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Nanofibrous adsorbents were fabricated by electrospinning with a blend solution of poly(acrylic acid) (PAA)
and poly(vinyl alcohol) (PVA) polymers and used for copper (Cu(i)) removal from industrial plating
wastewater. Fourier-transform infrared spectrometry analysis demonstrated that a new peak appeared at
1617 cm™~! due to the interactions between Cu(i) and carboxyl oxygen on the surfaces of the PAA/PVA
nanofibrous adsorbents during Cu(il) removal in the plating wastewater. X-ray photoelectron
spectroscopy analysis showed that the Cu 2p peak at a binding energy of 932 eV appeared in a wide
scan of the nanofibrous adsorbents after Cu(i) removal in the plating wastewater. The carboxyl groups
on the surfaces of the nanofibrous adsorbents could provide sorption sites for Cu(i) removal. Laboratory
experiments in synthetic solutions showed that the nanofibrous adsorbents were effective in Cu(n)
removal. The nanofibrous adsorbents had a maximum Cu(i) removal capacity of 49.3 mg g~* with a far
higher selectivity for Cu(i) over Ni(1) in a binary system. Also, the nanofibrous adsorbents could be
regenerated and reused for Cu(i) removal through successive adsorption—desorption processes. Batch
experiments in industrial plating wastewater (Cu(i) concentration = 430.06 mg L™) demonstrated that
the nanofibrous adsorbents had Cu(i) removal capacity of 25.8-33.6 mg g™t in the adsorbent dose of

0.4-2.0 g L% However, the removal of other heavy metal ions (Ni, Zn, etc)) in the wastewater by the
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1. Introduction

Copper (Cu) is widely used in industries such as metal plating,
mining, paint manufacturing, electronics, and electrical fields.
A large amount of copper is released into bodies of water,
causing serious environmental problems."” The United State
Environmental Protection Agency (USEPA) sets the permissible
limit of Cu(m) in industrial effluents as 1.3 mg L', whereas the
World Health Organization (WHO) provides an interim
drinking water guidance of Cu(n) as 2.0 mg L™'.% Various tech-
nologies including chemical, biological, and membrane treat-
ments have been applied to remove the copper concentration in
wastewater before its discharge.” Among these methods,
adsorption is widely used for copper removal mainly because of
its cost-effectiveness and simplicity.**
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tests for Cu(n) removal from the wastewater under dynamic flow conditions.

Electrospinning is a simple and convenient way to fabricate
nanofibers as randomly oriented non-woven mats.® Electrospun
nanofibers have been widely used as nanofibrous adsorbents for
removal of heavy metals from aqueous solutions, due to their
large specific surface area, high porosity, and small inter-
connected pores.”** Two approaches are found in the literature
regarding synthesis of electrospun nanofibers for Cu(u)
removal. The first approach is related to the synthesis of pure
electrospun nanofibers for Cu(u) removal. Some researchers
have fabricated electrospun nanofibers using solvent-soluble
polymers, including polyacrylonitrile (PAN), poly(vinyl phenol)
(PVP), poly(vinyl chloride) (PVC), polyamide (PA), polysulfone
(PS), keratin, cellulose, and silk fibroin/nylon-6.">** Among
electrospun nanofibers from solvent-soluble polymers, PAN
nanofibers have been most commonly used in the adsorption of
Cu(n) because the amino groups on the surface of PAN form
strong complexes with Cu(u).** Even with its good perfor-
mance for Cu(un) removal, however, PAN dissolves in toxic
organic solvent due to its high crystallinity, causing environ-
mental problems during nanofiber synthesis. Other researchers
have fabricated electrospun nanofibers using environmentally
friendly and water-soluble polymers such as chitosan, poly(vinyl
alcohol) (PVA), and poly(acrylic acid) (PAA).>**” Among water-
soluble polymers, chitosan has been most frequently used for
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the synthesis of electrospun nanofibers for Cu(u) removal
because it has both hydroxyl and amine groups on its
surface.****° However, electrospinning of chitosan is difficult
due to its high viscosity, poor water solubility, and low chain
flexibility, and additives are required to overcome these prop-
erties.”®*® Conversely, PAA and PVA polymers easily dissolve in
water and can be electrospun to synthesize nanofibers.

The second approach is proceeding to fabrication of elec-
trospun nanofibrous composites for Cu(u) removal using poly-
mers such as PVA and PAA. Through functionalization of the
nanofibers with nano-sized inorganic particles such as zero-
valent iron (ZVI),”” ZnO,* thiol-functionalized SiO,,****> and
graphene oxide,* Cu(u) removal from aqueous solutions can be
enhanced. In nanofibrous composites, inorganic functional
materials play a major role as adsorbents for Cu(u) removal.
Polymers are fabricated into electrospun nanofibers, mainly to
support inorganic particles, with a minor role for Cu(u) removal.
Although the nanofibrous composites had a higher Cu(u)
removal capacity than pure nanofibers, they have disadvantages
for water filtration applications. The release of nanoparticles
from nanofibrous composites during the water (filtration
process can lead to decreased Cu(u) removal capacity along with
reduced potential reusability of the composites.>**”

Few researchers have synthesized PAA/PVA electrospun
nanofibers for use in Cu(u) removal.***> More research is still
required to improve our understanding of electrospun PAA/PVA
nanofibers as adsorbents for Cu(u) removal. The aim of this
study was to characterize Cu(u) removal from industrial plating
wastewater using electrospun PAA/PVA nanofibers as adsor-
bents. Batch experiments were performed using the nano-
fibrous adsorbents to examine the effects of solution pH,
adsorbent dose, reaction time, temperature, initial Cu(u)
concentration, and regeneration/reuse, and competing nickel
ions (Ni(u)) on Cu(u) removal from synthetic solution and
plating wastewater. In addition, filtration experiments were
conducted using the nanofibrous adsorbents to observe Cu()
removal from synthetic solution and wastewater under flow-
through conditions. Energy dispersive X-ray (EDX) spectrom-
eter, Fourier-transform infrared (FT-IR) spectrometer, and X-ray
photoelectron spectroscopy (XPS) analyses were performed to
characterize the nanofibrous adsorbents in Cu(u) removal.

2. Materials and methods

2.1. Preparation and characterization of the nanofibrous
adsorbents

A PAA solution (M,, = 240 000, 25 wt% in water) was used as
received from Sigma Aldrich. A PVA powder (M,, = 85 000-
124 000, 99% hydrolyzed, Sigma Aldrich, USA) was dissolved in
deionized water as PVA solution (10 wt%). PAA/PVA blend
solution was prepared by mixing three solutions (PAA : P-
VA : DW) to attain a mixed polymer solution of 10 wt% (5 wt%
PAA + 5 wt% PVA). Prior to use for electrospinning, the mixed
solution was stirred for 1 h to create a homogeneous solution.
Electrospun PAA/PVA nanofibers were prepared by an electro-
spinning machine (ESP200/ESP100, NanoNC, Seoul, Korea) as
mentioned previous study.*® The applied voltage was 17 kV,
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while the flow rate of the PAA/PVA solution was 0.5 mL h™*. The
nanofibrous adsorbents were deposited on a rotating cylinder
(diameter = 9 cm, speed = 1000 rpm, tip-to-collector distance =
15 cm) on a negative terminal. In order to obtain the water
stability through crosslinking, the nanofibrous adsorbents were
heat-treated at 145 °C for 30 min following the method of Xiao
et al,*® who reported that the PAA/PVA nanofibers were
successfully crosslinked between carboxyl groups of PAA and
hydroxyl groups of PVA by heat treatment, retaining their
structure after immersion in water for a week.

The characterization of the nanofibrous adsorbents
were investigated by various analytic technologies. The
morphology of the nanofibrous adsorbents were observed by
field emission scanning electron microscopy (FESEM) and
EDX analyses (SUPRA 55VP, Carl Zeiss, Oberkochen, Ger-
many). The nanofibrous adsorbents (n = 30) in each FESEM
image was measured for determining the average diameter.
Zeta potentials were determined by an electrophoretic light
scattering analyzer (ELS-Z2, Otsuka Electronics, Osaka,
Japan). FT-IR spectra were obtained using a Nicolet 6700 FT-
IR spectrometer (Thermo Scientific, MA, USA) at the range
of 400-4000 cm™'. X-ray photoelectron spectroscopy (XPS,
Sigma Probe, Thermo VG, East Grinstead, UK) scans were also
observed with monochromatic Al Ka radiation. In order to
quantify the amount of carboxyl groups available for the
adsorption of Cu(u), the acid-base titration was conducted for
the nanofibrous adsorbents following the procedures
described in the literature.’”

2.2. Cu(u) removal in synthetic solution

2.2.1. Cu(u) removal in batch conditions. CuCl,-2H,0 and
Ni(NO3),6H,0 were used to prepare stock solutions of Cu(u)
and Ni(n) (1000 mg L™ "). Unless stated otherwise, all experi-
ments were carried out using conical tubes in triplicate with the
following conditions: nanofibrous adsorbent dose = 1 g L™,
initial Cu(u) concentration = 500 mg L™', solution pH = 5,
temperature = 30 °C, reaction time = 24 h. The tubes con-
taining 50 mL solution were shaken at 150 rpm using a shaking
incubator (Daihan Science, Seoul, Korea). Samples were
collected and analyzed by inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) (Optima-4300, PerkinElmer,
Waltham, MA, USA) after reaction. The removal capacity was
calculated using the following relationship:

Ci_ Ce

qe = 2 — (1)

The effect of solution pH was investigated at a pH range of 2-
5 because of the precipitation of Cu(u) ions as Cu(OH), at a pH
= 6.% A HCl solution (0.1 M) was used to adjust the solution pH
determined by a pH probe (9107BN, Thermo Scientific, Wal-
tham, MA, USA). The effect of nanofibrous adsorbent dose was
examined with adsorbent doses of 0.4-2.0 g L™". The effect of
reaction time was observed at 0.5-24 h, whereas the effect of
temperature was examined at 15, 30 and 45 °C. The effect of the
initial Cu(u) concentration was investigated with Cu(u)

This journal is © The Royal Society of Chemistry 2017
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concentrations of 50-935 mg L ". The sorption models used in
the data analyses are presented in ESL

In addition, the regeneration and reuse of the nanofibrous
adsorbents for Cu(u) removal were evaluated. Thus after
removal experiments, the adsorbents were immersed in 40 mL
of 0.2 M HCl solution for 15 min at 30 °C and shaken at 150 rpm
using a shaking incubator for the desorption of adsorbed Cu(n)
and the regeneration of the nanofibrous adsorbents. After
drying at 65 °C, the adsorption/desorption procedure was
repeated up to five times to test the reusability of the nano-
fibrous adsorbents for Cu(u) removal.

2.2.2. Cu(u) removal in flow-through conditions. Filtration
experiments were performed to examine Cu(u) removal by the
nanofibrous adsorbents under flow-through conditions. The
nanofibrous adsorbents had the following filter characteristics:
filter area = 11.34 cm?; filter weight = 0.2 & 0.01 g; filter depth
(thickness) = 0.7 £+ 0.05 mm. The porosity (n) of the nano-
fibrous adsorbents was calculated using the following
relationship:*

n(%) = (1 — aylby) x 100, )

To calculate a,,, the thickness of the nanofibrous adsorbents
was determined from an FESEM image. The porosity of the
nanofibrous adsorbents was calculated to be 76.2%. Filtration
tests were conducted at two different Cu(u) concentrations (10,
50 mg L~ ") with a total filtrate volume of Cu(u) solution of 300 mL.
Starting from 20 mlL, various volumes of Cu(u) solution were
serially filtered through a dead-end filtration system (trans-
membrane pressure (TMP) = 0.6 bar) equipped with the nano-
fibers. Filtrate water was collected and sampled to analyze Cu(u)
concentration via ICP-AES. It should be noted that the nano-
fibrous adsorbents had a high permeability during filtration tests;
300 mL of Cu(u) solution were filtered within 5 min. The equa-
tions used in the filtration data analysis are presented in ESLT

2.3. Cu(u) removal in industrial plating wastewater

Industrial plating wastewater was collected from a plating plant
located in Ansan, Republic of Korea. The major element of the
wastewater was Cu(u) (430.06 mg L") along with Ni(u) as
a minor element (3.995 mg L~ "). The solution pH and electrical
conductivity (EC) of the wastewater were 1.1 and 50.1 mS cm ™",
respectively. Prior to use for the experiments, the solution pH
was adjusted to 5 using a 5 M NaOH solution. Following the
same procedures for synthetic Cu(u) solution, batch experi-
ments in industrial plating wastewater were conducted to
examine Cu(u) removal by the nanofibrous adsorbents (adsor-
bent dose = 0.4-2.0 g L™"). Filtration experiments were also
performed to examine Cu(u) removal from the wastewater (total
filtrate volume = 500 mL), following the same procedures for
synthetic solution.

3. Results and discussion
3.1. EDS, FTIR, and XPS analyses

FESEM image (Fig. 1a) showed that the nanofibrous adsorbents
were successfully synthesized, and no beaded nanofibers were
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observed. The nanofibrous adsorbents had the average diam-
eter of 333 &+ 54 nm. In the EDS pattern before Cu(u) removal
experiment (Fig. 1b), carbon (C) was indicated at the peak
positions of 0.277 keV as K alpha, and 0.284 keV as K beta X-ray
signals (Fig. 1b). The nanofibrous adsorbents (atomic%) were
composed of carbon (71.28) and oxygen (28.72). After Cu(u)
removal experiment, the nanofibrous adsorbents successfully
retained their morphology, although they swell slightly (Fig. 1c).
From the EDS pattern, Cu was observed at the peak positions of
0.930 keV as L alpha, 8.040 keV as K alpha, and 8.904 keV as K
beta signals (Fig. 1d). The nanofibrous adsorbents (atomic%)
were composed of carbon (77.37), oxygen (16.23), and copper
(6.40). In the nanofibrous adsorbents, the amount of carboxyl
groups available for the adsorption of Cu(u) was determined to
be 4.82 + 0.01 mmol g~ from the acid-base titration. According
to the zeta potential (ZP) measurement, the ZP value of the
nanofibrous adsorbents was estimated as —0.86 mV before
Cu(n) adsorption. This value increased slightly and became
positive (+0.43 mV) after Cu(u) adsorption, indicating the
adsorption of positively-charged Cu(u) to the nanofibrous
adsorbent surfaces.

FT-IR spectra of the nanofibrous adsorbents before/after
Cu(n) removal experiments are presented in Fig. 2. The broad
band at 3272 cm™ " was assigned to the stretching vibration of
O-H group. The peak at 2919 cm ™' was attributed asymmetric
stretching mode of ~CH, whereas the band at 1412 cm™ ' was
ascribed to C-H bending.***' The peaks at 822, 1091, and 1237
em ' were attributed to C-C-0O, C-O, and C-C stretching,
respectively.>* Bands at 1704 cm ' and 913 cm ™' were
ascribed to a carbonyl group (-CO-O-) of the crosslinked PAA/
PVA and an O-H group of the carboxyl group in PAA, respec-
tively.*** After Cu(u) adsorption in synthetic solution and
industrial plating wastewater, a new peak appeared at 1617
cm™ " due to the interactions between Cu(u) and carboxyl oxygen
on the surfaces of the nanofibrous adsorbents.*

The XPS spectra of the nanofibrous adsorbents before/after
Cu(u) removal experiments are presented in Fig. 3. In wide
scans (Fig. 3a—c), the photoelectron peaks at the binding ener-
gies of 282.4 and 530.0 eV were attributed to C 1s and O 1s,
respectively. After Cu(u) removal in synthetic solution (Fig. 3b)
and industrial plating wastewater (Fig. 3b), the Cu 2p peak at
a binding energy of 932 eV appeared. Within high-resolution
scans of the Cu 2p region (insets of Fig. 3b and c), Cu 2pz/,
and Cu 2py,, peaks appeared at 930.8 and 950.4 eV, respectively,
which were in good agreement with the standard spectrum for
CuO." In the C 1s spectrum (Fig. 3d-f), the peak at 285.0 eV was
assigned to CH, from PVA and PAA. Other peaks at 286.01 and
286.52 eV were assigned to C-OH (hydroxyl group) from PAA
and PVA, respectively. The peak at 289.45 eV was assigned to
O=C-OH (carboxyl group) from uncondensed moieties at
PAA.**3> PVA and PAA are both hydrophilic polymers that
require crosslinking to gain water stability. PAA has carboxylic
acid groups on its surface, whereas PVA has hydroxyl groups on
its surface.**** PAA could be blended with PVA to improve the
water stability of electrospun nanofibers through simple heat
treatment,** which results in strong ester linkage between the
carboxyl group of PAA and the hydroxyl group of PVA (inset in

RSC Aadv., 2017, 7, 18075-18084 | 18077
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Fig.1 FESEM images and EDX patterns of the nanofibrous adsorbents: (a) FESEM image before experiment (bar = 1 um), (b) EDX pattern before
experiment (inset = element composition), (c) FESEM image after experiment (bar = 6 um, color mapping), and (d) EDX pattern after experiment

(inset = element composition).
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Fig. 2 FTIR spectra of the nanofibrous adsorbents: (a) before experi-

ment, (b) after experiment in synthetic solution, and (c) after experi-
ment in industrial plating wastewater.

Fig. 3d). The carboxyl groups on the surfaces of the nanofibrous
adsorbents could provide sorption sites for Cu(u) removal.
Within the O 1s spectrum (Fig. 3g-i), the peaks at 532.72 and

18078 | RSC Aadv., 2017, 7, 18075-18084

534.06 eV could be attributed to C=0 and C-O, respectively,
from PAA, whereas 532.84 ev could be assigned to C-O from
PVA.51

3.2. Cu(u) removal in synthetic solution: batch and filtration
experiments

As initial solution pH increased from 2 to 5, the removal
capacity increased sharply from 0.8 to 44.9 mg g~ ' (Table 1).
Poor adsorption in highly acidic pH is related to competition
between hydrogen ions and Cu(u) ions for the same sorption
sites on the adsorbents. As solution pH increases, carboxyl
groups in PAA and hydroxyl groups in PVA are more dissociated
and stretched, increasing the electrostatic interactions with
Cu(u) ions.?*** Similar findings were reported for electrospun
nanofibers synthesized from PAA/PVA polymers,* silk fibroin/
nylon-6 polymers,"”” and PAA/PAN polymers.”® Wang et al.*
examined the effect of pH on Cu(u) removal by PAA/PAN
nanofibers, reporting that adsorption of Cu(u) was pH depen-
dent, with a maximum adsorption capacity at pH 5. The effect of
adsorbent dose on Cu(u) removal is presented in Table 2. As the
adsorbent dose increased from 0.4 to 2.0 g L™ * by decreasing the
removal capacity from 106.0 to 41.8 mg g~ ', whereas the percent
removal increased from 7.1 to 14.3%.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 XPS spectra of the nanofibrous adsorbents before and after experiments: (a) wide scan before Cu(i) removal, (b) wide scan after Cu(i)
removal in synthetic solution (inset = high resolution scan in the Cu 2p region), (c) wide scan after Cu(i) removal in industrial plating wastewater
(inset = high resolution scan in the Cu 2p region), (d) high resolution scan in the C 1s region before Cu(i) removal (inset = chemical structure of
PAA/PVA nanofibrous adsorbents), (e) high resolution scan in the C 1s region after Cu(i) removal in synthetic solution, (f) high resolution scan in
the C 1s region after Cu(i) removal in industrial plating wastewater, (g) high resolution scan in the O 1s region before Cu(i) removal, (h) high
resolution scan in the O 1s region after Cu(il) removal in synthetic solution, and (i) high resolution scan in the O 1s region after Cu(i) removal in
industrial plating wastewater.

The characteristics of Cu(u) adsorption to the nanofibrous temperature data were analyzed by the thermodynamic models
adsorbents are presented in Fig. 4. The reaction at 15 °C (eqn (S4)-(S6), ESIt). The thermodynamic analysis is presented
reached equilibrium around 12 h, whereas the reactions at 30  in Fig. 4c along with the model parameters. The positive value of
and 45 °C reached equilibrium around 6 h (Fig. 4a). Kinetic ~AH° (23.47 k] mol™") means that Cu() removal by the nano-
model analysis (eqn (S1)-(S3), ESIT) for the adsorption data at fibrous adsorbents is an endothermic process. Similar results
30 °C is presented as an example in Fig. 4b, while the model have been observed by previous researchers, observed the
parameters for all three temperatures are provided in Table S1  endothermic nature of Cu(u) removal by titanate nanofibers,*
(ESIY). The effect of temperature on Cu(u) removal is also shown aminated PAN nanofibers,” poly(ethylene oxide)/chitosan
in Fig. 4a. The removal capacity increased from 19.2 to 47.6 mg nanofibers,” and PVA/ZnO nanofibers.”® A positive value of
g ' with an increasing temperature from 15 to 45 °C. The AS°(56.44 ] K ' mol ') insisted that the degree of randomness

Table 1 Influence of initial solution pH on Cu(i) removal by the nanofibrous adsorbents

Initial pH 2 3 4 5
Adsorption capacity (mg g™ ") 0.8 + 0.2 13.2 + 0.9 339+ 1.5 44.9 +£ 0.2
Equilibrium pH 2.2 2.9 3.0 3.1

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 18075-18084 | 18079
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Table 2 Influence of adsorbent dose on Cu(i) removal by the nanofibrous adsorbents
Adsorbent dose (g L") 0.4 0.6 1.0 2.0
Adsorption capacity (mg g~ ') 106.0 + 12.2 84.7 + 0.4 52.2 + 4.3 45.8 £ 0.6
Percent removal (%) 7.1+£0.8 8.48 + 0.0 9.4+ 1.4 14.3 £ 0.2
60 60
@ —.-15C ——30C ——45T ®)
50 4 i 1 o4 = -
3 * I
*
% 40 4 o 40 A
E S
z £
B 301 :2 30
< o
< 204 - < 20 4 4 Observed
Pseudo first-order
10 + oy Pseudo second-order
— * ~Elovich
0 - - T . 0 4 Z ; ' ;
0 5 10 15 20 25 0 4 8 12 16 20 24
Time (h) Time (h)
0 60
() Temp. (°C)  aHo (kJ/mol) ASo (J/K:-mol) AGo (kJ/mol)
15 2347 56.44 721
14 30 636 20 1
45 551
40
=Y & S
b \ 2 30 |
3 y=-2823.1x +6.7889 & /
R?=0.8796 L i
20 A I + Observed
4 l ------- Langmuir
10 1 ——Freundlich
—-—-Redlich-Peterson
-5 T T r r r
3.1E-03 3.3E-03 3.5E-03 0 200 400 600 800 1,000
/T (1/K) C, (mg/L)

Fig. 4 Characteristics of Cu(n) sorption to the nanofibrous adsorbents: (a) effects of reaction time and temperature, (b) kinetic model analysis
(model parameters in Table 3), (c) thermodynamic model analysis (inset = model parameters), and (d) effect of initial Cu(i) concentration and
equilibrium model analysis (model parameters in Table 4). Error bars represent standard deviation of the mean (n = 3).

increased at the interface between the adsorbent and the
adsorbate during Cu(m) removal. Positive values of AG° (5.5-7.21
kJ mol~") were also obtained from the model analysis. Accord-
ing to eqn (S5) (ESIY), the value of AG® becomes positive when
the Cu(u) in the aqueous phase (C,) is larger than that on the
solid phase (aq.) at equilibrium. The equilibrium isotherm
model analysis (eqn (S7)—-(S9), ESIt) and related parameters are
provided in Fig. 4d and Table S2.1 From the Langmuir model,
the maximum removal capacity (¢,) was determined to be
49.3 mg g~ ', which was in the range of Cu() removal capacity
(5.0-485.4 mg g~ ') reported in the literature (Table 3).

The effect of regeneration and reuse of the nanofibrous
adsorbents on Cu(u) removal is presented in Table 4. The
removal capacity remained relatively constant at 41.9-45.6 mg
g~ ' during five adsorption-desorption cycles. The desorption
rate from the nanofibrous adsorbents was in the range of 82.4-
101.2%. Our results indicated that the adsorption of Cu(u) to the

18080 | RSC Adv., 2017, 7, 18075-18084

nanofibrous adsorbents is mostly reversible. The nanofibrous
adsorbents can be regenerated and reused for Cu(u) removal
through successive adsorption-desorption processes. The
schematic illustrations for the adsorption-desorption mecha-
nisms between Cu(u) and nanofibrous adsorbents are presented
in Fig. 5. In the adsorption process, Cu(u) ions are electrostat-
ically interacted with carboxyl groups on the surfaces of nano-
fibrous adsorbents, whereas in desorption process the adsorbed
Cu(u) are released from the nanofibrous adsorbents under
a highly acidic condition due to the competitive effect of
hydrogen ions.**

Breakthrough curves of Cu(u) obtained from water filtration
tests are presented in Fig. 6. In the case of Cu(m) = 10 mg L™,
the filtrate Cu(u) concentration was 4.5 mg L™ " at a filtration
volume of 20 mL and then remained relatively constant around
3.4-4.2 mg L' thereafter. From eqn (S15) (ESIt), the removal
capacity (ga exp) was determined to be 9.1 mg g~ *. For Cu(u) =

This journal is © The Royal Society of Chemistry 2017
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Table 3 Cu(i) removal capacity of electrospun nanofibrous adsor-
bents from the Langmuir isotherm reported in the literature

Removal Initial Cu(u)

capacity concentration
Polymer (mgg™ (mg L™Y) Reference
PAN 52.7 0-1000 15
PAN 150.6 40-1000 56
PAN 116.5 0-636 21
PAN 215.2 0-1000 19
PAN 30.4 5-100 57
PAA/PAN 48.2 108-268 23
PVP 5.0 5-50 14
Keratin 11.0 0.1-50 12
Chitosan 485.4 100-400 24
PEO/chitosan 302.4 50-1000 28
PVA (ZnO) 162.5 1-200 25
PAA/PVA (nZVI) 107.8 25-200 27
PAA/PVA 49.3 50-500 This study

50 mg L', the value of g, exp Was 25.2 mg g~ ', which was 2.8
times larger than that at Cu(ir) = 10 mg L™ . The modified dose-
response model (eqn (S16), ESIt) analyses are also presented in
Fig. 6, demonstrating that the breakthrough curves were well
described by the model. The removal capacities (g, moa) from
the model were similar to those (ga,exp) from the experiments
(inset in Fig. 6).

3.3. Cu(u) removal in industrial plating wastewater: batch
and filtration experiments

Batch experimental results for Cu(u) removal from industrial
plating wastewater by the nanofibrous adsorbents are presented
in Table 5. As the nanofibrous adsorbent dose increased from
0.4 to 1.0 g L™, Cu(n) removal capacity increased from 25.8 to
33.6 mg ¢~ ' and then decreased to 26.2 mg g~ ' as the adsorbent
dose further increased to 2.0 g L™". However, the removal of
other heavy metal ions (Ni, Zn, etc.) by the nanofibrous adsor-
bents was negligible.

In order to understand the effect of Ni(u) on Cu(u) removal by
the nanofibrous adsorbents, additional batch experiments were
performed in synthetic solutions. Ni(i) removal experiments
performed in single solution of Ni(u) (initial Ni(u) concentration
=95-985 mg L !, adsorbent dose = 1 g L™ ) indicated that Ni(u)
removal capacity increased from 12.2 to 19.3 mg g ' with an
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Fig. 5 Schematic illustrations for the adsorption—desorption mecha-
nisms between Cu(i) and nanofibrous adsorbents: (a) adsorption and
(b) desorption.

50

[ w N
=3 =3 =)

Cu(II) concentration in filtrate (mg/L)
=

Cu(ll) conc. (Mg/L) Gaexp (M3/g) Gamod (Mg/g)| A R? SAE
10 9.1 9 0.05 0.903 8.644
4 50 25.2 24.8 0.6 0.954 15.892

m Observed, Cu(Il) = 10 mg/L

A Observed, Cu(Il) = 50 mg/L
| ——Model
L} " u u u u
0 50 100 150 200 250 300
Filtration volume (mL)

Fig. 6 Breakthrough curves of Cu(n) in synthetic solution along with
modified dose—-response model fits (inset = model parameters).

concentration = 50-450 mg L™ '). The values of K4 and Scuni
were calculated using the following relationships:

. o . . _ 9
increasing initial Ni(un) concentration from 95 to 985 mg L L Ky = Fe (3)
Ni(n) removal capacity was far lower than that of Cu(u) in ¢
a similar concentration range of Cu(u) (see Fig. 4d). Kicu

Batch experiments were also conducted in binary solution of Seuni = Kani (4)
Cu(n) and Ni(n) (adsorbent dose = 1 g L', each metal
Table 4 Regeneration and reuse of the nanofibrous adsorbents for Cu(i) removal
Cycle 1 2 3 4 5
Adsorption capacity (mg g™ ") 44.9 £ 0.2 42.2 +1.3 45.6 £ 0.2 41.9 £ 0.5 42.3 +£1.9
Desorption rate (%) 101.2 £ 1.7 92.6 + 1.1 82.4 £ 0.6 90.2 +1.3 89.2 £ 2.7

This journal is © The Royal Society of Chemistry 2017
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Table 5 Batch experimental results for Cu(il) removal from industrial plating wastewater

Wastewater after removal with adsorbent dose (g L")

Wastewater before

Element removal 0.4 0.6 1.0 2.0
Cu(mgL™) 430.07 416.51 (25.8)° 403.54 (30.2) 388.11 (33.6) 369.24 (26.2)
Ni (mg L™ 3.995 3.971 3.959 3.991 3.994

Zn (mg LY 0.116 0.106 0.142 0.133 0.093

Cr (mgL™) 0.198 0.112 0.107 0.119 0.119

Mn (mg LY 0.012 0.008 0.009 0.009 0.010

Fe (mg L) 0.189 0.107 0.105 0.116 0.138

Al (mg L™ 0.156 0.128 0.122 0.134 0.160

“ The number in the parenthesis is the Cu(u) removal capacity.

Table 6 Distribution coefficient and selectivity coefficient for Cu(i) removal in binary solution

Cu/Ni ratio® 50/50 100/100 150/150 200/200 300/300 450/450
Gecu (Mg g™ 10.6 26.0 29.8 29.9 34.3 35.1
Geni (Mg g™) 0.401 1.160 0.468 0.042 1.01 x 107* 0

Kaea (L) 0.298 0.362 0.260 0.187 0.140 0.085
Kani (Lg™h) 8.17 x 10 1.19 x 102 3.23 x 103 2.19 x 104 3.51 x 1077 0
Scumi 36.5 30.4 80.5 856 3.97 x 10° ©
“mg L~ of Cu(n) over mg L™ of Ni(u).

The experimental results are summarized in Table 6. With an
increase of initial Cu(m) concentration from 50 to 450 mg L™,
Cu(u) removal capacity in the presence of Ni(u) increased from
10.6 to 35.1 mg g ', which were slightly lower than those of
Cu(u) in the absence of Ni(u) with a similar initial Cu(u)
concentration range (Fig. 4d). Ni(u) removal capacity was less
than 1.2 mg g~ ' in the presence of Cu(u), indicating that Ni(i)
was rarely adsorbed by the nanofibrous adsorbents in the
presence of Cu(u). The values of Scyn; were calculated to be
greater than 30, demonstrating that the nanofibrous adsorbents
had a far higher selectivity for Cu(u) over Ni(u) in a binary system
(Table 6). These results could be ascribed to the higher binding
affinity of Cu(u) for a given ligand compared to Ni(u).>* Similar

Zn Cr
o e Al —— Model
) D
= 4 pad
=
E |
&
= . oo & o o o —"——2
=
; ——Ni —e—Zn Cr
)
2 ——Mn —e—Fe —e—Al
£
5
2
5 oo S Sa———
O 100 200 300 400 500
Filtrate volume (mL)
\ L g T L ] v
0 100 200 300 400 500

Filtrate volume (mL)

Fig. 7 Breakthrough curves of Cu(n) in industrial plating wastewater
along with modified dose—-response model fit (inset = breakthrough
curves for other metal ions).
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findings were reported by other researchers for functionalized
PS nanofibers™ and PVA/zinc oxide nanofibers,** demonstrating
that Cu(u) removal was much larger than Ni(u) removal.

Breakthrough curves for heavy metal ions obtained from
wastewater filtration tests are presented in Fig. 7. Cu(u) removal
capacity (¢aexp) Was determined to be 32.4 mg g ' from eqn
(S15).1 Cu(u) removal capacity (ga,mod) from the modified dose-
response model was calculated to be 32.3 mg g~ . The removal
of other heavy metal ions by the nanofibrous adsorbents was
negligible under dynamic flow conditions (inset in Fig. 7). Our
results showed that the nanofibrous adsorbents could be
applied for Cu(u) removal from the wastewater.

4. Conclusions

Electrospun PAA/PVA nanofibrous adsorbents were used for
Cu(u) removal. FT-IR and XPS analyses demonstrated that the
carboxyl groups on the surfaces of the nanofibrous adsorbents
could provide sorption sites for Cu(u) removal. Batch experi-
ments showed that the nanofibrous adsorbents were effective at
Cu(n) removal and could be regenerated and reused through
successive adsorption-desorption processes. The nanofibrous
adsorbents had much higher selectivity for Cu(u) over Ni(u) in
a binary system. Batch experiments also demonstrated that the
nanofibrous adsorbents had slightly lower Cu(u) removal
capacity in industrial plating wastewater than that in synthetic
solution. However, the nanofibrous adsorbents retained
a higher selectivity for Cu(u) over other heavy metal ions in the
wastewater. The nanofibrous adsorbents were also applied
through filtration tests for Cu(u) removal from the wastewater
under dynamic flow conditions.
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