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ating polyamine fibers and their
adsorption properties for nickel(II) ions from
aqueous solution

Jianlan Cui,† Yanru Li, †* Jian Meng, Congsan Zhong and Peng Wang

A novel fiber supported adsorbent PVAF-g-PEI was first developed by grafting polyethylenimine on

polyvinyl alcohol fibers (PVAF). In order to increase the nickel(II) adsorption capacity of PVAF-g-PEI, they

were chemically modified with amine-rich reagent tetraethylenepentamine by using a crosslinker,

glutaraldehyde (GA). The effect of grafting reaction parameters was investigated. The prepared fiber

sorbent PA–PVAF was characterized by using FT-IR, SEM, XPS and element analysis and used for the

adsorption of nickel(II) from aqueous solutions. The factors influencing nickel(II) adsorption on PA–PVAF,

such as contact time, solution pH, temperature and ionic strength, were also studied. At pH 7.0, the

sorption capacity of PA–PVAF was 91.03 mg g�1 for nickel(II). The Langmuir isotherm model precisely

explained the equilibrium data. Adsorbent–adsorbate kinetics were pseudo second order. Meanwhile,

the adsorption–desorption cycle experiments showed that PA–PVAF had good reuse performance.
With the development of science and technology, the require-
ment for environmental protection is becoming higher and
higher, especially for heavy metal pollution. A large amount of
wastewater containing heavy metal ions is discharged into the
environment from different enterprises such as electroplating,
mining, alloy and battery manufacturing, etc.1–3 Nickel is an
element of great harm to the human body. Excessive accumu-
lation of nickel can cause headaches, vomiting, chest tightness,
shortness of breath, physical weakness and other diseases.4,5

At present, the treatment methods for the removal of heavy
metal ions in aqueous solution are mainly adsorption, ion
ianlan Cui: Female, y years
ld, Shanxi Linfen person,
rofessor, School of chemical
ngineering and the environ-
ent, North University of China,
irector of the Department of
hemical Engineering, Director
f instrument testing center.
ainly engaged in the pharma-
eutical, functional polymer
aterials and ne chemical

ndustry research. Communica-
ion e-mail: 414559203@qq.com

h University of China, Taiyuan, China,

is work.

00
exchange, membrane ltration, chemical reduction and reverse
osmosis.6–9 Due to the advantages of low running cost, low
dissipation of energy and easy operation, the adsorption
method has received much attention.10–12

Krishnan et al.10 reported a kind of activated carbon adsor-
bent prepared from raw sugarcane bagasse pith. The adsorption
experiments showed high adsorption capacity of 140.85 mg g�1

for the removal of Ni(II) from aqueous solutions at pH 6.5.
Meanwhile, the activated carbon adsorbent showed high
adsorption capacity, reusability, low cost and environmental
protection. Euvrard et al.11 prepared two new silica-based
sorbents. At pH 7.0, the maximum adsorption capacity for
Ni(II) on the adsorbent was found to be 182 mg g�1 and 210 mg
g�1 respectively. Apart from high sorption capacities, these
sorbents presented additional advantages such as cost effective
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Scheme 1 Chemistry of preparing functional fibers PA–PVAF.
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and facile preparation. Wakeel et al.12 performed an investiga-
tion on removal of Ni(II) by nano magnetite chitosan lms. The
prepared lms were tested for removal of Ni(II) ions in aqueous
solution. The maximum removal percentage for sorption Ni(II)
was 91% using the composite lms at pH 6.5. Moreover, the
sorption–desorption studies showed good recyclability of the
lms.

Polyethylenimine (PEI) is a kind of heavy metal chelating
agent. There are a large number of amino groups on the
molecular chain, which makes it have strong complexing ability
for heavy metal ions. It has wide application prospect in the
treatment of wastewater containing heavy metal and dye.13,14

However, because PEI is soluble in water, it is difficult to recover
it if directly used for adsorption, whereas immobilizing the PEI
on solid support can resolve that.15 At the same time, no
secondary pollution should be taking into account in the
removal of pollutants.

In this study, with an effort to prepare an adsorbent with
high efficiency, no secondary pollution and easy operation,
polyvinyl alcohol bers (PVAF) were selected as carrier. First, the
PEI chain was graed onto PVAF surface with the aid of
coupling agent g-glycidoxypropyltrimethoxysilane, obtaining
graed ber PVAF-g-PEI. Then, the polyamine compound tet-
raethylenepentamine was bonded to the surface of the PVAF-g-
PEI bers using crosslinking agent glutaraldehyde, and the
polyamine chelating ber (PA–PVAF) was prepared. The specic
process was presented in Scheme 1. Furthermore, the adsorp-
tion behavior of PA–PVAF to Ni(II) was investigated. The results
indicated that the PA–PVAF was an efficient brous sorbent for
the effective removal of Ni(II). The polyamine adsorbent PA–
PVAF not only has good adsorption performance, but also has
the advantages of environmental protection. It will not cause
secondary pollution to the environment aer be abandoned.

1 Experimental section
1.1 Reagents and instruments

Polyvinyl alcohol ber (PVAF, SY-9, Sichuan Vigny ber factory);
g-glycidoxypropyltrimethoxysilane (GPTMS), polyethyleneimine
(PEI, 50 wt% aqueous solution), glutaraldehyde (GA, 50% in
water), tetraethylenepentamine (TEPA), nickel nitrate were
purchased from Shanghai Aladdin Chemistry Co. Ltd. (Shanghai,
China); other reagents were pure chemical reagents. Deionized
water was produced by our own. The glassware used in the
This journal is © The Royal Society of Chemistry 2017
experiments was soaked in 0.1 M HNO3 solution for 12 h, then
washed several times with deionized water, dried for standby.

Thermo Nikolet 6700 Infrared Spectrometer (FT-IR, Nicolet
Company, America); S4800 Scanning Electron Microscope (SEM,
Hitachi company, Japan); Axis UTLTRADLD X-ray photoelectron
spectrometer (XPS, Shimadzu company, Japan); Elemental
Analyzer (EA, Elementar Vario EL, Germany); AA6300C Atomic
Absorption Spectrometer (AAS, Hitachi company, Japan).
1.2 Preparation and characterization of functional chelating
ber PA–PVAF

A certain amount of PVA ber was placed in acetone solvent
ultrasonic cleaning for half an hour, drying for standby.

(1) 1.0 g treated ber was placed into 50 mL isopropanol,
while adding 8 mL GPTMS, the reaction was performed at 65 �C
for 10 h. The reaction products GPTMS/PVAF were washed
several times with ethanol to remove unreacted silane physically
adsorbed on the ber surface, and then vacuum dried to
constant weight.

(2) The product obtained in step one was placed in a ask
containing 50 mL isopropanol. Then 5 mL 50 wt% PEI solution
was added into the ask and adjusted the solution pH to 10 by
using Na2CO3 solution. The graing reaction was carried out at
50 �C for 12 h. The products PVAF-g-PEI were repeatedly washed
with distilled water to neutral, and vacuum dried to constant
weight.

(3) The resultant bers in step two were placed in 50 mL of
water was added. Followed by the addition of 3 mL TEPA and
stirring for 30 min. Aerwards, 8 mL 3 wt% GA solution was
added using constant pressure dropping funnel with stirring in
30 min. The crosslinking reaction was conducted at 40 �C for
6 h. Aer the reaction was nished, the products PA–PVAF were
separated by ltration and rinsed several times with distilled
water, and dried under vacuum.

The chemical structure of the resultant products was char-
acterized and conrmed by using FT-IR, EA and XPS. The
changes of ber morphology were observed by using SEM.
1.3 Study on adsorption properties of chelate ber PA–PVAF

500 mg L�1 of Ni(II) based solution was prepared by using
Ni(NO3)2$6H2O, and different concentrations of Ni(II) were
diluted from the basic solution. The concentration of Ni(II) in
the solution was determined by using AAS and all the
RSC Adv., 2017, 7, 40392–40400 | 40393
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Fig. 1 IR spectra of fibers (a) PVAF, (b) GPTMS/PVAF, (c) PVAF-g-PEI,
(d) PA–PVAF.

Table 1 Elemental analysis of different types of fibers

Samples C (%) H (%) N (%)

PVAF 54.73 8.68 —

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 6
/1

4/
20

26
 1

2:
44

:1
5 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
experiments were repeated three times. The pH value of Ni(II)
solution was adjusted by 0.1 M HCl and 0.1 M NaOH.

300 mg L�1 of Ni(II) solution was prepared using the above
based solution. PVAF-g-PEI and PA–PVAF were used as adsor-
bent, and the adsorption kinetics were carried out. The results
showed that the adsorption equilibrium time was about 90 min.
0.05 g PA–PVAF was introduced into 30 mL Ni(II) solution with
different concentration (from 30 to 300 mg L�1). The isothermal
adsorption experiments were performed for 90 min in
a constant temperature oscillator. Then the adsorbent was
separated by ltration and the Ni(II) concentration in the solu-
tion was determined by using AAS. The equilibrium adsorption
amount was calculated according to eqn (1.1). The desorption
rate of Ni(II) in desorption experiment was calculated by using
eqn (1.2).

Qe ¼ VðC0 � CeÞ
m

(1.1)

Desorption rate ¼ CdVd

ðC0 � CeÞV (1.2)

where Qe (mg g�1) is the equilibrium adsorption amount; V and
Vd (mL) the volume of the adsorption liquid and eluent,
respectively; C0 and Ce (mg L�1) the initial and equilibrium
concentration of Cd(II) solution, respectively, Cd (mg L�1) the
concentration of Cd(II) in the eluent, respectively.
Fig. 2 SEM images of fibers (a) PVAF, (b, c) PA–PVAF.

40394 | RSC Adv., 2017, 7, 40392–40400
2 Results and discussion
2.1 Characterization of functional bers

Fig. 1 shows the FT-IR spectra of different bers.
According to ref. 16 and 17, the infrared spectrum of PVAF

(Fig. 1a) shows a band at 3270 cm�1 due to the elongation of the
O–H bonds. The band at 2920 cm�1 could be attributed to the
C–H (CH3, CH2) bond elongation, this band was characteristic
of materials with saturated carbons or sp3. In spectrum of
GPTMS/PVAF (Fig. 1b), the band at 912 cm�1 is assigned to the
epoxide rings. In addition, the band at around 1020 cm�1 is the
characteristic absorption bands of Si–O bond. In the spectrum
of PVAF-g-PEI (Fig. 1c), the characteristic absorption band of the
epoxy groups at 910 cm�1 weaken a lot, whereas the charac-
teristic absorption bands of N–H and C–N appear at 1565 cm�1

and 1203 cm�1 respectively. The appearances of the bands
reveal that PEI has been graed onto the ber surface. In the
spectrum of PA–PVAF (Fig. 1d), the characteristic absorption
band of C]N bond appears at 1657 cm�1, indicating that the
aldehyde groups of GA have been reacted with the amino groups
of PEI. The characteristic absorption peaks appear above fully
demonstrates that PA–PVAF has been prepared.

The studied bers were xed on the sample table with
conductive adhesive, and then coated with platinum. As can be
seen in Fig. 2, the surface of the PVA ber (Fig. 2a) is smooth.
The ber diameter is about 20–40 mm. Through the graing
reaction of PEI on PVA bers and subsequent crosslinking
modication, the structure of the obtained bers PA–PVAF
(Fig. 2b and c) remains nearly unchanged. However, the surface
of the bers has become a little rough and scraggy aer reac-
tion. This may be due to the macromolecular reaction which
leading the accumulation of polyethyleneimine molecular
chain on the ber surface, indicating that the polyamine
chelating ber PA–PVAF has been prepared.
PVAF-g-PEI 55.02 9.13 2.12
PA–PVAF 54.83 9.35 3.46

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 XPS survey spectra of different fibers (a) PVAF, (b) GPTMS/PVAF,
(c) PVAF-g-PEI, (d) PA–PVAF.

Table 2 C (1s) division peak percentage content of fiber surface

Samples
C1 (%)
C–C/C–H

C2 (%)
C–O/C–N

C3 (%)
C]O/C]N

PVAF 54.03 41.42 4.55
PVAF-g-PEI 41.16 57.3 1.54
PA–PVAF 42.21 50.71 7.08

Fig. 5 Variation curves for nitrogen content with time at different
temperature.
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The exact amount of various elements in different types of
bers was analyzed by CHN organic element analyzer. The data
obtained are presented in Table 1. The result shows the pres-
ence of C and H in the PVAF, and the calculations indicate that
the amounts of C and H are approximately 54.73% and 8.68%,
respectively. For polyethyleneimine-graed bers PVAF-g-PEI,
a nitrogen percentage of 2.12% is determined, corresponding to
the graed chains PEI. Meanwhile, PA–PVAF presents
a nitrogen content of 3.28%. The elevated percentage suggests
that TEPA (nitrogen content at about 37%) is attached to PVAF-
g-PEI surface.

The chemical environment of the ber surface was analyzed
by using XPS, wherein the light source is monochromatized Al
Ka (1486.6 eV), and the working cavity pressure is better than
6.65 � 107 Pa. All binding energies were calibrated by C1s
hydrocarbon peak at 284.8 eV. The linear background was used
in the analysis process.

Fig. 3 shows the full spectrum of various bers.18 For PVAF
(Fig. 3a), the characteristic peaks of C1s and O1s are detected at
284 eV and 399 eV respectively. Aer modication with GPTMS,
the peak of Si2p is detected at 102 eV (Fig. 3b). Then, the peak of
N1s is detected at 530 eV by graing PEI on the surface (Fig. 3c).
Aer the surface modication of PVAF-g-PEI with TEPA, the
species of element has not changed while the peak intensity of
the modied surface changes (Fig. 3d).
Fig. 4 XPS scan of C1s region for PVAF, PVAF-g-PEI and PA–PVAF.

This journal is © The Royal Society of Chemistry 2017
As shown in Fig. 4 and Table 2, the XPS spectra of C1s is
curve-tted into three individual peaks to represent three types
of carbon atoms, including C1 (C–C, C–H), C2 (C–O, C–N) and
C3 (C]O, C]N).19,20 In the C1s spectrum of original bers
PVAF, C1 component is mainly from the carbon skeleton of PVA
molecular chain. The C2 component is due to a carbon bound
to hydroxyl oxygen atom. And C3 component is assigned to
residual acetyl groups on the molecular chain of PVA. In the C1s
spectrum of PVAF-g-PEI, as the PEI which contains a large
number of amino is adhered on the surface, the percentage
content of C2 species increases while that of C3 species
decreases. In the C1s spectrum of PA–PVAF, the TEPA is bonded
onto the PVAF-g-PEI surface by crosslinking reaction with GA.
The resultant imine produced by the reaction leads to the
increase of C3 species.
RSC Adv., 2017, 7, 40392–40400 | 40395

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra06935a


Table 3 Effect of reaction conditions on nitrogen content

Entry VTEPA (mL) VGA
a (mL) T (�C) Reaction time (h) Nitrogen content (%)

1 2.0 2 40 6 1.82
2 2.0 5 40 6 2.59
3 2.0 8 40 6 3.25
4 2.0 10 40 6 3.32
5 2.5 8 40 6 1.45
6 3.0 8 40 6 3.46
7 3.5 8 40 6 3.38

a The concentration of GA aqueous solution was 3 wt%.

Fig. 6 Effect of contact time on Ni(II) adsorption by PVAF-g-PEI and
PA–PVAF. C0 (Ni(II)) 300 mg L�1; pH 7.0; temperature 293 K.
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2.2 Inuence of the main factors on the preparation of PA–
PVAF

In this study, the effect of reactant ratio, reaction temperature,
reaction time and dosage of GA on PA–PVAF preparation were
investigated. The preferred conditions for the reaction were
selected by measuring the nitrogen content of the products.

By xing the other reaction condition, the nitrogen content
of PA–PVAF varies with time at different temperature are shown
in Fig. 5. With the increase of temperature, the nitrogen content
increases at the same time. The results indicate that increase of
temperature is benecial to the reaction. Therefore, the suitable
reaction temperature and time is 40 �C and 6 h.

The amount of reactant PVAF-g-PEI was xed at 1.0 g. As
shown in Table 3, the nitrogen content of product PA–PVAF
increases by increasing the GA amount. When the dosage of GA
is 8 mL, the nitrogen content is up to 3.25%. With further
increasing the GA amount, the subsequent addition of GA does
Table 4 Adsorption kinetic constants

Adsorbent Qexperimental/(mg g�1)

Pseudo-rst-order model

Qe/(mg g�1) k1/min�

PVAF-g-PEI 35.67 57.74 0.040
PA–PVAF 91.03 198.13 0.066

40396 | RSC Adv., 2017, 7, 40392–40400
not participate in the cross-linking reaction, resulting in little
change in nitrogen content.

In addition, it can be observed that the nitrogen content
increases with increasing the dosage of TEPA solution. When
the addition amount is 3.0 mL, the nitrogen content is up to
3.46%. But the nitrogen content decreases when the amount of
TEPA increases continue. The main reason is that when the
amount of TEPA solution is too large, the intermolecular
crosslinking reaction of TEPA or PEI increased. Therefore, the
bonded amount of TEPA decreases and the nitrogen content of
product PA–PVAF decreases.
2.3 Study on adsorption properties of chelating ber PA–PVAF

2.3.1 Effect of adsorption time and adsorption kinetics.
Fig. 6 illustrates the effect of contact time on the adsorption of
Ni(II) using PVAF-g-PEI and PA–PVAF. It can be noted that the
adsorption quantity of Ni(II) increases rapidly and nally attains
equilibrium at around 90 min. The higher adsorption rate may
be caused by the following factors: the ber diameter is small
(20–40 mm) and the effective surface area is large; the chelating
adsorption property of the composite ber is enhanced through
the graing modication of PVA ber with PEI and TEPA.

Additionally, the maximum amount of Ni(II) adsorption in
Fig. 6 is found to be 35.67 mg g�1 for PVAF-g-PEI, and 91.03 mg
g�1 for PA–PVAF, respectively. The polyethyleneimine chains on
the surface of PVAF-g-PEI can adsorb heavy metal ions through
the abundant amino. Through the amino-modication of PVAF-
g-PEI with the aid of crosslinking agent GA, the number of
nitrogen atoms with lone pairs of electrons on PA–PVAF chains
increases, which gives rise to more adsorption sites and leads to
greater capacity of adsorption for Ni(II).

The adsorption kinetic data were tted with the pseudo rst
order (eqn (2.1)) and pseudo second order kinetics model (eqn
(2.2)) to further study the adsorption kinetics.21,22 They
Pseudo-second order model

1 R2 Qe/(mg g�1) k2/(g mg�1 min�1) R2

0.958 45.63 1.43 � 10�4 0.988
0.971 115.20 3.12 � 10�4 0.991

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Effect of initial pH C0 (Ni(II)) 300 mg L�1; temperature 293 K.

Fig. 8 Effect of ionic strength C0 (Ni(II)) 300 mg L�1; pH 7.0;
temperature 293 K.

Fig. 9 Adsorption isotherms of Ni(II) adsorption by PA–PVAF at
different temperatures. C0 (Ni(II)) 300 mg L�1; pH 7.0.
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corresponding kinetic controlling mechanism is assumed of
liquid lm diffusion and surface chemical adsorption, respec-
tively. The corresponding expressions are as follows:

ln(Qe � Qt) ¼ ln Qe � k1t (2.1)

t

Qt

¼ 1

k2Qe
2
þ t

Qe

(2.2)

where k1, k2: equilibrium adsorption rate constant; Qt, Qe: the
adsorption amount of PA–PVAF to Ni(II) at t moment and
adsorption equilibrium.

As shown in Table 4, the correlation coefficient R2 of pseudo-
second order model is closer to 1 than that of pseudo-rst order
model. The equilibrium adsorption amount of Qe obtained by
the pseudo-second order model is closer to the experimental
value (Qtest). The adsorption rate k2 of PA–PVAF is faster than
that of PVAF-g-PEI due to the strong surface chelation. It is
shown that the adsorption process can be described by pseudo-
second order model, and the adsorption rate is controlled by
surface chemical reaction.

2.3.2 Effects of ionic strength and pH on adsorption
properties. The adsorption capacity curve of PA–PVAF for Ni(II)
with different pH and different ionic strength are shown in
Fig. 7 and 8, respectively.
This journal is © The Royal Society of Chemistry 2017
The solution pH not only affects the form of heavy metal
ions, but also determines the surface charge of the adsorbent.
The adsorption behavior of Ni(II) on PA–PVAF surface has been
investigated within pH range of 2.0–8.0 at an initial Ni(II)
concentration of 300 mg L�1. High value of pH was not tested
due to the precipitation of Ni(II) as hydroxides.23,24 As can be
seen in Fig. 7, the adsorption capacity of Ni(II) is obviously low
under low pH. This is because amino groups on the PA–PVAF
surface are in the protonation state at low pH. This leads to
electrostatic repulsion with the positively charged Ni(II),
reducing the adsorption capacity. With increasing pH, the ber
surface protonation decreases and promotes the adsorption of
Ni(II). When pH is 7.0, the equilibrium adsorption capacity of
PVAF-g-CACTS to Ni(II) reaches 89.70 mg g�1. Moreover, the pH
selected for further experiments is 7.0.

The effect of ionic strength on Ni(II) adsorption onto PA–
PVAF was investigated by adding NaCl at different concentra-
tions (from 0.5 g L�1 to 2.0 g L�1). The initial Ni(II) concentra-
tion in the aqueous solution was 300 mg L�1, the results are
illustrated in Fig. 8. It can be seen that the decrease in saturated
adsorption quantity with increase in salt concentration. At the
highest salt concentration (2.0 g L�1), the amounts of adsorbed
Ni(II) decrease to 71.23 mg g�1. That may be due to the high salt
concentrations exist in aqueous solution, which not only affects
the ionic strength of the water, but also may compete for
adsorption sites against heavy metal ions.25 The effective
adsorption sites of adsorbent PA–PVAF were occupied by Na+,
resulting in the reduction of Ni(II) adsorption.

2.3.3 Effect of ion concentration and adsorption isotherm.
As can be seen in Fig. 9, when the initial concentration of Ni(II)
increases from 30 to 300 mg L�1, the adsorption capacity of
Ni(II) increases. When the concentration of Ni(II) ions reaches
a certain value, the equilibrium adsorption capacity is almost
constant. This is because the adsorption site of surfactant
adsorption tends to saturation with increasing the initial
concentration. Furthermore, it can be observed from Fig. 9 that
the adsorption amount of PA–PVAF towards Ni(II) decreases
with the increase of temperature, indicating that the adsorption
is an exothermic process.
RSC Adv., 2017, 7, 40392–40400 | 40397

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra06935a


Table 5 Langmuir and Freundlich isotherm constants for Ni(II) adsorption

T/K

Langmuir model Freundlich model

Qm/(g mg�1) b (L mg�1) R2 RL n kF/(mg g�1) R2

313 85.01 0.028 0.990 0.11–0.54 1.887 6.713 0.908
303 93.52 0.037 0.992 0.08–0.47 1.919 8.215 0.934
293 101.69 0.063 0.997 0.05–0.35 2.207 12.820 0.940

Table 6 Comparison of Ni(II) adsorption with other reported adsorbents

Adsorbent Temperature/K Solution pH Qmax (mg g�1) Reference

Activated carbon (SBP-AC) 298 6.5 140.85 10
Silica/based composites SiO2/CS 298 7.0 182 11

SiO2(CO2H)/CS 210
Nano magnetite chitosan lm (NMag–CS) Room temp. 6.5 109.8 12
Chitosan/magnetite composite Room temp. 6.0 52.55 27
Carbohydrate-based activated carbon AC-Glu 298 6.0 48.5 28

AC-Suc 42.4
AC-Sta 41.1
AC-Pa 28.7

Fe3O4/cyclodextrin polymer nanocomposites 298 5.5 13.2 29
Ceramic adsorbent PPTs/PS Room temp. 7.5 19.9 30
Poly(chitosan-acrylamide)occulant 298 7.0 63.15 31
Chelating bers PA–PVAF 298 7.0 91.03 This study
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The Langmuir (eqn (2.3)) and Freundlich (eqn (2.4))
isothermal models are used to describe experimental data of
adsorption isotherm.25,26 The Langmuir isotherm assumes
monolayer coverage of the adsorption surface, and no further
adsorption can occur when the adsorption saturates; the
Freundlich isotherm describes the adsorption of the polymer
layer at the heterogeneous interface. The corresponding
expressions are as follows:

Ce

Qe

¼ 1

bQm

þ Ce

Qm

(2.3)
Fig. 10 Desorption rate of Ni(II) from PA–PVAF using different
desorption eluents C0 (Ni(II)) 300 mg L�1; pH 7.0; temperature 293 K.

Fig. 11 Five adsorption–desorption cycles of PA–PVAF adsorbent for
Ni(II) C0 (Ni(II)) 300 mg L�1; pH 7.0; temperature 293 K.

40398 | RSC Adv., 2017, 7, 40392–40400
ln Qe ¼ ln kF þ ln Ce

n
(2.4)

where Ce is the equilibrium concentration; Qe the equilibrium
adsorption capacity; Qm the maximum adsorption capacity; kF
and 1/n are Freundlich constants.

Table 5 lists the parameters derived from the Langmuir and
Freundlich models. It can be seen that the values of R2 for
Langmuir model are exceedingly high in comparison to value of
R2 for Freundlich model. It is obvious that the data were tted to
the Langmuir model. Isotherm with n > 1 is implying a high
affinity between PA–PVAF and Ni(II) and is indicative of
chemisorption.12
This journal is © The Royal Society of Chemistry 2017
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At the same time, the applicability of the Langmuir model
can be articulated according to the dimensionless parameter, RL

(eqn (2.5)). Where b is the Langmuir constant and C0 is the
initial concentration of Ni(II). The value of RL reveals whether
the type of isotherm adsorption is unfavorable (RL > 1), favor-
able (0 < RL < 1), irreversible (RL ¼ 0) or linear (RL ¼ 1).26 As can
be seen from Table 5, the values of RL over an initial Ni(II)
concentration range of 30–300 mg L�1 at different temperature
were between 0 and 1, which indicated that the experimental
conditions were favorable for adsorption.

RL ¼ 1

ðbC0 þ 1Þ (2.5)

Compared with other adsorbents reported in literature, the
polyamine chelating ber PA–PVAF exhibits better adsorption
performance than most reported ones (Table 6). The difference
in maximum adsorption capacity (Qmax) is most likely caused by
various functional groups, different types of structures, and
diverse adsorption conditions.
2.4 Regeneration and reusability

The desorption of Ni(II) from the PA–PVAF was carried out with
distilled water, 0.1 M NaCl, 0.05 M NaCl and 0.05 M Na2EDTA,
and the corresponding desorption rate was 1.65%, 9.52%,
82.36% and 93.39%, respectively (Fig. 10). The results revealed
that 0.05 M Na2EDTA was a more suitable eluent. The adsorp-
tion–desorption experiments were carried out for 5 times, and
the reusability versus recycling time is shown in Fig. 11. It can be
seen that the adsorption capacity of PVAF-g-CACTS to Cd(II)
decreases only slightly aer 5 cycles. The adsorption capacity in
the h cycle is still 86.35mg L�1. It proves that PA–PVAF shows
excellent performance of reuse.
3 Conclusions

A novel polyamine chelating ber material PA–PVAF was
prepared with crosslinking PEI and TEPA using GA as cross-
linker. The optimal reaction conditions for the preparation of
PA–PVAF were investigated. The appropriate reaction tempera-
ture is 40 �C and the suitable reaction time is 6 h. Moreover, the
adsorption property of PA–PVAF to Ni(II) was evaluated. The
maximum adsorption of Ni(II) was observed at pH 7.0, and the
adsorption amount can reach up to 91.03 mg g�1. The adsorp-
tion capacity decreased with the increase of temperature, indi-
cating that the adsorption of Ni(II) ions on PA–PVAF was
spontaneous. The Langmuir isotherm model precisely
explained the equilibrium data. Adsorbent–adsorbate kinetics
exhibited pseudo second order. 0.05 M Na2EDTA solution
showed excellent desorption efficiency for Ni(II) with a recovery
of 92.6%. The adsorption–desorption cycle experiments showed
that PA–PVAF had good performance of reuse. Aer ve cycles,
the adsorption capacity of PA–PVAF towards Ni(II) still reached
86.35 mg L�1. Apart from its great performance for the retention
of Ni(II), the new sorbents presented additional advantages such
as simple technique and facile preparation.
This journal is © The Royal Society of Chemistry 2017
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