these methods, adsorption has gradually become a
preferred method, owing to its advantages of facile opera-
tion, low cost, nontoxicity, high availability, and good revers-
ibility [19-21]. Electrospun nanofibrous membranes with
high porosity, large specific surface area, good permeabil-
ity, and controllable chemical sorption sites have been con-
sidered promising materials for wastewater treatment [22].
The nanofibrous membranes that are modified with various
functional groups, such as carboxyl, hydroxyl, amino, and
sulfhydryl, have a high adsorption efficiency toward heavy
metals. Particularly, the adsorbents containing nitrogen (N)
atoms with lone pair electrons can strongly adsorb metal
ions through chelation or electrostatic interaction. Chatique
et al. [23] fabricated the amino-functionalized polyacryloni-
trile nanofibrous membrane by modifying diethylenetri-
amine. The membrane exhibited high adsorption capacities
for Cd** (32.68 mg/g) and Cr®* (66.24 mg/g), respectively.

Eco-friendly and renewable cellulose (CE) displays out-
standing physical, mechanical, and stable properties [24, 25].
The lack of functional chemical groups limits the use of cel-
lulose for removing heavy metals. Chitosan (CS), containing
inherently rich active functional groups, including hydroxyl
and amino groups in molecular chains, can chelate with
metal ions; as a result, it has attracted considerable atten-
tion in the treatment of water [26, 27]. However, the adsorp-
tion performance of CS is low when it is directly used as
an adsorbent due to its low specific surface area. Ghaee
et al. [28] prepared stable macroporous chitosan membranes
by cross-linking of glutaraldehyde and dissolution of silica
particles for the adsorption of copper ions (Cu?*). The amino
groups in CS became more accessible for chelation after it was
cross-linked. Phan et al. [29] fabricated chitosan/cellulose ace-
tate (CS/CA) nanofibers by electrospinning the mixture of CS
and CA in a trifluoroacetic/acetic acid co-solvent, followed by
a sodium carbonate (Na,COj;) treatment. CS/CA nanofibers
had an excellent adsorption capacity of 57.3 and 112.6 mg/g
for Pb>* and Cu’*, respectively. Zia et al. [30] deposited
chitosan on poly(L-lactic acid) nanofiber membranes for
Cu®* adsorption in an aqueous solution. The addition of
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chitosan increased the specific surface area of the samples,
thus enhancing the action of amino and hydroxyl radicals
in chitosan to chelate with Cu*". The maximum adsorption
capacity for Cu?* can be achieved at pH="7. Christou et al.
[31] prepared polyvinylpyrrolidone/chitosan nanofibrous
membranes to effectively adsorb uranium (U®*) ions in an
aqueous solution at pH==6. The great adsorption capacity
was attributed to the fibrous structure of the material and
the amino and hydroxyl groups on chitosan polymers that
increased chemical affinity and the formation of inner-sphere
complexes between uranium and these surface groups.

To further improve the adsorption performance and
reusability of electrospun membranes and to expand their
application in industrial wastewater treatment, urban pol-
luted water and air purification, as well as the energy stor-
age, sensor, and phase change materials, it is very neces-
sary to develop the structurally stable porous nanofibrous
membranes [32-34]. However, there are few reports on the
study of structural stability of electrospun nanofibrous net-
works. In this study, CA and CS were selected as the raw
materials for preparing the biobased porous nanofibers for
the removal of chromium ions in wastewater using double
and core—shell needles. The structural stability in various pH
solutions and the thermal stability of the nanofibrous mem-
brane were investigated. In addition, the effects of contact-
ing time, pH value, and initial concentration of heavy met-
als on adsorption performance were comparatively studied.
Nanoindentation mapping was first introduced to evaluate
the nanomechanical properties of the nanofibrous network.
The adsorption mechanism of chromium ions on porous
nanofibrous membranes was deduced.

2 Materials and methods
2.1 Materials

CA, 1,5-diphenylcarbonyldihydrazide (DPC), and potassium
dichromate were purchased from Sinopharm Chemical Rea-
gent Co., Ltd. CS with a deacetylation degree of 90% was
provided by Qingdao Huizhi Biological Engineering Co.,
Ltd. Glacial acetic acid was bought from Yunnan Huasen
Co., Ltd. Polyvinyl alcohol (PVA) was obtained from Shang-
hai Taitan Technology Co., Ltd.

2.2 Fabrication of biocomposite nonfibrous
membranes

The CA and CS solutions with optimum concentrations
were placed in the different syringes, respectively. The
structurally stable CA/CS nanofibrous membranes were
fabricated through electrospinning with a double needle
(Fig. 1); the composite CA/CS nanofibers with probably



Advanced Composites and Hybrid Materials (2023) 6:99

Page3of13 99

v

Nanofibers

3

i/
N\

Shell solution

It

e

Core solution

Fig.1 Schematic diagram of preparation of electrospun nanofibrous membranes

physical and chemical bonding sites were formed in the
high-voltage electrostatic field. The parameters of electro-
spinning including voltage, injection rate, and collector
distance were used according to our previous report [4]. A
collector for the nanofibers was wrapped with aluminum
foil. The CA/CS biomass electrospun nanofibers with dif-
ferent mass ratios of chitosan of 30%, 50%, and 90% were
denoted as BENF-30, BENF-50, and BENF-90, respec-
tively. For further comparative analysis, the core—shell
CA/CS electrospun nanofibers were also fabricated at a
CS loading of 50%, denoted as core—shell-50.

2.3 Characterization of biocomposite nonfibrous
membranes

A scanning electron microscope (SEM, Hitachi S-3400,
Philips, Japan) was used to observe the micromorphol-
ogy of nanofibrous membranes. The distribution images
of chromium ions after adsorption were obtained using
energy-dispersive X-ray spectroscopy (EDS). The three-
dimensional shape and roughness of the nanofibrous
membranes were examined using an atomic force
microscope (AFM, Bruker Multimode 8). The surface
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«Fig.2 The solution stability, wettability, and thermal stability of nanofi-
brous membranes: a—i solution stability in an aqueous environment at
various pH; j, k AFM and SEM; 1, m static water contact angles at 0 s
and 5 s; n, o nano-scale elastic modulus and hardness mapping; p, q
thermal stability

wettability of the nanofibrous membranes were tested on
a static water contact angle (WCA) instrument (JC2000D,
Shanghai Zhongcheng Co., Ltd., China). The crystallo-
graphic structure of the nanofibrous membranes was exam-
ined using an X-ray diffraction (XRD) (Ultima IV, Rigaku,
Japan). Fourier-transform-infrared spectroscopy (FTIR)
spectra of nanofibrous membranes were obtained using a
Nicolet instrument (IS5, Thermo, USA) with the accessory
of attenuated total reflectance (ATR). The structural stabil-
ity of nanofibrous membranes was evaluated using an iMi-
cro nanoindenter (KLA, USA), equipped with a Berkovich
indenter with a uniform indent depth in an array referring to
the previous reports [35]. The thermal stability of samples
was characterized using a thermal gravimetric instrument
(TG 209-F1, Netzsch, Germany). The surface chemical com-
positions were characterized using X-ray photoelectron spec-
troscopy (XPS) (K-Alpha, Thermo Scientific, USA) with a
monochromatic Al-Ka.

2.4 Adsorption performance of nanofibrous
membrane

The absorbance of the samples was measured through the
reaction of Cr®* with DPC using an ultraviolet—visible
(UV-vis) spectrophotometer. The standard curve was used
to calculate the adsorption capacity of Cr®*. The effects of
the adsorption parameters including initial Cr®* concentra-
tion, contacting time, and pH on the removal of Cro were
investigated. The adsorption capacity of the samples was
calculated using Eq. (1).

0= (Cy-C)V/m (1)

where Q is the adsorption capacities, mg/g; C, represents the
initial concentration of Cr®* in the testing solution, mg/L; G
is the concentration of Cr* at any time, mg/L; V indicates
the volume of the solution, L; m is the weight of the nanofi-
brous membranes, g.

3 Results and discussions

3.1 Analysis of structural, thermal stability,
and wettability

To analyze the structural stability of CA/CS nanofibrous
membranes, the BENF-50 was immersed in various

aqueous solutions, with varying pH values ranging from
1 to 9. As shown in Fig. 2b—h, nanofibrous membranes
generally were flat and smooth without any damage and
dissolution, irrespective of the pH value of the aqueous
solution (acid or alkaline). Given the observation in Fig. 2j
and k, it was assumed that some micro- or nano-scale knots
were probably formed, which were further confirmed by
nanoindentation mapping analysis. The formation of
micro- or nano-scale knots effectively promoted the sta-
bility of CA/CS nanofibrous membranes in the solutions
through nanonetwork structures. Some slight shrinkage was
observed in the membrane in Fig. 2a and i, which could be
attributed to the difference in solubility of polyvinyl alcohol
and chitosan and the varieties of surface tension in different
pH aqueous solutions. Moreover, the nanofibrous mem-
branes showed the excellent hydrophilicity correspond-
ing to the static water contact angle (WCA) of 74.86° and
47.25° at 0 s and 5 s, respectively, as seen in Fig. 21 and m.

Figure 2p and q displays the thermalgravimetric (TG)
and its derivative (DTG) curves of porous nanofibrous
membranes. The thermal degradation stages of the sam-
ples were mainly divided into three. In the first stage,
the evaporation of residual moisture and rupture of weak
hydrogen bonds occurred at the temperature range of
40-100 °C, with a slight mass loss of 2 to 5%. The mass
loss of the samples significantly increased as the tempera-
ture elevated from 100 to 500 °C. The thermal decom-
position of the samples at a temperature below 320 °C
was due to the breakdown of chemical bond between
N-acetylglucosamine rings and the glucosamine on CS,
which further decomposed to form acetic, butyric acids,
and some fatty acids [36—38]. In the second stage, the ther-
mal decomposition process of CA with the cleavage of
glycoside bonds, dehydration, decarboxylation, and decar-
bonylation occurred at a temperature range of 320-500 °C
[39, 40]. In the third stage, the charring of residual CA,
CS, and their thermal degradation products occurred at a
temperature above 500 °C [41]. The DTG curves showed
that the maximum thermal decomposition temperatures
(T, at the first stage for BENF-30, BENF-50, and
BENF-90 were 270.6, 265.7, and 264.9 °C, respectively,
which mainly was attributed to the thermal decomposi-
tion of CS. BENF-30 (340.3 °C) exhibited a higher T,
than that of BENF-50 (310.7 ‘C), owing to the major ther-
mal decomposition of CA. This result showed that the CS
addition weakened the thermal stability of nanofibrous
membranes. However, BENF-50 had a higher onset of
degradation temperatures and carbon residue rate than
those of the other groups, which possibly was due to the
optimum interfacial bonding between CA and CS, con-
sistent with our previous report [42]. The ability of the
nanofibrous membranes to maintain their porous morphol-
ogy, structural stability, and thermal stability resulted in
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the effective removal of chromium ions from a harsh water
environment.

3.2 Effects of adsorption performance

The effect of adsorption capacity of the porous biocom-
posite nanofibrous membranes on Cr®* at various contact-
ing time, initial concentrations, and pH values is displayed
in Fig. 3. The adsorption capacity of the porous nanofibrous
membranes at various ratios increased with increasing time
(Fig. 3a). The large specific surface area and functional
chemical groups provided both electrostatic adsorption
and active chemical sites, which significantly increased the
adsorption capacity of the membranes at the initial stages of
adsorption (# < 60 min). The adsorption capacity of samples
significantly decreased and rapidly reached the adsorption
equilibrium except for the BENF-50 and the core—shell-50.

This phenomenon is mainly attributed to decreased Cr®*
concentration in the solution and declined adsorption sites.
The adsorption process was accompanied by the reduction
of Cr®" to Cr’* and the inhibition of further diffusion of
Cr’* into the nanofibrous membrane. After the adsorp-
tion capacities of the membranes reached equilibrium, the
samples with the lowest adsorption performance were pure
CA and CS nanofibrous membranes corresponding to the
adsorption capacities of 5.96 and 9.93 mg/g, respectively.
The adsorption capacity of the CA/CS porous membrane
increased as the content of CS increased, indicating that CS
endowed the membrane with abundant chemical active sites
and an excellent and stable network structure. The initial
concentration of the Cr®* solution was another important
factor affecting the adsorption performance. Figure 3b dis-
plays the variations in the adsorption capabilities of BENF-
50 at various initial Cr®" concentrations. The adsorption
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Fig. 3 The effects of time, concentration, pH, and cycle number on the adsorption capacity of chromium ions
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capacity of the membrane declined with the increase in ini-
tial concentration, especially at 20 mg/L, corresponding to a
19.63% reduction. This result can be attributed to the limited
physical and chemical adsorption sites for the increasing
amount of Cr®* in the solution. The adsorption capacities of
the samples were decreased by 7.66% and 6.10% when the
concentration of Cr®* was further increased to 30 mg/L and
40 mg/L, respectively. A high initial concentration led to
the heavy metal ion aggregation on the surface of the mem-
brane. Furthermore, the reduction of Cr%* to Cr** bonded to
the fiber surface of the biocomposite membrane during the
adsorption process, thus preventing the further diffusion of
Cr®" into the interior of the CA/CS biocomposite membrane.

The pH of the solution with the different surface charges
of membranes and the protonation degree of CS also signifi-
cantly affected the formation of Cr®* [43]. Figure 3c illustrates
the effects of various pH levels on the Cr®* adsorption of
CA/CS nanofibrous membranes. The nanofibrous membranes
achieved an optimum adsorption capacity of 51.65 mg/g when
the pH of the solution was at 3. The Cr®* existed in the form
of neutral H,CrO,° and negatively charged HCrO,~, Cr,0,*~,
and CrO42_ in acidic solutions [44, 45]. The adsorption
capacity of samples significantly improved as the pH value
increased from 1 to 3. However, a decreasing adsorption

Protonation

capacity trend from 51.65 to 33.49 mg/g was observed when
the pH value further increased to 6. This can be attributed
to the decrease in amino protonation on their surface, thus
showing the negative active sites and the weak adsorption
of HCrO,~ and Cr,0,?~ [46]. Eight adsorption—desorption
cycle tests were carried out under the experimental condi-
tions of pH=3 and chromium ion solution concentration of
10 mg/L. The adsorbed samples were regenerated in 0.01 M
sodium hydroxide for 1 h at room temperature. Figure 3d dis-
plays the reusability of the BENF-50 membrane. There was
only a little decrease for the adsorption capacity after three
cycles with more than 90% removal efficiency. The reduction
was about 16% after eight cycles due to the decreasing active
sites of amine groups. Overall, the adsorption capacity of CA/
CS nanofibrous membranes remained high after eight cycles.

The adsorption mechanism of the CA/CS nanofibrous mem-
branes on chromium ion in different pH solutions is depicted in
Fig. 4. The amino groups had electrostatic adsorption interac-
tion with HCrO,~ but an insignificant effect on H,CrO,” when
pH=1, leading to the lowest adsorption capacity [40, 47]. The
samples exhibited a lower adsorption capacity at pH=2 than
at pH=3 due to the strong oxidation of chromate solutions and
their susceptibility to redox reactions. Cr®* existed in the solu-
tion as the octahedral hexahydronium ion (Cr(H20)63+) and was

Electrostatic forces Oxidation-reduction reaction

Cr ions in different pH solution

H,CrO,«=(®)

Cr(H,0)¢*

Low-levels heavy metals ions

Maximum heavy metal adsorption

pH=3

Adsorption

Decreased protonation

® o ® v Chemical active sites

® -NH,

. -OH @ -NH;* @ H,CrO,

« Cr¥* @ H' w COOr

Fig.4 Chromium ion adsorption mechanism by nanofibrous membranes at various pH values
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reduced to Cr** [48]. At pH=3, the Cr*" solution was mainly dom-
inated by HCrO,~, which electrostatically attracted the protonated
amine, thereby greatly improving the adsorption performance.

3.3 SEM-EDS analysis

The adsorbed Cr®" SEM-EDS images on porous nanofi-
brous membranes are depicted in Fig. 5. The SEM
observation revealed that many chromate ions (Cr%)
were adsorbed on the membranes made of BENF-30,
BENF-50, BENF-90, and core—shell-50 in Fig. 5al-dl1,
which was consistent with the EDS analysis result in
Fig. 5a3—-d3 and Fig. 5a4—d4. The stable network mor-
phology with high porosity endowed the membranes with
excellent physical adsorption capacity of chromium ions.
The porous CA/CS biocomposite membranes with vari-
ous CS contents and structures had different adsorption
capacities. As shown in Table 1, the chromium ion adsorp-
tion capacities of the samples initially increased and then
decreased as the contents of CS increased. There was a
small amount of chromium ions covered on the surface of
BENF-30 in Fig. 5a2. The BENF-50 had the highest chro-
mium ion adsorption capacity (20.51%), with a sufficient

Table 1 Elemental content of nanofibrous membranes after the adsorp-
tion of chromium ions

Samples Element Weight (%) Atomic (%)
BENF-30 Cr 12.93 3.74
BENF-50 Cr 20.51 6.48
BENF-90 Cr 10.12 2.90
Core—shell-50 Cr 13.41 3.97

exposure of the CS on the surface of the membrane in
Fig. 5b2. However, the BENF-90 with higher CS contents
and core—shell-50 with excessive CS exposure on the sur-
face had lower adsorption capacities, possibly correspond-
ing to the weight percentage of 10.12% and 13.41%, which
was due to the uneven width distribution of nanofibers
and weak structural stability. The dense chromium ions
easily destroyed the fine nanofibrous network during the
adsorption process, thus deforming whole networks with
the emergence of some holes due to the falling of chro-
mium ions in Fig. 5¢2 and d2. Therefore, the fabrication of
structurally stable nanofibrous membranes with optimum
contents of chemically active groups is a prerequisite for
effectively bonding heavy metal ions.

a4

Fig.5 SEM-EDS images after the adsorption of chromium ions: al-a4 BENF-30, b1-b4 BENF-50, c1-c4 BENF-90, and d1-d4 core—shell-50
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3.4 Analysis of variation on physical and chemical Figure 6a shows that two obvious diffraction peaks

properties

appeared at 9.6° and 18.5° were attributed to CA and CS
[49, 50]. The peaks can be identified after adsorption of

The XRD patterns and FTIR spectrum of CA/CS biocom-  Cr®" with the decreasing signal of intensity, which dem-
posite nanofiber membranes before and after chromium  onstrated the maintenance of ordered structure and amino
ion adsorption are illustrated in Fig. 6a and b, respectively.  coordination reaction with Cr®*. Figure 6b displays that the
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Fig.6 XRD, FTIR, and XPS spectra of BENF-50 nanofibrous membranes before and after chromium ion adsorption
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bands at 2944 cm™" and 2890 cm™! were attributed to CH,
and CH, stretching vibration in CA and CS. The band at
1736 cm™! was associated with the stretching vibration of
the carbonyl group in CA and the acetyl group in CS [29].
The 1040 cm™! band was related to the stretching vibration
of C—O-C in CS. The 1636 cm™' band was assigned to
the stretching vibration of C—O due to the hydrogen bond
[35]. A weak peak appeared at 1590 cm™!, corresponding
to N-H stretching vibration in CS amide II and NH, [51].
The strong adsorption band at 3490 cm™' corresponds to
—OH and -NH stretching vibrations. After the adsorption
of Cr%*, this peak at 3491 cm~! was shifted to 3483 cm™!,
probably due to the complexation of —OH groups with Cr®*
[52]. The appearance of a new peak at 994 cm™! indicated
that the adsorption of Cr®* was adsorbed onto the surface
of the samples. The peak intensities at 1635 cm™! were
decreased after the adsorption of Cr®*; the decreased peak
may be attributed to the complexation between the car-
boxylic group and Cr®* [53]. Another decreased peaks at
1062 cm™! may be attributed to the interaction of nitrogen
from the amino group with Cr®" [54]. The characteristic
band of C-N at 1083 cm™" shifted to 1062 cm™" with the
decreasing intensity, indicating the complexation of amine
groups with Cré*.

To reveal the chemical adsorption mechanism of CA/
CS nanofibrous membranes, XPS analysis was conducted
before and after the adsorption of chromium ions, as seen
in Fig. 6¢. Different atomic states and concentrations of C,
O, and N are listed in Table 2. Given the binding energy
of C 1 s shown in Fig. 6d and e, it was observed that the
binding energy of the C—N bonds was shifted from 286.12
to 286.63 eV. This can be speculated that amino groups in
CS molecular chains lost the electrons due to the protona-
tion [55]. The O 1 s energy spectra in Fig. 6f and g showed
that the atomic concentrations of C =0 and O—C =0 groups
decreased after chromium adsorption on BENF-50, which
indicated that the hydroxyl groups and residue carbonyl in
CA and CS were depleted by the complexation reaction [56].
The N 1 s energy spectra are displayed in Fig. 6h and i. Two
peaks at 397.72 eV and 399.51 eV were associated with
the -NH,, -NH-, and protonated —NH3+ groups in CS [36,
37]. After the adsorption of Cr®*, the binding energies of
the two peaks significantly were shifted to 399.70 eV and
401.82 eV, respectively. This suggested that N was involved
in the Cr®" adsorption process, which was consistent with
previous reports [38, 39, 51]. The peak corresponding to
the -NH;" binding energy and its intensity became nar-
rower and weaker with lower atomic concentration (0.21%)

Table 2 The surface elements

X . Element BENF-50 BENF-50 Assignments
and functional chemical groups before adsorption after adsorption
of nanofibrous membranes o
Binding energy(eV)
Cls 284.64 284.78 C—CorC-H
Atomic concentration (%) 21.83 27.42
Cls 286.12 286.63 C-N, C-O or C-0-C
Atomic concentration (%) 31.60 31.73
Cls 288.84 289.05 C=0o0r0-C=0
Atomic concentration (%) 7.92 6.17
Total C 61.36 65.04
Ols 531.57 531.64 C=0
Atomic concentration (%) 10.58 4.44
Ols 532.41 532.41 C-0
Atomic concentration (%) 14.90 17.06
Ols 533.39 533.39 0-C=0
Atomic concentration (%) 10.19 10.63
Total O 35.66 32.04
Nls 397.72 399.70 —NH- or -NH,
Atomic concentration (%) 0.61 2.33
Nls 399.51 401.82 -NH;*
Atomic concentration (%) 2.37 0.21
Total N 2.98 225
Cr 2psp, Cr 2p; - 576.58, 586.24 c
Atomic concentration (%) - 0.29
Cr 2ps0, Cr 2p, - 577.56, 587.22 Cré*
Atomic concentration (%) - 0.37
Total Cr - 0.66
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after adsorption, implying the involvement of protonated
—~NH;* in the electrostatic adsorption process of Crb* [36].
The peak at 399.51 eV with a broader peak width and a
significant increase in its intensity and atomic concentra-
tion after the adsorption, which was mainly attributed to
the conversion of Cr®" into Cr’* and then adsorbed on the
surface of the nanofibrous membrane by the -NH, and
—NH- groups through electron transfer [36, 40]. In addition,
the emergence of two peaks corresponding to 577.28 eV and
586.87 eV in Fig. 6j was respectively assigned to Cr 2p;,
and Cr 2p, ,, which directly verified that the chromium ions
were adsorbed on the surface of the nanofibrous membranes
[41, 57]. They were fitted and divided into four specific
peaks. The binding energies at 577.6, 587.2 eV, 576.6, and
586.2 eV were associated with Cr®* and Cr*, respectively.
This demonstrated that Cr®" and Cr** co-existed in the
nanofibrous membranes, and many Cr®* were reduced to
Cr** through the redox reaction of existing carboxyl and
hydroxyl groups [58].

4 Conclusions

The structurally stable nanofibrous biocomposite mem-
branes derived from CA and CS were successfully fab-
ricated using double needles. Nanoindentation mapping
revealed that the micro/nano-scale knots were formed
through the synergistic action of the hydrogen bonding,
electrostatic forces, and interfacial compatibility of CA
and CS. The average elastic modulus and hardness values
of CA/CS biocomposite nanofibers were 0.23 and 1.72
GPa, respectively. The nanofibrous membrane exhibited
outstanding structural stability in aqueous solutions (with
a wide pH range) and good thermal stability. The bio-
composite nanofibrous membrane containing 50% of CS
content had an optimum chromium ion adsorption capac-
ity of 51.6 mg/g in the aqueous solution of pH = 3 The
adsorption capacity of CA/CS nanofibrous membranes
remained high after eight cycles. The prepared biocom-
posite nanofibrous membrane exhibited good structural
and thermal stabilities as well as excellent adsorption per-
formance, making it a promising adsorption material for
water pollution treatment.
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