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nic nanofiber membranes for
adsorption and determination of Cr(VI) in aqueous
solution: adsorption characteristics and
discoloration mechanisms

Run Fang, *ab Bing-Chiuan Shiu,ab Yuansong Ye,ab Yuchi Zhang,ab Hanyu Xue,ab

Ching-Wen Louacdfg and Jia-Horng Lin *acdef

In this study, a novel cationic nanofiber membrane with various functional groups, good structural stability,

and high adsorption capacity of Cr(VI) is presented. This nanofiber membrane is prepared by electrospinning

amixed aqueous solution of a cationic polycondensate (CP) and polyvinyl alcohol (PVA). With the aid of PVA,

CP can be smoothly electrospun without using any organic solvents, and the cross-linking between CP and

PVA improves the stability of membrane in acidic solution. Chemical and morphology characterization

reveals that the CP/PVA membrane is composed of interwoven nanofibers that contain numerous

cationic groups. Due to its high cationicity and hydrophilicity, the CP/PVA membrane shows great affinity

for HCr2O7
� and Cr2O7

2�. Adsorption experiments indicate that the CP/PVA membrane can remove

Cr(VI) from simulated wastewater rapidly and efficiently in both batch and continuous mode. Besides, the

presence of most coexisting ions will not interfere with the adsorption. Due to the redox reaction

between the CP/PVA membrane and adsorbed Cr(VI), the CP/PVA membrane exhibits distinct color

change after Cr(VI) adsorption and the discoloration is highly dependent on the adsorption amount.

Therefore, in addition to serving as a highly efficient adsorbent, the CP/PVA membrane is also expected

to be a convenient and low-cost method for semi-quantitative determination of Cr(VI) in wastewater.
1. Introduction

Plating, textile dyeing, andmetal processing industries generate
a considerable amount of chromium-containing wastewaters.
Cr(VI) in the wastewaters is highly mobile and carcinogenic,
which can be collected and transported along the food chain
and cause permanent damage to the human body and plants.1

The large-scale Cr(VI) treatment usually consists of two steps:
reduction and precipitation. Cr(VI) is rst reduced to Cr(III)
under acidic conditions by a reducing agent. Then, the pH of
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the wastewater is increased and the Cr(III) is turned into
Cr(OH)3, which is thereaer removed by coagulation and
precipitation.2 Nonetheless, this method inevitably creates
a large quantity of mixed sludge containing multiple hydrox-
ides, and brings troublesome secondary pollutions. To over-
come the dilemma, many convenient and efficient processing
techniques have been developed, such as electrochemical
treatment, photocatalytic reduction, ion exchange, and
adsorption.3–5 In particular, adsorption method has the advan-
tages of low energy cost, easy operation process, and mild
operation conditions, which can be either concurrently used
with reduction-precipitation method or membrane separation,
or used alone to deal with chromium-containing wastewater
consisting of simple components. Therefore, numerous novel
adsorbents for Cr(VI) removal, including modied biomass,
graphene oxide, MOFs and nanoparticles, have been reported in
recent years.6–10 Although some of them have extremely high
adsorption capacity, the complex preparation process and high
cost of raw materials restrict their large-scale application to
a certain extent.

Chromium-containing wastewater is usually acidic. Unlike
most heavy metal ions, Cr(VI) is mainly present in HCr2O7

� and
Cr2O7

2� anion state in an acidic aqueous solution, and the
adsorbents with cationic functional groups usually have high
RSC Adv., 2021, 11, 31795–31806 | 31795
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affinity for Cr(VI).11 Therefore, it is a simple and effective strategy
to improve the adsorption capacity of Cr(VI) by designing the
molecular structure of adsorbents based on electrostatic inter-
action. In addition to the design of chemical structure, the
optimization of adsorbent morphology is another effective
measure to improve the adsorption efficiency. Comparing to
many lumpy, granular, or spherical adsorbents, nanober
membranes made by electrospinning have larger specic
surface areas and considerably high porosity. Moreover, a large
diversity of functional groups can be immobilized onto nano-
bers by means of graing reaction.12 These characteristics
signicantly improve the adsorption capacity, water ux, and
mass transfer rate of nanober membranes, facilitating the
metal ion adsorption effectively.13,14 As a result, nanober
membranes with cationic groups have become a research hot-
spot in the eld of Cr(VI)-containing wastewater treatment.

Two main methods are commonly used for producing nano-
ber membranes with adsorption capacity of Cr(VI). The rst one
is to prepare cationic nanober membranes directly by electro-
spinning polymers containing cationic groups. Chitosan and
some cellulose derivatives are the most representative polymers
for this method because they contain amine groups that can be
protonated in acidic solution.15–18 However, the relatively low
content of amine groups contained by these nanober
membranes leads to fewer adsorption sites. So in many cases,
chitosan and cellulose derivatives need to be further modied to
achieve higher adsorption capacity of Cr(VI). Moreover, the poor
stability of chitosan in strong acidic solution is also a problem
affecting its practical application. The second method consists of
two steps: the electrospinning of nanobers and themodication
of membranes. Polymers that have reactive groups like hydrox-
ymethyl and cyano groups were electrospun to yield uncharged
nanober membranes. Then, the membranes undergo surface
modication and the functional groups that demonstrate strong
affinity to metal ions, such as amine, thiol and carboxyl groups
were immobilized on the ber surface.19–23 Although abundant
functional groups, including cationic groups, can be graed on
the surface of nanobers by this method, complex operations,
highly active monomers and precise condition control are
needed to obtain the ideal modication effect.

In this study, we present a novel cationic nanober
membrane with various functional groups, good stability in
acidic solution, and high adsorption capacity of Cr(VI). This
nanober membrane is prepared by directly electrospinning
a mixed aqueous solution of a cationic polycondensate (CP) and
polyvinyl alcohol (PVA). Different from most cationic polymers
that are prepared by free radical polymerization/
copolymerization or natural polymer modication, the
proposed CP is synthesized by polycondensation using inex-
pensive and readily available monomers and could be readily
graed and cross-linked because of its abundant functional
groups. With the aid of PVA, nanober membranes can be
conveniently electrospun without using any organic solvents. In
order to evaluate the potential application of CP/PVA
membranes in the removal of Cr(VI) from wastewater, batch
and continuous adsorption experiments were performed and
the effect of solution pH, adsorption time, initial Cr(VI)
31796 | RSC Adv., 2021, 11, 31795–31806
concentration, and coexisting ions on the adsorption capacity
were systematically studied. Finally, the discoloration
phenomenon of CP/PVA membranes caused by Cr(VI) adsorp-
tion was also investigated.

2. Experimental
2.1 Materials

Triethylenetetramine, acetone, formaldehyde (37 wt% in
aqueous solution), glutaraldehyde (GA, 50 wt% in aqueous
solution), potassium polyvinyl sulfate (PVSK), diphenylcarba-
zide (DPC), polyvinyl alcohol (PVA-1799), Triton X-100, K2Cr2O7,
CuCl2$2H2O, NiCl2$6H2O, ZnCl2, Na2SO4, NaNO3, and NaCl
were of analytical or biochemical reagent grade and purchased
from Aladdin Industrial Co., Ltd. The number average molec-
ular weight (Mn) of PVA-1799 was about 75 000 and the alco-
holysis degree was 99%.

2.2 Preparation of CP/PVA nanober membranes

CP was synthesized using the aqueous polycondensation
method described in our previous study.24 Firstly, triethylene-
tetramine (30 mL), formaldehyde (40 mL), and acetone (36 mL)
were added to a three-necked ask equipped with a condensate
reux and a mechanical stirrer. Hydrochloric acid was then used
to adjust pH ¼ 3, and the mixtures were blended at room
temperature for one hour to have intermediate products. Next,
the second batch of formaldehyde (36 mL) was added and the
mixtures were adjusted to pH ¼ 8 with a sodium hydroxide
solution. The mixtures were heated to 60 �C and kept for reaction
for 40 min, thereby obtaining orange CP aqueous solutions. CP
aqueous solutions were thereaer infused to a semi-permeable
tubing, and the salt and oligomer in the solution were removed
by dialysis in deionized water. Finally, the puried solutions were
condensed to form CP solutions with a solid content 15 wt% and
then used to formulate the electrospinning solutions.

The CP solutions (20 mL) were infused into a conical ask
that is placed in a water bath and heated to 85 �C, aer which
different amounts of PVA powders and 0.1 mL Triton X-100 were
added and magnetically stirred until PVA is completely dis-
solved in the solutions. The solutions were le stand for 3 h and
then electrospinning was conducted to produce nanober
membranes with electrospinning voltage being 15.3 kV, a jet
rate being 0.5 mL h�1, a collection distance being 10 cm,
a humidity being 35 � 5%, and a collection media being PET
nonwoven fabrics. Aerwards, the nanober membranes were
vacuum dried at 60 �C for 6 h and then placed in a desiccator,
the bottom of which was added with 10 mL of GA. The GA vapor
reacted with the amine and hydroxyl groups on CP and PVA for
12 h, expediting the inter-crosslinking between them.25,26

Finally, the nanober membranes were dried again and the
crosslinked samples were used for subsequent experiments.
Fig. 1 shows the preparation steps of CP/PVA membranes.

2.3 Characterization of CP/PVA membranes

Puried CP powders were dissolved in deionized water and the
PVSK colloidal titration was employed to measure the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Preparation of CP/PVA nanofiber membranes.
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cationicity as related to pH values.27 GPC (P230, Dalian Elite,
China) was used to measure the molecular weight and molec-
ular weight distribution of CP with Agilent PL aquagel-OH
column. Modular Rheometer System (Mars60, Thermo Scien-
tic, U.S.) was used to measure the viscosity of CP/PVA elec-
trospining solutions as related to the CP/PVA ratio. The
functional groups of cross-linked CP/PVA membranes as well as
control samples were analyzed using FT-IR spectrometer (iS50,
Thermo Nicolet, U.S.) in the region of 500–4000 cm�1 and the
surface morphology was observed using SEM (SU8010, Hitachi,
Japan). The CP/PVA membranes were cut into 10 � 100 mm
long strips, and the tensile strength was measured at the speed
of 10 mm min�1 using a universal testing machine (HT2402,
Hungta, China).

2.4 Batch adsorption and regeneration experiments

The dried K2Cr2O7 (0.2828 g) was weighed and dissolved in
deionized water, formulating a stock solution with a specied
volume being 1 L and a concentration being 100 mg L�1, which
was used in the static adsorption experiments. To evaluate the
removal ability of CP/PVA membranes toward real Cr(VI)
wastewater, a Cr(VI) containing wastewater sample provided by
an electroplating enterprise was also used in the experiments.

During the adsorption experiments, 50 mL of K2Cr2O7

solution (50 mg L�1) or real wastewater was infused into
a 250 mL ask, aer which different mass of CP/PVA
membranes were cut into 5 � 5 mm small pieces and added
into the ask. Next, 0.5 mol L�1 HCl and NaOH solutions were
used to adjust the pH value as desired and the ask was
thereaer placed in a water bath shaker that operated at a rate
of 150 rpm. The adsorption was performed for a certain length
of time, and then the solution was ltered to have the post-
adsorption solutions. With diphenylcarbazide being the chro-
mogenic agent, a UV-Vis spectrophotometer (UV-2450, Shi-
madzu, Japan) was used to record the absorbance of the
© 2021 The Author(s). Published by the Royal Society of Chemistry
complex at 540 nm and the Cr(VI) concentration was calculated
according to the standard curve.28. The equilibrium adsorption
capacity qe (mg Cr(VI)/g dry membrane) was computed with the
equation as follows:

qe ¼ ðC0 � CeÞV
m

(1)

where C0 and Ce is individually the initial concentration and
equilibrium adsorption concentration (mg L�1); V is the solu-
tion volume (L); and m is the dosage of adsorbent (g). The data
was collected from three experiment results and averaged.
When studying the inuence of coexisting ions, an appropriate
amount of CuCl2$2H2O, NiCl2$6H2O, ZnCl2, Na2SO4, NaNO3,
and NaCl was separately dissolved in deionized water, aer
which K2Cr2O7 was added into the different ion solutions. In
each ion solution, Cr(VI) and the interfering ion (Cu2+, Ni2+,
Zn2+, SO4

2�, NO3
�, or Cl�) separately had a concentration of

50 mg L�1. The preferential adsorption of Cr(VI) among metal
ions was investigated using a mixed-ion solution containing
identical concentration of Cr(VI), Cu2+, Ni2+ and Zn2+. ICP-OES
(720, Agilent, USA) was used to measure the original and
residual concentrations of the four ions in the solution before
and aer adsorption. In the regeneration of adsorbents, the
Cr(VI)-loaded CP/PVA membranes were added to a ask, NaOH
solution (0.5 mol L�1) and HCl solution (0.5 mol L�1) were then
added and shaked to elute the adsorbed Cr(VI) successively.
Aer that, deionized water was used to wash the membranes
until neutral. The adsorption capacity of regenerated CP/PVA
membranes were tested following the aforementioned batch
adsorption method.
2.5 Continuous adsorption and discoloration phenomenon

Continuous adsorption experiments were performed using
a series of detachable lters, which are connected to form an
adsorption column (Fig. 2). CP/PVA membranes were trimmed
RSC Adv., 2021, 11, 31795–31806 | 31797
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Fig. 2 Schematic diagram of continuous adsorption device.
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along with the substrate into circular specimens with a diam-
eter of 14 mm and a mass of 8 mg, and packed in the lters.
10 mg L�1 of Cr(VI) solution was pumped upward through the
lter column at a ow rate of 4 mL min�1 using a peristaltic
pump. The concentration of residual Cr(VI) in the effluent was
determined regularly and the breakthrough curves were there-
aer plotted. The amount of adsorbed Cr(VI) per gram of dry
membrane at bed exhaustion, qexh (mg g�1) was calculated
according to the following equation:

qtotalðmgÞ ¼ nA

1000
¼ n

1000

ðt
0

ðC0 � CtÞdt (2)

qexh
�
mg g�1

� ¼ qtotal

m
(3)
Fig. 3 Chemical structure and the stability of CP/PVA nanofiber mem
membranes in strong acidic solution at pH ¼ 1 and in hot water at 60 �C

31798 | RSC Adv., 2021, 11, 31795–31806
where v is the ow rate (mL min�1), m is the mass of the
membrane (g), C0 is the initial Cr(VI) concentration (mg L�1), Ct

is the residual Cr(VI) concentration in the effluent (mg L�1).
Aer continuous adsorption, the color changes of CP/PVA
membranes related to the variation of adsorption amount of
Cr(VI) were studied. The chemical state analysis of Cr and C
elements and the discoloration mechanism of CP/PVA
membranes were investigated using XPS analyzer (K-alpha
Thermo Scientic, U.S).
3. Results and discussion
3.1 Chemical and morphology characterizations

GPC analysis indicated that CP had a number-average molec-
ular weight (Mn) being 10 300, a weight-average molecular
weight (Mw) being 18 100, and a polydispersity coefficient (Mw/
Mn) being 1.76. Although CP has a lower molecular weight, the
molecular structure shown in Fig. 1 indicates that it contains
many polar groups, including amine, hydroxyl, carbonyl, and
ether bond. Fig. 3a compares the FT-IR spectra of CP/PVA
membranes as related to the CP/PVA ratio. The adsorption
peaks at 1090 and 1050 cm�1 are attributed to C–O stretching
vibration of hydroxyl and C–N stretching vibration of amine,
respectively. The relative intensity of C–O peak decreases with
increasing CP content, while that of C–N peak increases
simultaneously. Meanwhile, the adsorption peak at 3200–
3400 cm�1 shis toward high wavenumbers. These character-
istic peaks indicate that CP/PVA membranes contain a large
quantity of –OH and –NH2 and the peak intensity variation
indicates that a rise in the CP ratio has a positive inuence on
the –NH2 content of the membranes.29 Comparing to pure PVA
membrane, the CP/PVA membranes exhibit characteristic
absorption peaks at 1650 and 1685 cm�1, corresponding to N–H
bending and C]N stretching vibrations, respectively, and the
latter of which is caused by GA cross-linking.30,31 Therefore, the
combine of CP and PVA involves physical blending and chem-
ical cross-linking, which improved the stability of the composite
membranes.16 Fig. 3b shows the good structural stability of CP/
branes. (a) FT-IR spectra as related to CP/PVA ratio and (b) CP/PVA
.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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PVA membranes, which are free from dissolution, rupture and
shrinkage in HCl solution at pH ¼ 1 or in hot water at 60 �C.

SEM images in Fig. 4 show the morphology of CP/PVA
membranes with different CP/PVA ratio. PVA has an Mn being
75 000 and an alcoholysis degree being 99%. An appropriate
molecular weight and drastic hydrogen bond effect provide
a PVA aqueous solution with a higher viscosity and a good
spinnability. Fig. 4a shows the morphology of pure PVA
Fig. 4 SEM images of (a) pure PVA membrane, (b–d) CP/PVA nanofiber m
diameter distribution as related to CP/PVA ratio and (f) magnification of

© 2021 The Author(s). Published by the Royal Society of Chemistry
nanober membrane, which is composed of randomly inter-
leaving nanobers without distinct defects or conglutination.
By contrast, CP is a low molecular weight polycondensate with
a Mn being 10 300, and the interaction force between CP
molecules is lower. As a result, the viscosity of 15 wt% CP
solution is only about 20 mPa s, and the pure CP solution can
only be drawn to form electrostatic atomization droplets
instead of nanobers. However, it was found that the viscosity
embranes with ratio of 7 : 3, 8 : 2, and 9 : 1, respectively, (e) nanofiber
8 : 2 sample.

RSC Adv., 2021, 11, 31795–31806 | 31799
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of the spinning solution increased signicantly with the addi-
tion of PVA. The viscosity of the CP/PVA mixed solution with
mass ratio of 8 : 2 and 7 : 3 reached 315 and 525 mPa s,
respectively. Fig. 4b, c and d show the SEM images of CP/PVA
membranes with corresponding CP/PVA ratio of 7 : 3, 8 : 2,
and 9 : 1. A constant increase in CP ratio changes the
morphology of nanobers signicantly, particularly an
increasing level of conglutination where nanobers cross. In
Fig. 4d, the ake-like conglutinations almost block the pores of
the membranes while lots of breakage can be observed on the
nanobers. Meanwhile, the diameter of the nanobers
decreases constantly as shown in Fig. 4e. The diameter is 668.5
� 131.7, 582.4 � 141.1, 428.6 � 103.9, and 284.6 � 105.4 nm for
Fig. 4a, b, c and d, respectively. Therefore, although the rise of
CP proportion will increase the number of amine groups and
the adsorption capacity of nanober membranes, it will
concurrently reduce the viscosity and spinnability of the spin-
ning solutions, thus hindering the formation of the porous
structure and network morphology of the nanober
membranes. Fig. 4f is the magnied image of the 8 : 2 CP/PVA
membrane sample. In spite of the existence of a few congluti-
nations, the membrane retains an intact network structure and
a uniform pore distribution, achieving a good balance between
the nanober structure and the content of cationic groups. In
addition, the tensile strength of 8 : 2 CP/PVA membrane is
0.87 MPa, which can meet the requirements of batch and
continuous adsorption applications. In this regard, this sample
was selected for further studies.
3.2 Batch adsorption study

3.2.1 Effect of pH. Since cross-linked CP/PVA nanober
membranes was insoluble in water and PVA did not contain any
cationic groups, the cationicity of CP/PVA membranes was
calculated using puried CP. Colloidal titration results indi-
cated that CP had a cationicity of 3.9, 3.5, and 1.1 mmol g�1 in
aqueous solutions at pH 4.0, 6.4 and 9.0, respectively. Accord-
ingly, the 8 : 2 CP/PVA membrane was calculated to have a cat-
ionicity of 3.1, 2.8, and 0.9mmol g�1. These results indicate that
CP/PVA membranes carry considerable amount of cationic
Fig. 5 The adsorption kinetics of Cr(VI) by CP/PVA membranes, (a) time p
solution pH (experimental conditions: m ¼ 10 mg, C0 ¼ 50 mg L�1, V ¼

31800 | RSC Adv., 2021, 11, 31795–31806
groups in acidic condition, and the cationicity declines signif-
icantly in alkaline environment. Fig. 1 and 3 show that there are
numerous Et–NH2, Et2–NH and Et3–N groups on the molecular
chains of CP/PVA nanobers. It can be found in the Bordwell
pKa table that the pKa of Et–N

+H3 and Et3–N
+H is approximately

10.6 and 10.75, respectively, indicating these amine groups can
be protonated even in alkaline solutions. Therefore, the pres-
ence of cationic groups is attributed to the protonation of
abundant amine groups on the nanobers.32

Studies revealed that Cr(VI) existed in the form of HCr2O7
�

and Cr2O7
2� in acidic aqueous solutions and CrO4

2� in weakly
alkaline conditions.33 Due to its high cationicity within a range
of pH¼ 1–9, CP/PVAmembranes have great affinity for Cr(VI) via
electrostatic attraction. Fig. 5a shows that CP/PVA nanober
membranes can efficiently adsorb Cr(VI) from simulate waste-
water in a broad pH range. Furthermore, the change of the
maximum adsorption capacity is consistent with the variation
of the cationicity at different pH, indicating that the adsorption
capacity of CP/PVA membranes is highly dependent on the
number of cationic groups, i.e. protonated amine groups. When
the solution pH decreased from 9 to 1, the equilibrium
adsorption capacity (qe) rst increased and then decreased. In
alkaline environment, the protonation of amine groups is
constrained by excessive OH�, which leads to the reduction of
cationic groups and adversely affects the adsorption of CrO4

2�.
On the contrary, a large amount of H+ combine with amine
groups, which increases the number of cationic groups and
makes the molecular chain expand due to the electrostatic
repulsion between the same charges. As a result, CP/PVA
membranes can contact and adsorb Cr2O7

2� and HCr2O7
�

from wastewater readily.34 When the solution pH declines to 1,
HCr2O7

� and Cr2O7
2� gradually transform into H2CrO4, which

weakens the electrostatic interaction and reduces the adsorp-
tion capacity, regardless of a great number of protonated amine
groups.

3.2.2 Adsorption kinetics. Compared with traditional
granular or spherical adsorbents, more efficient adsorbents
with nanober networks and porous structure can be prepared
conveniently and controllably by electrospinning. Fig. 5a
demonstrates the rapid adsorption of Cr(VI) by CP/PVA
rofile and (b) fitting curves of pseudo-second-order model at different
50 mL, T ¼ 15 �C).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Kinetic parameters for the Cr(VI) adsorption by CP/PVA membranes

Solution pH qe(exp) (mg g�1)

Pseudo-rst-order model Pseudo-second-order model

k1 qe(cal) (mg g�1) R2 k2 qe(cal) (mg g�1) R2

1 118.48 9.20 � 10�3 29.41 0.801 1.65 � 10�3 120.24 1.000
3 133.99 8.75 � 10�3 38.02 0.795 1.18 � 10�3 136.61 1.000
5 130.36 8.75 � 10�3 36.43 0.780 1.23 � 10�3 132.45 1.000
7 80.27 5.07 � 10�3 5.62 0.271 13.96 � 10�3 80.71 0.999
9 11.83 4.38 � 10�3 10.75 0.205 �5.85 � 10�3 11.74 0.990
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membranes. In acidic solution, the unit adsorption amount of
Cr(VI) reaches more than 60% of the equilibrium adsorption
capacity within 10 min, and further increased to 86–90% at
30 min. This high adsorption speed can be ascribed to two
factors: the abundant hydrophilic groups endows CP/PVA
membranes with high affinity to aqueous solutions containing
Cr(VI) and the nanober network makes protonated amine
groups contact with this anionic pollutants more easily and
quickly. Notably, with a solution's pH being 9, although CP/PVA
membranes can efficiently adsorb Cr(VI) in the initial adsorption
stage, the adsorption capacity decreases with the time. When
CP/PVA membranes are immersed in alkaline Cr(VI) solution,
protonated amine groups can effectively combine HCr2O7

� and
Cr2O7

2� through electrostatic interaction, thus achieving
a higher adsorption amount in the initial stage. However, due to
the stronger bonding force between OH� and protonated amine
group, OH� gradually replaced the adsorbed HCr2O7

� and
Cr2O7

2�, resulting in the decrease of adsorption capacity in the
subsequent stage. Therefore, it can be inferred that electrostatic
adsorption is the dominant mechanism of Cr(VI) adsorption on
CP/PVA membrane, and NaOH solution can effectively elute the
adsorbed Cr(VI).

As eqn (4) and (5), pseudo-rst-order model and pseudo-
second-order model are employed to investigate the adsorp-
tion behaviors of CP/PVA membranes.

logðqe � qtÞ ¼ log qe � k1t

2:303
(4)
Fig. 6 The adsorption isotherms of Cr(VI) by CP/PVA membranes, (a) eq
adsorption of CP/PVA membrane under different temperatures (experim

© 2021 The Author(s). Published by the Royal Society of Chemistry
t

qt
¼ 1

k2qe2
þ t

qe
(5)

where qt and qe is separately the adsorption amount of Cr(VI) at
time (t) and at equilibrium (mg g�1); k1 and k2 is individually the
rate constant of pseudo-rst-order model and pseudo-second-
order model.35

By linear regression of the experimental data, the calculated
model parameters along with the correlation coefficient values
are listed in Table 1, where qe(exp) and qe(cal) are the experimental
and the calculated theoretical adsorption capacity, respectively.
Fig. 5b shows the tting results of pseudo-second-order model.
Obviously, pseudo-second-order model ts the experimental
results well for R2 is close to 1 and the experimental data qe(exp)
is very close to qe(cal). These results are consistent with the
ndings reported in other literatures where the adsorbents with
saturated adsorption sites demonstrated similar kinetics char-
acteristics.36–38 In the adsorption process, protonated amine
groups are the active adsorption sites of CP/PVA membranes,
which are signicantly dependent on the CP/PVA ratio and
solution pH, and reaches saturation gradually with increasing
adsorption time.

3.2.3 Adsorption isotherms. Fig. 6a shows the effect of
adsorption temperature and initial Cr(VI) concentration on the
equilibrium adsorption capacity of CP/PVA membranes. Table 2
and Fig. 6b show the tting results of adsorption isotherms at
different temperatures based on the Langmuir and Freundlich
models. Langmuir model is shown as eqn (6).
uilibrium isotherms and (b) fitting curves of Langmuir model for Cr(VI)
ental conditions: m ¼ 10 mg, V ¼ 50 mL, pH ¼ 3, t ¼ 360 min).
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Table 2 Isotherm parameters for the Cr(VI) adsorption by CP/PVA
membranes

Temperature
(�C)

Langmuir model Freundlich model

qm (mg g�1) kl R2 kf n R2

15 162.07 0.375 0.995 103.03 10.41 0.956
25 156.08 0.263 0.992 90.82 9.01 0.929
35 148.59 0.270 0.994 85.46 8.62 0.958

Table 4 Thermodynamic parameters for the Cr(VI) adsorption by CP/
PVA membranes

Temperature
(K)

DG
(kJ mol�1)

DH
(kJ mol�1)

DS
(J (mol�1 K�1))

288 K �3.58 �7.36 �13.24
298 K �3.34
308 K �3.33
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Ce

qe
¼ Ce

qm
þ 1

klqm
(6)

where qm is the maximum adsorption capacity (mg g�1) and kl is
the adsorption constant. Freundlich model is shown as eqn (7).

ln qe ¼ ln kf þ 1

n
ln Ce (7)

where kf and n are characteristic parameters of isothermal
equation.27 As can be seen from Table 2 and Fig. 6b, the
adsorption experimental data presents a better t to Langmuir
model, suggesting that the adsorption behaviors match the
hypothesis of the model, namely, monolayer adsorption on the
uniformly distributed adsorption sites. In the case of CP/PVA
membranes, the adsorption sites are the protonated amine
groups, which have similar properties and distribute evenly over
the surface and inside the nanober networks.

The electrostatic adsorption of heavy metal ions on many
adsorbents also follows Langmuir isotherm model. Table 3
compares the maximum adsorption capacity of Cr(VI) by some
novel adsorbents, such as GO/chitosan composites, MOFs,
nanobers and nanoparticles, under similar adsorption condi-
tions. Comparatively, CP/PVA membrane exhibits higher
adsorption capacity than most other adsorbents, which is
primarily ascribed to its higher cationic group density and
nanober network.

3.2.4 Adsorption thermodynamics. When the adsorption
isotherms were investigated, the relationship between
Table 3 Maximum Cr(VI) adsorption capacity of different adsorbents

Adsorbents

Porous polyacrylonitrile/graphene oxide nanobers
Triethylenetetramine modied graphene oxide/chitosan
composite
Fe3O4-coated cellulose acetate/chitosan nanobers
CP/PVA composite nanobers
Stacked chitosan nanobers
Zinc-biochar nanocomposites
Chitosan/PMMA composite nanobers
Thiol-modied cellulose nanobers
PAN/polypyrrole core/shell nanobers
Silver-triazolate MOF
Magnetic Fe3O4 nanoparticles
Amine-functionalized MCM-41 nanoparticles

31802 | RSC Adv., 2021, 11, 31795–31806
adsorption behavior and temperature was also investigated.
Fig. 6a shows that the adsorption capacity of Cr(VI) decreases
with increasing reaction temperature. The thermodynamics
parameters are computed according to eqn (8)–(10) and listed in
Table 4.

DG ¼ �RT ln K (8)

K ¼ qe

Ce

(9)

ln K ¼ �DH
RT

þ DS

R
(10)

It can be seen in Table 4 that DG < 0 at three different
temperatures, indicating that the Cr(VI) adsorption is a sponta-
neous process. DS < 0 means the decrease randomness at the
solid–liquid interface while DH < 0 means that the adsorption
involves an exothermic process. Therefore, a decrease in the
reaction temperature promotes the adsorption of Cr(VI).

3.2.5 Interference of coexisting ions. Apart from Cr(VI),
chromium-containing wastewater usually contains Cu2+, Ni2+,
Zn2+, and other metal ions as well. CP/PVA membranes can
adsorb Cr(VI) via the electrostatic interaction between positively
charged amine groups and negatively charged HCr2O7

� and
Cr2O7

2�. However, some coexisting cations and anions may
compete with HCr2O7

� and Cr2O7
2� for being adsorbed

concurrently. Fig. 7a shows the effects of coexisting ions on the
adsorption capacity of CP/PVA membranes. In general, CP/PVA
Maximum adsorption
capacity (mg g�1) References

382.5 39
291.5 7

193.2 18
162.1 This work
131.6 25
102.7 40
92.5 41
87.5 19
74.9 42
37.0 6
34.9 43
2.8 44

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Effect of coexisting ions on the adsorption of Cr(VI) by CP/PVA membranes, (a) effect of cationic and anionic ions on the adsorption
capacity of CP/PVA membranes and (b) preferential adsorption of Cr(VI) among different metal ions (experimental conditions: m ¼ 10 mg, C0 ¼
50 mg L�1, V ¼ 50 mL, pH ¼ 3, T ¼ 15 �C, t ¼ 360 min).
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membranes retain satisfactory adsorption capacity in an envi-
ronment with a diversity of coexisting metal ions. Although it
has been reported that amine groups can adsorb Cu2+, Ni2+, and
Zn2+ by chelation, the results of ICP-OES test (Fig. 7b) show that
the adsorption capacities of these three metal ions are all less
than 4.5 mg g�1, indicating a preferential adsorption of Cr(VI).
As is discussed in Section 3.2.1, the amine groups on CP/PVA
membranes can be protonated even under alkaline condi-
tions. Therefore, in acid solutions, these protonated amine
groups demonstrate strong electrostatic repulsion against
metal ions, which outperforms the chelation effect during the
adsorption. Among the three coexisting anions, the presence of
NO3

� and Cl� had no adverse effect on the adsorption, while
SO4

2� decreased the adsorption capacity by about 14%. This
may be due to the interaction between SO4

2� and amine groups,
which decreases the number of adsorption sites.

3.2.6 Regeneration of CP/PVA membranes. It was found in
the adsorption experiment that part of Cr(VI) adsorbed by CP/
PVA membranes was reduced to Cr(III). Accordingly, NaOH
and HCl solution were separately used to elute Cr(VI) and Cr(III)
that had been adsorbed by CP/PVA membranes. Then, the
adsorption capacity of regenerated CP/PVA membranes was
Fig. 8 Continuous adsorption and discoloration experiments, (a) breakth
¼ 48, 64 and 80 mg, v ¼ 4 mL min�1, C0 ¼ 10 mg L�1, pH ¼ 3) and (b)
adsorption amount.

© 2021 The Author(s). Published by the Royal Society of Chemistry
tested. Experimental results indicated that under the same
adsorption conditions, the CP/PVA membranes that were
regenerated once and twice separately had adsorption capacity
of 120.9 and 104.5 mg g�1, which was 9.4% and 20.8% lower
than that of original CP/PVA membranes, respectively. As Cr(VI)
shows powerful oxidation under acidic conditions, the decrease
of adsorption capacity may be due to the change of molecular
structure and the decrease of cationic groups caused by redox
reactions.45,46

3.2.7 Real wastewater treatment. To evaluate the removal
ability of CP/PVA membranes for real Cr(VI) wastewater, a Cr(VI)
containing wastewater sample provided by an electroplating
enterprise was also treated by CP/PVA membranes. The pH of
the wastewater is 4.3, the COD is 130 mg L�1 and the concen-
tration of Cr(VI) is 68.2 mg L�1. It was found that aer 25 and
50 mg CP/PVA membranes treatment, the Cr(VI) concentration
in 50 mL real wastewater decreased to 12.5 and 1.9 mg L�1

respectively, and the corresponding percentage removal
reached 81.7% and 97.2% respectively. Meanwhile, the COD of
wastewater also decreased slightly. These experimental results
show that CP/PVA membranes can effectively remove Cr(VI)
from real wastewater. When the dosage of the adsorbent is
rough curves of filter column experiments (experimental conditions:m
comparison of discolored CP/PVA membranes as related to the Cr(VI)
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sufficient, almost complete Cr(VI) removal can be achieved.
Moreover, CP/PVA membranes can also reduce the COD of real
wastewater, which may be due to its adsorption of some organic
pollutants in the wastewater.
3.3 Continuous adsorption and discoloration phenomenon

Continuous adsorption experiments were designed to further
evaluate the potential practical application of CP/PVA
membranes. In the experiments, CP/PVA membranes were
trimmed into circular specimens and packed in the detachable
PP lters. Several detachable lters were thereaer connected to
form an adsorption column. The breakthrough curves were
Fig. 9 XPS spectra of CP/PVAmembranes, (a) survey spectrumof Cr(VI)-lo
C 1s spectra and (e and f) N 1s spectra before and after Cr(VI) adsorption

31804 | RSC Adv., 2021, 11, 31795–31806
plotted in terms of normalized concentration Ct/C0 versus time
for each experiment and presented in Fig. 8a. As illustrated in
Fig. 8a, although the thickness of single membrane is only
about 30 mm, Cr(VI) can still be effectively removed from
wastewater by a series of CP/PVA membranes. When the
adsorption column is composed of 10 lters, i.e. the dosage of
CP/PVA membranes is 80 mg, the effluent concentration of
Cr(VI) remains below 0.5 mg L�1 aer continuous treatment for
more than 30 min, which is within the limit set by Chinese
environmental regulation GB8978-2002 for the discharge of
industrial wastewater. According to eqn (2) and (3), the amounts
of adsorbed Cr(VI) per gram of dry membrane at bed exhaustion
are calculated to be 88.9, 100.6 and 101.7 mg g�1 for 6, 8 and 10
aded CP/PVAmembrane, (b) Cr 2p spectrum after adsorption, (c and d)
.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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lters, respectively, indicating the applicability of CP/PVA
membranes in both static and continuous adsorption modes.
Moreover, the adsorption efficiency can be exibly controlled by
changing the number of lters to meet different treatment
requirements, and the saturated membranes can also be easily
replaced.

During the experiments, it was found that CP/PVA
membranes that adsorbed Cr(VI) changed the color aer
drying at 70 �C for 10 min. Fig. 8b demonstrates the discolor-
ation of Cr(VI)-loaded CP/PVAmembranes as related to the Cr(VI)
adsorption amount. The original CP/PVA membrane and the
control sample (deionized water) show the same color, whereas
the experimental groups exhibit discoloration from yellowish to
the dark brown corresponding to the increasing adsorption
amount. The observation results indicate that the discoloration
is highly correlated with Cr(VI) adsorption levels.

XPS can be used not only for the analysis of element types
and valence states, but also for the semi-quantitative determi-
nation of the percentage content of different atoms.47 To further
investigate the discoloration mechanisms, Cr(VI)-loaded CP/PVA
membranes were examined for XPS analysis, and the spectra
were shown in Fig. 9. In the survey spectrum as Fig. 9a, CP/PVA
membrane exhibit two characteristic peaks at 577.1 and
587.1 eV aer adsorption, which separately corresponds to Cr
2p1/2 and Cr 2p3/2, conrming the effective adsorption of Cr(VI)
by CP/PVA membrane. Fig. 9b shows the Cr 2p spectrum where
the Cr element exists in the forms of Cr(III) and Cr(VI), with
a ratio of about 1 : 2. It means that aer being adsorbed and air-
dried, Cr(VI) undergone a reduction reaction and a portion of it
was reduced to Cr(III). Meanwhile, the obvious difference of C 1s
spectra before and aer adsorption in Fig. 9c and d also
conrms the oxidation of CP/PVA membranes. In the spectra,
three peaks at 284.6, 286.1 and 287.7 eV correspond to the
carbon on saturated alkyl (C–C/C–H), the carbon on hydroxyl or
ether bond (C–O), and the carbon on carbonyl (C]O), respec-
tively.48 Comparing to the blank sample, the proportion of C
element in the form of C–O decreases signicantly aer Cr(VI)
adsorption, while the proportion of C]O increases greatly.
Therefore, it can be inferred that when Cr(VI) is reduced to
Cr(III), some of the hydroxyl or ether bonds on CP/PVA
membrane are oxidized into carbonyl or carboxyl, resulting in
the increase of C]O ratio.49 As a typical organic chromophore,
the increase of C]O darkens the color of the membranes. At
the same time, the reduction reaction produces dark green
Cr2O3, which makes the color change of the membranes more
obvious. These two factors may concurrently contribute to the
color darkening of CP/PVA membranes, and both of them are in
proportion to the adsorption amount of Cr(VI). Fig. 9e and f
shows the N 1s spectra before and aer adsorption. Two char-
acteristic peaks corresponding to C–N and C–N+ can be
observed at 399.4 and 401.6 eV, respectively, and the latter is
derived from the protonation of amine groups.41 Although the
binding energy of these two peaks do not change signicantly
aer Cr(VI) adsorption, the relative content of C–N+ decreases
signicantly. This conrms that the protonated amine groups
of CP/PVA membranes serve as the adsorption sites in the
experiments.
© 2021 The Author(s). Published by the Royal Society of Chemistry
The commonly used Cr(VI) concentration measurement
methods include ICP-MS, ICP-OES, and diphenylcarbazide
spectrophotometry. However, these methods usually require
sophisticated instruments and complex pretreatment. On the
contrary, CP/PVA membrane provides a semi-quantitative
measurement method without any complicated instrument
and operation. The nanober structure and abundant function
groups are helpful for the efficient enrichment of Cr(VI) in
wastewater; the electrostatic repulsion among cations shields
most of the interference caused by coexisting metal ions; and
the stable chemical structure enables the membranes to be
preserved and used easily. Therefore, apart from being a highly
efficient adsorbent, CP/PVA membrane is also expected to be
a convenient and low-cost method for semi-quantitative deter-
mination of Cr(VI) in wastewater.

4. Conclusions

In this study, a novel cationic nanober membrane was
prepared by electrospinning a mixed aqueous solution of CP
and PVA. As a cationic polycondensate, CP had high cationicity
and abundant functional groups. The incorporation of PVA
increased the viscosity and the spinnability of the composite
electrospinning solution. With CP : PVA ¼ 8 : 2, CP/PVA
membranes achieved a good balance between the nanober
structure and the content of cationic groups, which enabled the
membranes to rapidly, massively, and selectively adsorb Cr(VI)
from aqueous solutions over a wide range of pH. Equilibrium
adsorption data showed good t to Langmuir isotherm model
and the maximum adsorption capacity reached 162.07 mg g�1

at pH ¼ 3. The adsorption process followed pseudo-second-
order model, achieving nearly 90% of the equilibrium adsorp-
tion capacity within 30 min. Besides, the adsorption of Cr(VI)
was hardly affected by the coexisting metal ions. Due to the
redox reaction between CP/PVA membrane and adsorbed Cr(VI),
CP/PVA membrane exhibits distinct color change aer Cr(VI)
adsorption and the discoloration is highly dependent on the
adsorption amount. Therefore, in addition to serving as a highly
efficient adsorbent, CP/PVA membrane is also expected to be
a convenient and low-cost method for semi-quantitative deter-
mination of Cr(VI) in wastewater.
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