
H

N
S

a

A
R
R
A
A

K
H
C
A
R

1

i
h
m
h
w

h
r
A
h
w
[
g
r
R
h
t
o
a
t

O
O
c

0
d

Journal of Hazardous Materials 213– 214 (2012) 258– 264

Contents lists available at SciVerse ScienceDirect

Journal  of  Hazardous  Materials

j our na l ho me p age: www.elsev ier .com/ locate / jhazmat

igh-strength  hydrogel  as  a  reusable  adsorbent  of  copper  ions

ing  Wang, Yanjiao  Han, Yuan  Liu, Tao  Bai, Han  Gao, Peng  Zhang, Wei  Wang ∗,  Wenguang  Liu ∗

chool of Materials Science and Engineering, Tianjin Key Laboratory of Composite and Functional Materials, Tianjin University, Tianjin 300072, PR China

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 7 September 2011
eceived in revised form 16 January 2012
ccepted 27 January 2012

a  b  s  t  r  a  c  t

A  mechanically  strong  hydrogel  was  prepared  by  photoinitiated  polymerization  of  oligo(ethylene
glycol)  methacrylate  (OEGMA),  2-vinyl-4,6-diamino-1,3,5-triazine  (VDT)  and  cross-linker  N,N′-
methylenebisacrylamide  (MBAA).  Introduction  of  the  monomer  VDT  considerably  strengthened  the
mechanical  properties  of  the  hydrogel  by  self-hydrogen  bonding  of diaminotriazine,  and  enhanced  the
vailable online 6 February 2012

eywords:
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adsorption  of copper  ion  onto  the  hydrogel  by  chelation  between  amino  groups  and  metal  ion.  Adsorption
studies  were  carried  out  by  varying  the  OEGMA/VDT  ratio,  contact  time,  pH value,  counterion  and  initial
concentration  of  Cu2+ ions.  The  evaluation  of adsorption  properties  showed  that  the  hydrogel  exhibited
better  correlation  with  Langmuir  isotherm  model.  This  adsorbent  could  be used  repeatedly  with  little
loss in  adsorption  capacity.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Copper ion contamination in water resources has become an
mportant issue of great concern due to the toxic effect on the
uman beings and even the entire ecological environment. Accu-
ulation of Cu2+ in human body causes brain, skin, pancreas and

eart diseases [1].  Hence, it is imperative to remove copper from
ater resource before discharging to the environment.

Several kinds of strategies have been attempted to remove
eavy metal ions, such as ion exchange, membrane separation,
everse osmosis, chemical precipitation and adsorption [2–5].
mong the methods currently reported, adsorption technology
as been proved to be one of the most effective and economic
ays due to its easiness to operate and simplicity to design

1,7–9].  A variety of polymeric adsorbents have been investi-
ated for copper adsorption, including polymer fibers [10,11],
esins [12–14],  nanocomposites [15,16],  natural materials [17–19].
ecently, hydrogel-based sorbents functionalized with amino,
ydroxyl, carboxyl, imidazole and hydrazine groups were reported
o demonstrate high capacities in removal of metal ions from aque-

us solutions due to their complexing abilities [20–22].  The main
dvantages of hydrogel-based adsorbents are easy loading, cap-
uring of cations with simple chemicals in most cases, reusability

Abbreviations: P(OEGMA-co-VDT), copolymer hydrogel synthesized from
EGMA and VDT; POVx-y, P(OEGMA-co-VDT) hydrogel with weight ratio of
EGMA/VDT (x/y). e.g. POV2-3; cr-PVDT, crosslinked PVDT hydrogel; cr-POEGMA,
rosslinked POEGMA hydrogel.
∗ Corresponding authors. Tel.: +86 22 27402487; fax: +86 22 27404724.

E-mail addresses: wwgfz@tju.edu.cn (W.  Wang), wgliu@tju.edu.cn (W.  Liu).

304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2012.01.092
and the possibility of semi-continuous operation [21]. Besides,
high swelling and wettability can facilitate adsorption of target
metals because the swelling of the three-dimensional networks is
likely to give high specific surface area and more functional groups
exposed are readily approachable for adsorption [23]; while the
coordination resins, which are poorly swollen in water, limit the
mobility of the functional groups [24]. The chemical stabilities of
hydrogels, especially hydrolytic and thermal stabilities, make them
very promising in the field of water purification [22,25]. Ali et al.
prepared poly(vinylpyrrolidone/acrylic acid) (PVP/AAc) copolymer
hydrogels that were shown to remove Cu2+ from aqueous solu-
tion with the maximum adsorption capacity of 0.36 mmol/g [22].
Cavus et al. investigated non-competitive removal of metal ions by
poly(acrylic acid-co-methacrylamide) gels and found that the max-
imum adsorption capacity of the hydrogels was 0.64 mmol Cu2+/g
dry hydrogel [26]. Except for limited adsorption capacity, there
are some other drawbacks seriously hindering the actual appli-
cations of hydrogels in metal ion removal such as lacking in
reusability and poor mechanical strength caused by highly swollen
network. So it is necessary to develop hydrogel-based adsor-
bents that are robust enough to withstand multiple handling and
can release adsorbed metal ions in response to external stim-
uli and re-adsorb them repeatedly with little loss in mechanical
properties.

The aim of this work is to synthesize a high-strength hydro-
gel which can adsorb Cu2+ ions effectively and be used repeatedly
without loss in adsorption capacity and mechanical property.

For this purpose, we synthesized 2-vinyl-4,6-diamino-1,3,5-
triazine/oligo(ethylene glycol) methacrylate copolymer P(OEGMA-
co-VDT) hydrogel by photo polymerization. The mechanical
strength of hydrogels was  tested and adsorption of Cu2+ ions onto

dx.doi.org/10.1016/j.jhazmat.2012.01.092
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:wwgfz@tju.edu.cn
mailto:wgliu@tju.edu.cn
dx.doi.org/10.1016/j.jhazmat.2012.01.092
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Fig. 1. Schematic molecular structure of P(OEGMA-co-VDT) hydrogel.

he hydrogels under different conditions (contact time, initial pH
nd concentration of Cu2+ solution and so on) was  investigated.
urthermore, the reusable property of hydrogels was evaluated by
epeated adsorption.

. Experimental

.1. Materials

2-Vinyl-4,6-diamino-1,3,5-triazine (VDT) was  obtained from
okyo Kasei Kogyo, and used as received. Oligo(ethylene glycol)
ethacrylate (OEGMA, 99%) and the initiator 2-hydroxy-4-(2-

ydroxyethoxy)-2-methyl-propiophenone (IRGACURE-2959, 98%)
ere purchased from Sigma Aldrich. The cross-linker N,N′-
ethylenebisacrylamide (MBAA, 99%) and copper(II) perchlorate

exahydrate (99%) were provided by Johnson Matthey. Copper
ulfate, copper nitrate and copper chloride obtained from Tian-
in Guangfu Fine Chemical Research Institute were all analytical
rades.

.2. Synthesis of P(OEGMA-co-VDT) hydrogels

P(OEGMA-co-VDT) hydrogels were prepared by radical copoly-
erization of OEGMA and VDT in dimethyl sulfoxide (DMSO)

n the presence of N,N′-methylenebisacrylamide (MBAA) as
 cross-linking agent and 2-hydroxy-4-(2-hydroxyethoxy)-2-
ethyl-propiophenone (IRGACURE-2959) as an initiator. Initial
onomer concentration in feed was kept constant at 10 wt%. The
eight ratio of monomer, cross-linker and initiator was  5:1:0.12. A

eries of P(OEGMA-co-VDT) hydrogels whose schematic molecular
tructure is depicted in Fig. 1 were obtained by varying monomer

eed ratio (Table S1).  The reaction mixture was injected into plastic

olds. The molds were then irradiated in a crosslink oven (XL-1000
V Crosslinker, Spectronics Corporation, NY, USA) for 30 min. The

esultant hydrogels were purified by immersing in distilled water,
terials 213– 214 (2012) 258– 264 259

which was  refreshed daily, for one week to remove reagent residues
completely. Herein, POVx-y stands for P(OEGMA-co-VDT) hydrogel
with weight ratio of OEGMA/VDT (x/y). In this study, crosslinked
POEGMA (cr-POEGMA) and crosslinked PVDT (cr-PVDT) were syn-
thesized in the same way.

2.3. Characterization of hydrogels

Attenuated total reflection Fourier transform infrared spec-
troscopy (ATR-FTIR) spectra of lyophilized hydrogel slices (0.2 mm
in thickness) were recorded by Nicolet 380 FTIR spectrometer (USA)
in a wavenumber range from 4000 to 400 cm−1 at a resolution of
0.5 cm−1. Ge horizontal crystal (45◦ angle of incidence) was used
for the samples.

2.4. Measurement of mechanical properties

The mechanical properties of hydrogels were measured on
WDW-05 electromechanical tester (Time Group Inc., China) at
room temperature. Swelling hydrogel strips (20 mm length, 6 mm
width and 0.8 mm thickness) were used for tensile test. For com-
pression tests, the samples were cut into cylinders (6.5 mm in
diameter and 9 mm thick) and measured at the same tester. In both
tests, crosshead speed was set at 10 mm/min, and three specimens
were tested for each hydrogel sample.

2.5. Cu2+ adsorption

The stock solution of Cu2+ was prepared by dissolving copper
perchlorate in distilled water. A thin circular slice of swollen hydro-
gel (9 mm in diameter and 0.2 mm thickness), with dry weight of
13 mg,  was placed in a centrifuge tube containing 1 mL  solution of
Cu2+ ions with a certain concentration. The adsorption was carried
out on a reciprocating shaker at a rate of 80 rpm at 25 ◦C. The solu-
tions before and after adsorption were quantified for the amounts
of Cu2+ ions by HITACHI 180-80 atomic absorption spectroscope
(AAS). The Cu2+ adsorption capacities of the gels (q, in mmol/g)
were calculated according to the equation given below:

q = (c0 − ce)V
mdry

(1)

where c0 and ce are the initial and final concentrations (mmol/L)
of Cu2+ ions in the testing solution, V is the volume of the testing
solution (L), and mdry is the dry weight of the gel (g).

The effects of OEGMA/VDT ratio, contact time, and initial pH
of the solution on adsorption were carried out at initial Cu2+ ion
concentration of 75 mmol/L. In the experiment of pH effect, the ini-
tial pH of the testing solutions was set from 2.0 to 7.0 in case that
precipitation of Cu2+ ions happened when the pH was higher than
7.0. To investigate the influence of counterion on the adsorption
capacities of hydrogels, copper sulfate, copper nitrate and copper
chloride solutions with the same concentration as that of copper
perchlorate were made for adsorption capability test. To investi-
gate the adsorption isotherm of Cu2+ ions, swollen hydrogels were
immersed in centrifuge tubes containing copper ion solutions with
different initial concentrations, ranging from 5 to 125 mmol/L, until
adsorption equilibrium was achieved.

2.6. Evaluation of reusable adsorption

The Cu2+-adsorbed hydrogels were rinsed with 2 mL of 1 M HCl

solution for 1 h to elute the adsorbate. Then they were placed in
distilled water for a week to reach swelling equilibrium and were
subjected to a second-time adsorption. In the same way, consecu-
tive adsorption–desorption cycles were repeated six times by using
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ig. 2. ATR-FTIR spectra of cr-POEGMA, POV1-1, POV2-3 and cr-PVDT samples.

he same hydrogels so that the reusable adsorption could be deter-
ined.

. Results and discussion

.1. Characterization of hydrogels

The FTIR spectra of four representative hydrogel samples are
hown in Fig. 2. The cr-POEGMA, POV1-1 and POV2-3 display the
haracteristic absorption of POEGMA: stretching vibrations of C O
nd C O C at 1730 and 1250, 1102 cm−1, respectively. The two
ands locating at 1656 and 1541 cm−1 are attributed to the stretch-

ng vibration of C O and the bending vibration of N H in MBAA.
he absorption bands at 3233, 2876 and 1625 cm−1 that are sepa-
ately assigned to the stretching vibrations of N H, C H, and C N
n VDT [27] can all be found in cr-PVDT, POV1-1 and POV2-3. These
haracteristic peaks confirm the formation of P(OEGMA-co-VDT)
ydrogels via photopolymerization.

.2. Equilibrium water content (EWC) of hydrogels

The EWCs of P(OEGMA-co-VDT) hydrogels measured at room
emperature are shown in Table 1. Herein, only the effect of
EGMA/VDT ratio on the EWC  of the hydrogels was examined

t fixed initial monomer concentration and crosslinker content.
t is observed that the EWCs of the gels decrease with an incre-

ent in VDT proportion. Since 4,6-diaminotriazine (DAT) residues
n neutral aqueous solution are prone to form intermolecular

able 1
WCs and mechanical properties of hydrogels.

Hydrogel EWC  (%) Tensile properties 

Tensile strength (kPa) Elongation at break

cr-POEGMA 95.8 ± 1.1 –a –a

POV2-1 90.1 ± 1.1 –a –a

POV3-2 89.5 ± 0.7 9.3 ± 1.5 28.8 ± 1.5 

POV1-1 83.6 ± 1.3 42.0 ± 12.0 36.6 ± 1.4 

POV2-3 77.4 ± 2.6 260.7 ± 19.0 140.1 ± 8.0 

POV1-2 75.9 ±  1.3 314.3 ± 33.7 134.9 ± 30.0 

cr-PVDT 70.5 ± 3.5 –a –a

a Measures for cr-POEGMA, POV2-1, and cr-PVDT were not available due to the weak s
aterials 213– 214 (2012) 258– 264

hydrogen bondings [28], more compact network results at higher
DAT ratio, which restrains water from diffusing into the gel to a
larger extent. Notably, copolymerization of hydrophilic monomer
OEGMA can improve the water adsorption of hydrogels. With
increasing OEGMA/VDT ratios to 3/2 and 2/1, the EWCs of the gels
obtained are increased by 19% and 37%, respectively, comparing
with that of cr-PVDT, 70.5%.

3.3. Mechanical properties of hydrogels

Adequate mechanical strength of a hydrogel is essential for its
practical application. In this study, the mechanical properties of
hydrogels with different compositions were tested and the results
are demonstrated in Table 1. Obviously, the mechanical properties
of hydrogels strongly depend on the content of VDT. The tensile
strength, Young’s modulus and compression strength all exhibit
remarkable increase upon raising the content of VDT. While the
VDT/OEGMA ratio is increased to 3/2, the tensile strength goes up
dramatically. In comparison, POV1-2 shows the highest strengths
(314 kPa tensile strength, 234 kPa modulus and 5.963 MPa com-
pression strength). Bending to any direction cannot destroy the
POV hydrogels. The self-hydrogen bonding effect among VDT moi-
eties induces the form of rigid six-membered ring structure, which
contributes to the strengthening of hydrogels [28], as revealed in
our previous work [29]. After Cu2+ ions adsorption, the mechani-
cal properties of the hydrogels show no weakening (Fig. 3). Take
Cu2+-adsorbed POV2-3 hydrogel for example, twisting, knotting
and elongation cannot damage it (Fig. 3). Moreover, the hydrogel is
able to withstand a large strain of compression and can recover to
its original shape after the load is removed.

3.4. Copper ion adsorption assay

3.4.1. Effect of OEGMA/VDT ratio
Fig. 4 exhibits a parabolic variation of copper ion adsorption

as a function of OEGMA/VDT ratio. In the case of cr-POEGMA gel,
there are no typical groups that can bind Cu2+ strongly. So the small
amount of Cu2+ adsorbed onto the hydrogel was mostly caused by
physical adsorption onto the porous material. As the content of
VDT in the hydrogel increases, the adsorption capacity increases
until a maximum value of 1.25 mmol/g is achieved onto POV3-2.
With further increasing VDT ratio, the adsorption ability starts to
drop. For POV hydrogels that adsorb Cu2+ ions, two  main factors
should be taken into account: chelating groups and hydrophobic-
ity. The increase of the adsorption onto POV gel (from POV2-1 to
POV3-2) is due to the increment in the amino groups which can
serve as chelating sites for binding Cu2+ ions by forming com-

plexes. The negative effect of hydrophobicity is negligible because
the hydrogels with these formulations are highly hydrophilic,
as can be seen from the EWCs in Table 1. However, Further
increasing VDT ratios results in the increase in the hydrophobicity

Compression

 (%) Young’s Modulus (kPa) Stress (kPa) Fracture strain (%)

–a –a –a

–a –a –a

32.6 ± 7.1 100.0 ± 10.0 12.1 ± 2.0
115.5 ± 37.0 2320.0 ± 395.9 63.1 ± 6.3
187.0 ± 23.5 4290.0 ± 174.4 87.5 ± 2.1
234.5 ± 12.7 5963.3 ± 319.7 96.0 ± 7.6

–a –a –a

trength.
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Fig. 3. Photographs of POV2-3 hydrogel before and after Cu2+ ions adsorption and the ability of Cu2+-adsorbed hydrogel to withstand compressing, twisting and knotting.
(a)  POV2-3 hydrogel cylinder without Cu2+ adsorption; (b) Cu2+-adsorbed hydrogel before compression; (c) perpendicular compression; (d) recovery after compression was
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emoved; (e) Cu2+-adsorbed hydrogel under twisting; (f) knotting; (g) knotting foll

f polymer network. In this case, the gels shrank, accordingly reduc-
ng the specific surface area for the metal ions to deposit. On the
ther hand, more compact network resulting from higher VDT feed
atio restrains the exposure of amino moieties toward copper ions.
onsequently, although the amount of amino groups increases, the
ositive effect of amino groups on adsorption is significantly lim-

ted.

.4.2. Effect of contact time
Fig. 5 shows the effect of contact time on Cu2+ ions adsorption

nto POV2-3 hydrogel. The adsorption capacity shows a signifi-
ant increase with time during the first 30 min, and then slows

own and reaches equilibrium within about 60 min, suggesting
aturated adsorption. The mechanism of the adsorption kinetics
s evaluated in the form of two semiempirical kinetics models: the
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Fig. 4. Adsorption capacity of hydrogels with varied OEGMA/VDT ratios.
by elongation.

pseudo-first-order and pseudo-second-order models. The pseudo-
first-order equation [10] can be expressed as:

log(qe − qt) = log qe − k1

2.303
t (2)

where qe and qt (mmol/g) are the adsorption capacity of Cu2+ ions
at equilibrium and time t (min), respectively. k1 is the pseudo-
first-order kinetic constant (min−1). By fitting log(qe − qt) versus t
linearly(Fig. 6A), the values of kinetic constant k1 and calculated qe

(qec) can be determined from the slope of the plot and the antilog-
arithm of the y-intercept, respectively.

On the other hand, the pseudo-second-order model [6] can be
written in the form:

t

qt
= 1

k2q2
e

+ t

qe
(3)

where k is the pseudo-second-order kinetic constant
2
(g/mmol min). By using the data in Fig. 5, the plots of t/qt as
a function of the time t can be constructed as shown in Fig. 6B. The
values of calculated qe (qec) and the constant k2 can be obtained
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Fig. 5. Effect of contact time on the adsorption of Cu2+ ions onto POV2-3 hydrogel.
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Fig. 6. Adsorption kinetics of Cu2+ ions onto POV2-3 hydrogel based on ps

rom the slope values of the linear plots and the y-interception
alues, respectively.

The values of k1, k2 and qec as well as the correlation coeffi-
ient (r2) are summarized in Table S2.  The validity of each model
an be validated by comparing the values of correlation coefficient
r2). On the basis of the values of r2 in Table S2,  it can be con-
luded that the pseudo-second-order model is more suitable for
escribing the adsorption of Cu2+ ions onto the hydrogels than the
seudo-first-order model. Moreover, the qec2 calculated from the
seudo-second-order model is more approximate to the experi-
ental values of qe, but the value of qec1 is far away from it. So the

seudo-first-order model is unsuitable for describing the adsorp-
ion process.

.4.3. Effect of initial pH
Fig. S1 shows the effect of pH values of solution on the adsorp-

ion capacity of the hydrogels. The initial concentration of copper
on was the same as that in the experiment of contact time effect,
nd the adsorption time was set at 60 min, i.e. the adsorption equi-
ibrium time as determined in Fig. 5. As seen from Fig. S1,  the
dsorption capacity increases significantly along with the increase
n pH values, and reaches a maximum at pH 7. It can be explained by
he fact that most of the amine groups are protonated in the acidic
nvironment. Under this condition, the electrostatic repulsion hap-
ens between Cu2+ ions and the protonated amines so that there
re fewer amine groups available to capture Cu2+ ions. The lower
he pH value, the stronger the repulsive force. So at the lowest pH,
nly small amounts of Cu2+ ions are adsorbed onto the hydrogels.

.4.4. Effect of counter ion
To demonstrate the versatility of the hydrogels, different types

f copper salts (copper sulfate, copper nitrate and copper chloride)
ere chosen for adsorption experiments in comparison with cop-
er perchlorate. From the results shown in Fig. S2,  one can see that
he effect of counter ions on the adsorption of Cu2+ ions onto the
ame POV2-3 hydrogel is apparent. The adsorption capacities are in
he descending order: CuSO4 > Cu(ClO4)2 > Cu(NO3)2 > CuCl2. And
here is no significant difference in adsorption capacities between
uSO4 and Cu(ClO4)2. Since the effect of counterion on adsorption

s complicated, here we cannot give a clear explanation. It is pos-
ible that ClO4

− and SO4
2− can stabilize the Cu2+ ion adsorption
n the concentrated amino sites as well as on the unfavorable site
y coadsorption with copper ions [30]. The reason for the reduc-
ion trend of Cu(NO3)2 and CuCl2 species remains unknown using
resent method and needs to be further investigated in the future.
first-order kinetic model (A) and pseudo-second-order kinetic model (B).

Nevertheless, the results demonstrate that Cu2+ ions could be
adsorbed on the hydrogels in the presence of different counter ions.

3.4.5. Adsorption isotherms
The adsorption capacities of Cu2+ ions onto POV2-3 hydro-

gels immersing in different concentrations of copper ion are
shown in Fig. 7. The results indicate that the adsorption capacity
increases with an increment in initial concentration of Cu2+ ions.
The amounts of copper ion adsorbed are increased remarkably at
lower concentration due to the adequate adsorption sites and the
increase in number of Cu2+ ion transported from the bulk solu-
tion to the hydrogel. However, the adsorption capacity levels off
at 75 mmol/L, indicating that the adsorption reaches a saturation
due to the limited number of the adsorption sites. To explore the
adsorption mechanism, two  adsorption isotherm models are used
to describe how adsorbates interact with adsorbents: Langmuir and
Freundlich isotherms.

The Langmuir isotherm model assumes that the adsorbed layer
is a homogeneous, flat surface that has only one molecule in thick-
ness, and that each adsorptive site can be occupied by only one
adsorbate molecule. Mathematically, it can be written as follows
C (mmol/L)

Fig. 7. Effect of initial concentration of Cu2+ ions on the adsorption capacity of POV2-
3 hydrogel.
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six adsorption–desorption cycles, in spite of slight decline, over 90%
adsorption capacity is still retained. It is noted that the mechanical
here Ce is the equilibrium Cu2+ ion concentration in the test solu-
ion (mmol/L), qe represents the equilibrium adsorption amount
f Cu2+ ions onto hydrogels (mmol/g), qm is the maximal adsorp-
ion capacities of Cu2+ ions onto hydrogels (mmol/g), and KL is the
angmuir constant (L mmol−1). By linearly plotting Ce/qe as the
unction of Ce, the values of KL and qm can be obtained from the
-intercept and the slope of the plot. The values of these parame-
ers, as analyzed from the plots shown in Fig. 8A, are summarized
n Table S3.
The experimental data can also be analyzed by Fre-
ndlich model, which is applicable to nonideal adsorption on

Fig. 10. Photographs of POV2-3 hydrogel before adsorption
 for the adsorption of Cu2+ ions onto POV2-3 hydrogels.

heterogeneous surfaces and multilayer sorption. The model is
expressed as follows [31,32]:

log qe = log KF + 1
n

log Ce (5)

where KF and n are the Freundlich constants representing the
adsorption capacity (mmol/g) and the adsorption intensity (dimen-
sionless), respectively. The values of KF and n are taken as the
antilogarithm of the y-intercept and reciprocal of the slope. The
values of the parameters analyzed from the plots shown in Fig. 8B
are also summarized in Table S3.

It is clear that the Langmuir isotherm model gives the better fit
than the Freundlich model, as indicated by comparison of the cor-
relation coefficient (r2). The result suggests that the adsorption of
copper ions onto the hydrogels follows a phenomenon mostly rep-
resented by the Langmuir model. In another word, the surface of the
hydrogel may  be homogeneous and it is possible that a monolayer
of Cu is adsorbed on the hydrogel [31]. And from the value of qm,
the maximal adsorption capacity of POV2-3 hydrogel is calculated
to be 1.093 mmol/g.

3.5. Adsorption/desorption cycles of reusable hydrogels

A promising adsorbent is required to have not only high adsorp-
tion capacity but also regeneration ability for recycling use, which
is energy saving, meeting the demand of low carbon economy. In
this work, reproducible adsorption/desorption of copper ions onto
the hydrogels was inspected. We  found that Cu2+ ions could be
effectively eluted from hydrogels by using 1 M HCl solution and
the desorption efficiency reached up to 99%. Fig. 9 shows that after
strength of hydrogels did not show any evident distinction after six
cycles, manifesting their durability for repeated use. From Fig. 10,

 (A), after six-time adsorption (B) and desorption (C).
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. Conclusions

Mechanically robust OEGMA/VDT copolymer hydrogels syn-
hesized by photoinitiated polymerization exhibited several MPa
ompressive stresses at an appropriate monomer ratio, ensuring
asy handling in practical application. With the increase in the
eight ratio of VDT, the adsorption capacity increased at first and

hen decreased as the result of mutual restriction between the
ncrease in number of chelating sites for Cu2+ ions and increased
ompactness of network. The adsorption of Cu2+ ions onto the
ydrogels reached equilibrium within about 60 min. In the pH
ange 2–7, higher pH values in the solution resulted in better
dsorption performance of Cu2+ ions onto the hydrogels. The
xperimental adsorption data could be better fitted by Langmuir
sotherm model rather than Freundlich model, and the maximal
dsorption capacity was calculated to be 1.1 mmol/g. Copper ions
ould be desorbed from the hydrogels by using 1 M HCl aqueous
olution and the desorption efficiency could reach up to 99%. After
ix adsorption–desorption cycles, the adsorption capacity could be
aintained above 90% with no significant loss in mechanical prop-

rties.
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