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Facile synthesis of a novel polymeric ionic liquid gel
and its excellent performance for hexavalent chromium
removalf

Shuojue Wang,” Hui-Ling Ma,*” Jing Peng,” Youwei Zhang,” Jian Chen,"
Liangliang Wang,” Ling Xu,* Jiugiang Li“ and Maolin Zhai**

A novel polymeric ionic liquid gel (PIL gel) was simply synthesized by y-radiation-induced
polymerization of ionic liquid monomer 1-allyl-3-vinylimidazolium chloride and crosslinking
at ambient temperature without any additives. By changing the radiation dose, the properties of
the resultant gel including the gel fraction, crosslinking density and equilibrium degree of
swelling were optimized. The resultant PIL gel exhibited a superior adsorption ability toward
Cr(VI) in aqueous solutions with a broad pH range (1-7) through anion exchange. It was found
that the adsorption kinetics followed the pseudo-second-order model. The adsorption of Cr(VI)
by the PIL gel obeyed the Langmuir isotherm equation with a theoretical maximum adsorption
capacity of 283 mg g!, twice of the highest value for ionic liquid-based adsorbents that have
been reported. In addition, the PIL gel could be recovered using NaCl solution or NaOH
solution without much decreasing the adsorption capacity. This work paves the way for scale-
up production of PIL gels using radiation technique for potential application in heavy metal

removal.

1. Introduction

As a novel class of green solvents, ionic liquids (ILs) have
attracted significant attention over the last decade because of
their unique properties, such as negligible vapor pressure,
excellent thermal and chemical stability, designable structures,
high ionic conductivity, and wide electrochemical window." *
Polymeric ionic liquids (PILs) belong to a subclass of
polyelectrolytes, which bear an ionic liquid species in each
monomer repeating unit.® Combining some of the specific
features of ILs with intrinsic properties of polymers, PILs are
an emerging research focus in the polymer and materials
science due to their particular properties and successful
applications in biosensors,® catalysis,” microwave absorption,®
and gas separation,’ etc.

Given the functional groups (i.e. cations such as imidazolium,
pyridinium, and pyrrolidinium; anions such as tetrafluoroborate,
hexafluorophosphate, and triflate) of PILs, they can be
considered as a kind of ion exchangers to remove metal ions
from aqueous solution. In fact, ILs*'' and supported ILs'> '3
have been extensively studied in separation processes through
ion exchange. However, when ILs are used in separation
processes, large amounts of ILs are needed and the recovery of
ILs is relatively difficult.'"® Therefore, supported ILs are
gradually developed by immobilizing molecules with IL-like
structures on inorganic or polymer supports to overcome these
shortcomings. Up to now, various kinds of supported ionic
liquids have been prepared.'”'* Unfortunately, the solid
supports could hardly provide adsorption sites for metal ions,
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leading to a limited adsorption capacities of supported ILs. The
obstacle would be broken through by direct polymerization of
IL monomers. The removal of metal ions by PILs has been
reported,”> but the adsorption capacity is low due to poor
affinity of hydrophobic PILs to water. PIL gel based on
hydrophilic monomer can overcome the problem. Owing to the
three-dimensional networks of PIL gel and the hydrophilic
nature of the monomer, PIL gel is insoluble and shows good
affinity for water. Despite increased interest in PIL gels during
the last few ye:e1rs,16'19 to the best of our knowledge, there is
rarely any published report on this research subject.

PIL gels or gels containing IL-like structures are usually
prepared by traditional chemical reactions with the addition of
initiators at a relatively high temperature,'® ** which are
relatively complicated and energy-consuming. A question
raised in this paper is: would it be possible to prepare PIL gels
without initiators by a simpler and greener procedure?
Radiation-induced polymerization and crosslinking is a facile,
clean and effective route which utilizes radiation-generated
radicals as real initiators. By using this method, hydrogels can
be prepared under room temperature in the absence of initiators
and catalysts. The technique has been applied in synthesizing
hydrogels,””” #* but no attempt has been reported on the
radiation synthesis of PIL gels.

In this study, a novel PIL gel was easily prepared by gamma
irradiation on the neat IL monomer for the first time. Effects of
dose on the gel fraction, equilibrium degree of swelling, and
morphology of PIL gels were studied. The PIL gel was further
used in adsorption of Cr(VI), a widespread and toxic pollutant
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in industrial effluents.”> The adsorption behavior of Cr(VI) was
systematically investigated by changing the contact time,
solution pH, Cr(VI) concentration and ionic strength. Finally,
desorption and recyclability of the adsorbent were also
evaluated.

2. Experimental

2.1 Materials

1-allyl-3-vinylimidazolium chloride (AVImCIl, > 99%) was
purchased from Lanzhou Greenchem ILS, LICP. CAS. China.
Potassium dichromate (K,Cr,O;, =99.8%) was obtained from
Sinopharm Chemical Reagent Co., Ltd. Other chemicals were
analytical-grade reagents and were used as received without
further purification.

2.2 Preparation and characterization of PIL gel
2.2.1 Preparation of PIL gel

AVImCI was poured into a glass tube and bubbled with argon
for 20 min. Finally, the tube was sealed and subjected to
gamma ray irradiation using a ®*Co source at the Department of
Applied Chemistry of Peking University. All the experiments
were conducted at room temperature. After a certain period
time of irradiation, the product was then carefully removed
from the tube, cut into small pieces and dried in a vacuum oven
until constant weight.

2.2.2 Gel fraction and equilibrium degree of swelling (EDS)

The sol part of PIL gel was extracted by deionized water and then
dried in vacuum to constant weight. PIL gel after removing the sol
was used in the following experiments. The dried PIL gel was
immersed into deionized water or solutions with various pH, which
were adjusted by HCI and NaOH. After 48 h the fully swollen gel
was taken out and weighted.

Gel fraction and EDS of the PIL gel were defined as

w
Gel fraction (%) = %100 M
£ps = Ve (2)

W

g

where W, is the initial weight of a PIL gel, and W, is the weight
of dried sample after extraction; W, is the weight of fully
swollen PIL gel.

2.2.3 Morphology observation and EDX analysis

The fully swollen gel was immersed into liquid nitrogen and then
freeze-dried in vacuum until all water was sublimed. The cross-
sectional morphology and elemental composition of PIL gel were
observed by scanning electron microscopy (Hitachi S-4800, Japan)
and energy dispersive X-ray analysis (EDAX Apollo XP, USA),
respectively.

2.2.4 Micro-FTIR analysis

Micro-FTIR analysis of PIL gels before and after adsorption was
performed on a Nicolet (NICOLET iN10 MX) spectrometer. The
spectra were measured in the absorbance mode in the range of 4000-
600 cm ™.

2.2.5 XPS analysis
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XPS analysis was performed with an AXIS-Ultra instrument from
Kratos Analytical using monochromatic Al Ka radiation (225 W, 15
mA, 15 kV) and low energy electron flooding for charge
compensation. To compensate for surface charges effects, all
binding energies (BE) were calibrated using C 1s hydrocarbon
peak at a BE of 284.80 eV.

2.3 Adsorption of Cr(VI) onto PIL gel

All adsorption experiments were carried out by using samples
containing 20 mg of PIL gel and 25 mL of Cr(VI) solution in a flask.
The flasks were placed on a shaker at 160 rpm under 25 °C. For
kinetics experiments, at a specified time interval, the supernatant
solution was analyzed for the residual Cr(VI) concentration. In the
pH test, the initial pH of Cr(VI) solution was adjusted from 1 to 10
using 1 mol L™ HCI and NaOH. In the isotherm experiment, Cr(VI)
adsorption was carried out in Cr(VI) solution with various initial
concentrations. The influence of NaCl on the adsorption of Cr(VI)
was studied by adding different amounts of NaCl into the solutions.
To explore the competitive effect of various coexisting ions on the
removal of Cr(VI), flasks containing PIL gel, 140 mg L™ (2.69
mmol L) of Cr(VI) and various components (CaCl,, NiCl,, ZnCl,,
NaNOs;, Cu(NOs),, Mg(NO3),) in two concentrations (2.69 and 5.38
mmol L) were shaken. The concentration of Cr(VI) was measured
by UV-Visible Spectrophotometer (UV-3010, HITACHI) at 540
nm.** The adsorption of Cr(Ill) was performed as an comparison
with an initial pH of 3.5 and Cr(III) concentration of 155 mg L.
The concentration of Cr(IlI) was analyzed by inductively coupled
plasma-atomic emission spectrometer (ICP-AES, Leeman, USA).
Chromium uptake (g) was calculated as

g=G=CxV 3)
m
The adsorption efficiency (£) was determined as

(Co - Ce)

E(%) = %100 4)

0
where Cy and C, are the concentrations of Cr(VI) or Cr(Il) before
and after adsorption, respectively; V' is the volume of the Cr(VI) or
Cr(III) solution and m is the weight of dry PIL gel.

2.4 Regeneration and reusability of PIL gels

Desorption of Cr(VI) was studied as follows: after PIL gel fully
adsorbed Cr(VI) ions, 25 mL of NaOH or NaCl solution (1 mol L)
was added, followed by 12 h shaking at 25 °C. Distilled water was
also used to study desorption behavior of the gels for comparison.
The desorption ratio was measured by the following equation:

Desorption ratio (%) = —< x100 ®)
ma
where m, is the mass of Cr(VI) adsorbed in the gels and m, is the
mass of Cr(VI) desorbed into the solutions.

The adsorption was also carried out in six consecutive cycles.
In each cycle, 25 mL of 140 mg L™ Cr(VI) solution (initial pH
= 4.6) was absorbed by 20 mg PIL gel for 12 h. Then the PIL
gel was separated from Cr(VI) solution, followed by desorption
by NaOH or NaCl solution as described above. After each
cycle, the PIL gel was washed with distilled water and used for
adsorption in the succeeding cycle. All values were measured in
duplicate with the uncertainty within 2%.

3. Results and discussion

3.1 Preparation and characterization of PIL gel

This journal is © The Royal Society of Chemistry 2015
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When the ionizing radiation deposits on a liquid molecule, it is well
known that the electron or free radicals are generated. These active
species could induce polymerization of the parent molecule
containing vinyl and allyl groups. With the continuous irradiation,
crosslinking between the polymer chains could further take place
and the gels are expected to be formed in an appreciable yield. In the
case of neat AVImCI monomer, after y irradiation for a certain
period of time depending on the dose, it is observed that the AVImCI
liquid turns into gels, suggesting that radiation-induced
polymerization and crosslinking have taken place. Compared with
other methods for synthesis of PIL gels,'® ' this radiation-induced
process is much efficient and clean without adding any initiators and
all the chemical reactions occurs at room temperature. Gel fractions
and EDS of PIL gels as a function of dose are shown in Fig. 1. The
gelation starts from the dose of ca. 140 kGy. The gel fraction
increases with an increase in the dose. In contrast, EDS of PIL gels
sharply declines with the increasing dose and then levels off, which
is an indication of relatively higher crosslinking density at higher
dose and will be discussed later. Similar observation has been
reported elsewhere.”® It is worth to note that the swollen PIL gels
synthesized below 180 kGy are very brittle due to high swelling
ratios. In this case, it is difficult to measure the accurate weights. All
the results indicate that PIL gels with higher crosslinking density are
formed at higher dose. As PIL gel formed at 300 kGy has the highest
gel fraction together with lowest EDS, in the following experiments,
PIL gel obtained in this condition was used to avoid the weakening
of gel toughness caused by swelling if there is no special
indication.?®

The SEM micrographs of PIL gels synthesized at different doses
are given in Fig. 2. It is clear that three-dimensional networks are
formed in all PIL gels. The gel at higher dose has smaller pores,
indicating a higher crosslinking degree.”’ This is consistent with the
EDS results. Inside PIL gels with higher crosslinking degree, a
restriction in the mobility of the polymer chains results in the
decreased water absorption.™®

50 70
n
- 60
40 -
-1 50
= 30 |
=
= - 40
2 m
g 20 130 @
= A
]
© 1ol  — — 420
<10
0}
T T T T T T T T T T 0
120 160 200 240 280 320
Dose (kGy)

Fig. 1 Gel fractions and EDS of PIL gels as a function of dose.
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Fig. 2 SEM images of PIL gels prepared at 160, 200 and 300 kGy.
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3.2 Adsorption of Cr(VI) onto PIL gels
3.2.1 Adsorption Kinetics

Micro-FTIR spectrum of PIL gel after adsorption displays two new
adsorption peaks at 938 and 877 cm™ (Fig. S1, ESIY), corresponding
to the adsorbed Cr(VI) anions.”” ** Adsorption of Cr(VI) onto PIL
gel is further confirmed by the appearance of Cr and O signals in the
EDX spectrum of PIL gel after contact with Cr(VI) (Fig. S2, ESIt).
In order to evaluate the adsorption rate of Cr(VI) onto the resultant
PIL gels, the effect of contact time on the Cr(VI) adsorption was
studied with an initial Cr(VI) concentration of 140 mg L™ at pH 4.6
+ 0.2. As shown in Fig. 3, there is a burst adsorption step in the
initial stage, and almost 90% of the Cr(VI) adsorption is achieved
within 90 min. Then the Cr(VI) adsorption rate gradually decreases
until equilibrium is reached at about 240 min with a maximum
Cr(VT) uptake of ca. 177 mg g'. To ensure complete adsorption of
Cr(VI), the contact time was set as 12 h in the subsequent
experiments.

Pseudo-first-order and pseudo-second-order kinetic models
(expressed as Eqs. (6) and (7), respectively) were used to fit
experimental data of Cr(VI) adsorption onto PIL gels.

log(q, —q,) =log q, ————1t ()
og(q, —q,) =loggq, 2303
LAV ©)
q: qe k2qe

where g, and g, (both in mg g™') are the adsorption capacities at time ¢
(min) and at equilibrium, respectively; k; (min™") is the rate constant
of the pseudo-first-order adsorption process, and k, (g mg™ min™) is
the rate constant of the pseudo-second-order model.

2
" +120
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Fig. 3 Cr(VI) uptake as a function of contact time. (pH =4.6 £ 0.2;
[Cr(VD)] =140 mg L")

As can be seen from Table 1, high correlation coefficients (>0.99)
of the fitting are obtained. However, the correlation coefficient of a
pseudo-second-order model (0.999) is slightly higher than that of a
pseudo-first-order model (0.994). Furthermore, the estimated ¢, from
the pseudo-second-order model (184 mg g') are closer to the
experimental value than that from the pseudo-first-order (151 mg g’
1. Therefore, it is suggested that the adsorption kinetics can be
described by the pseudo-second-order model, indicating a
chemisorption process.*'

Table 1 The fit results from pseudo-first-order and pseudo-second-
order models.

Pseudo-first-order Pseudo-second-order
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k] qe 5 k2>< 104 qe 5
(min™) (mggh (gmg'min™)  (mgg)
0.0246 151 0.994 3.31 184 0.999

3.2.2 Effect of solution pH

Solution pH is an important factor that will usually affect the surface
property of the adsorbent and existing forms of metal ions. The
effect of pH on the adsorption of Cr(VI) was studied under an initial
Cr(VI) concentration of 140 mg L. Fig. 4a displays the dependence
of the Cr(VI) adsorption on the solution pH: Cr(VI) removal
increases from pH 1 to 2, reaches a plateau and keeps constant at pH
2~6, followed by a steep decline in the alkaline region. As Cr(VI)
adsorption capacity remains highest at pH 2~6, the initial pH was
selected to be 4.6 in the following experiments.

Cr(VI) exists in various forms such as H,CrO4, HCrOy, Cr,07,
and CrO4*. Generally, HCrOy4 is the dominant form at pH < 6, and
Cr,0,” represents a small fraction of Cr(VI) species at pH 2~6. In
the alkaline pH, the predominant species is CrO,*. With the rise of
acidity, HyCrOy, is formed.*>** The following equations display how
PIL gel adsorbs Cr(VI) depending on pH. Im" is the symbol for
imidazolium cation in the PIL gel.

Im" ClI" +HCrO, 0 Im"HCrO; +CIl° (®)
2Im‘Cl” +Cr,0; 0 (Im*),Cr,02 +2Cl ©)
2Im*Cl” +CrO} [ (Im*),CrO}” +2CI” (10
Im"CI"+OH 0 Im"OH™ +CI- ()

In the pH range from 2 to 6, Eqs. (8) and (9) take place. The
relatively low adsorption efficiency at lower pH could be attributed
to the existence of H,CrO,, which leads to the decrease in
electrostatic interaction between Cr(VI) and PIL gel.35 At the
alkaline pH, the dominating Cr(VI) form, CrO4>, takes up two active
sites of PIL gel with only one Cr(VI) atom (Eq. (10))."* Besides, OH"

competes with Cr(VI) ions to combine with imidazolium cations (Eq.

(11)).% All these account for the decrease of Cr(VI) adsorption at
alkaline condition.

It has to be noted that many adsorbents containing imidazole or
amino groups for Cr(VI) removal show relatively high adsorption
capacity only in a narrow pH range, beyond which the performance
of Cr(VI) removal significantly drops due to deprotonation.’* *’
Owing to the original N* groups instead of NH' as a result of
protonation, PIL gel maintains a high adsorption capacity in a wide
pH range similar to other supported ILs.'>* PIL gel has the ability
to adsorb almost 100% of Cr(VI) ions at pH 2~6. Even at pH 10.5,
PIL gel can still remove 70% of the initial Cr(VI) with a g, of 126
mg g, which is higher than the maximum adsorption capacity of
many adsorbents.*" %

In order to investigate the influence of swelling behavior of PIL
gel on Cr(VI) uptake, EDS of PIL gel was measured in a series of
solutions with different pH. As shown in Fig. 4b, low EDS (2.3~2.6)
of the PIL gels is observed in the pH range of 1~11. Although the
pH range of relatively high EDS is in accord with the pH range for
the highest Cr(VI) uptake, the slight change in the £DS with varying
pH proves that the effect of EDS on Cr(VI) removal in different pH
can be neglected.

3.2.3 Adsorption isotherms

The adsorption capacity of PIL gel towards Cr(VI) as a function of
Cr(VI) concentration at the equilibrium state was determined at pH
4.6 + 0.2. The adsorption capacity of Cr(VI) is enhanced with the
increase of Cr(VI) concentration until Cr(VI) adsorption reaches
~280 mg g”' (Fig. 5). The adsorption efficiency versus initial Cr(VI)
concentration is shown in Fig. S3, ESIf. With the increasing

4 | Dalton Trans., 2015, 00, 1-8

concentration of Cr(VI) from 140 to 207 mg L™, the adsorption
efficiency remains constant (~99%) and then declines. The PIL gel is
able to adsorb > 90% of the Cr(VI) ions at initial Cr(VI)
concentration < 250 mg L™,

100
I (@)
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E (%)

80 -
75 |-
70 |-

65 L 1 L 1 L I L 1 L 1
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2.6

EDS

24

23

2.2 s 1 1 L L 1 L 1

Fig. 4 (a) The effect of solution pH on Cr(VI) adsorption onto PIL
gel ([Cr(VI)] = 140 mg L"); (b) The effect of solution pH on EDS of
PIL gel.

The obtained data were applied to the Langmuir and Freundlich
isotherm models. The Langmuir isotherm is applicable to monolayer
adsorption with all adsorption sites identical and energetically
equivalent while Freundlich isotherm is employed to describe
heterogeneous systems.?” *° The Langmuir and Freundlich isotherm
models are expressed as Egs. (12) and (13), respectively.

q. = 9,K,C. (12)
° 1+K,C,
q,=K.C" 13)

where ¢,, (mg ") is the maximum adsorption capacity for Cr(VI)
and K; (L mg™) is the Langmuir constant related to the adsorption
energy; Kr and n are Freundlich constants indicating the adsorption
capacity and adsorption intensity, respectively.

Langmuir and Freundlich parameters calculated from fitting
process, together with the correlation coefficients are listed in Table
2. The linear plot of C,/q, versus C, according to Langmuir isotherm
model is also shown in Fig. 5. It is found that the Langmuir isotherm
model fits the experimental data much better than Freundlich
isotherm model with a much higher correlation coefficient of 0.999,
implying homogeneous distribution of adsorption sites and
monolayer adsorption.*? The g,, value is estimated to be 283 mg g’!
by the Langmuir model, and is in good agreement with the

This journal is © The Royal Society of Chemistry 2015
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experimental data. To the best of our knowledge, the theoretical
maximum adsorption capacity of supported ionic liquids is found
less than 140 mg g',*® and the ¢,, value of the PIL gel is almost
twice of that. Because this gel adsorbent is directly from repeat ionic
liquid units with intrinsic polymer backbone, the density of the
functional groups are high enough to ensure a higher g,,.

A dimensionless separation factor R;, which is indicative of the
feasibility of the adsorption process, can be obtained from the
Langmuir adsorption parameter K;:

R ——1 (14)
1+K,C,
The R; values calculated at the tested initial Cr(VI) concentrations in
our experiment are all between 0 and 1, implying that PIL gel is a
favorable adsorbent for Cr(VI).*"*#

The removal of Cr(VI) is not affected by the gels prepared at
different dose. PIL gel prepared at 220 kGy, whose EDS is 6~7 times
of that of PIL gel prepared at 300 kGy, shows a similar adsorption
isotherm with a maximum adsorption capacity of 281 mg g (Fig. S4,
ESIt) because they possess similar densities of adsorption sites (i.e.
densities of CI" ions). This indicates that the swelling of gel will not
affect Cr(VI) adsorption capacity.

300
| —o—Q, 407
280 1
L o 406
260 los
—~ 240 404 O
‘m o
=] 1 mf_
E 220 403 @
o b 1 :‘—
200 102
[ 404
180 ]
410.0
160 1 1 1 1
0 50 100 150 200
C, (mg/L)

Fig. 5 Experimental Cr(VI) adsorption on PIL gel and Langmuir
linear plot. (pH =4.6 +0.2)

Table 2 Isotherm parameters for Cr(VI) adsorption onto PIL gel

Langmuir Freundlich
qm KL 2 KF R2
(mgg")  (Lmg") (mg"" L gt
283 1.52 0.999 210 153  0.650

3.2.4 Effect of NaCl and other ions on Cr(VI) adsorption

The effect of NaCl on Cr(VI) adsorption was carried out by adding
different amounts of NaCl into the initial 140 mg L™ Cr(VI) solution
at pH 4.6 + 0.2. The results are depicted in Fig. 6. It is obvious that
Cr(VI) uptake declines with the increasing ionic strength, which can
be attributed to the competition for adsorption sites in PIL gel
between CI ions and Cr(VI) ions as shown in Egs. (15) and (16).
The addition of NaCl also leads to the restriction of metal ion
mobility, which is also responsible for the decrease in Cr(VI)
adsorption.*”

(15)
(16)

Im"HCrO, +CI" [ Im*Cl" +HCrO,
(Im*),Cr,0> +2CI 0 2Im’ Cl +Cr,0>

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 Effect of NaCl on Cr(VI) adsorption by PIL gel. (pH =4.6 +
0.2; [Cr(VI)] =140 mg L")

Generally, chrome-plating wastewater contains various kinds of
cations and anions such as Na®, Ca2+, Mg2+, Cu2+, Ni2+, Zn2+, Cr,
NO;™ along with Cr(VI) ions.** These ions could interfere in the
adsorption of Cr(VI). In order to evaluate the potential of PIL gel for
Cr(VI) removal from wastewater, the influence of the coexisting ions
on Cr(VI) adsorption was investigated. As shown in Fig. 7, even
when the concentrations of NaNO;, CaCl,, Mg(NO;),, Cu(NO;),,
NiCl,, and ZnCl, are all the double of Cr(VI), almost 88% removal
of Cr(VI) can be obtained. The result suggests that PIL gel can
effectively adsorb Cr(VI) in the presence of other common ions.

120 - 269 mmol L' Na' Ca®™" Mg*
poiothier ons Cu®* Ni** Zn®, 5.38 mmol L' Na” Ca”™ Mg’
16.14 mmol L' CI',and  Cu™* Ni¥* Zn™,
100 - 13.45 mmol L NO. 32.28 mmol L CI', and
26.90 mmol L' NO._
80
)
s 60
w
40
20
0

Fig. 7 Adsorption efficiency of Cr(VI) in the presence of other ions
(pH=4.6 £ 0.2; [Cr(VI])] = 140 mg L', or 2.69 mmol L")

3.2.5 Adsorption mechanism

The above results indicate the adsorption process follows an ion
exchange mechanism. To further confirm the adsorption mechanism,
XPS analysis was performed. The XPS spectra of PIL gel before and
after Cr(VI) adsorption are shown in Fig. 8. A small peak
corresponding to O 1s signal is observed in the pristine PIL gel,
which might be ascribed to a small quantity of water and organics
adsorbed on the surface of PIL gel. In the spectrum of PIL gel after
adsorption, the intensity of both Cl 2s and CI 2p peaks remarkably
decreases, accompanied by the appearance of Cr 2p signal.
Therefore, it is concluded that Cr(VI) ions are adsorbed onto PIL gel
through anion exchange. When the negatively charged Cr(VI) ions
come into contact with PIL gel with intensive imidazolium cations,
they are trapped through electrostatic interaction, take the place of

Dalton Trans., 2015, 00, 1-8 | 5
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the original counter ion CI” and thus tightly adsorbed onto PIL gel.
As the imidazolium cations are fixed on the three-dimensional
networks of the PIL gel, they are immobile and cannot be exchanged
by other cations. For example, PIL gel shows almost no adsorption
towards Cr(III). At an initial pH of 3.5 and Cr(III) concentration of
155 mg L', the adsorption capacity is lower than 5 mg g™
According to the mechanism of anion exchange, the theoretical
adsorption capacity at pH 2~6 can be obtained on the assumption
that all the CI” anions of PIL gel have been exchanged to HCrO4 and
Cr,04% (Egs. (8) and (9)), the two forms of Cr(VI) under the pH
condition. The theoretical adsorption capacity is calculated to be 305
mg g, which is quite close to g,, (283 mg g') from Langmuir
isotherm model. This further proves the anion-exchange mechanism
and indicates that most active sites of PIL gel are easily accessible.

C1s

0O 1s

Cl 2s

after adsorption
Cl 2p

Intensity (a.u.)

before adsorption

1000 800 600 400

Binding Energy (eV)
Fig. 8 XPS spectra of PIL gel before and after adsorption.

3.2.6 Regeneration and reusability of PIL gel

The adsorbents for Cr(VI) based on anion exchange mechanism
could be generally regenerated by NaCl and NaOH solution.*> %6
When deionized water was used as desorbing agents for comparison,
it is found that only less than 0.1% of Cr(VI) can be desorbed. This
suggests Cr(VI) is absorbed into PIL gel by chemisorption via anion
exchange instead of physical absorption, which is consistent with the
above results. NaCl and NaOH solutions are both capable of
desorbing Cr(VI) ions from PIL gel by competing for adsorption
sites through anion exchange reactions, with the desorption ratios of
~59% and ~76%, respectively (Fig. S5, ESIT). The desorption ratios
are observed at the same level in comparison with other anion
exchange resins and can be further improved by using the mixture of
NaCl and NaOH."*

Reusability of absorbents is important for practical applications.
The reusability of PIL gel was investigated by consecutive
absorption/desorption cycles. As shown in Fig. 9a, the adsorption
capacity of recovered PIL gel by NaCl solution gradually declines
with cycling time. This is probably attributed to the occupation of
the adsorption sites by the residual Cr(VI) as the desorption ratio is
not 100%.*” After desorption of Cr(VI) by NaOH solution, the PIL
gel has an adsorption capacity of 94 mg g™ in the second cycle (Fig.
9b), only 53.4% of the value at the first time. During the re-
adsorption process, OH" ions, which have been absorbed in PIL gel
by anion exchange reaction in the desorption procedure, are released
to the solution, causing a change in pH from 4.6 to 7.3. Therefore,
apart from the occupation of some adsorption sites, the alkaline
solution is another reason for the sharp drop in Cr(VI) uptake for the
second cycle. Interestingly, the adsorption capacity of PIL gel
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remains almost constant in the following five cycles when NaOH
solution is used to desorb Cr(VI) from PIL gel. Similar phenomenon
is observed in the last three cycles using NaCl solution as the
adsorption agent. This can be explained by the fact that mgy nearly
equals m, in the last several cycles, resulting in a regenerated PIL gel
with almost the same number of active sites as before. After six
times, the Cr(VI) uptake of PIL gel is ~69% and 54% of ¢, obtained
at the first time, but still reach as high as 121 mg g (using NaCl
solution for desorption) or 94 mg g (using NaOH solution for
desorption), respectively, which is superior to or nearly equal to the
maximum adsorption capacity of many adsorbents.*" *"" ** %’ These
results indicate that the PIL gel could be used as recyclable
absorbent for Cr(VI).

180
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w
o
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(b) NaOH

120 |-
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30 -

1 2 3 4 5 6
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Fig. 9 Effect of cycling time on Cr(VI) adsorption using (a)
NaCl solution and (b) NaOH solution to desorb Cr(VI) from
PIL gel.

4. Conclusions

By using radiation technique, a novel PIL gel based on AVImCI
monomer has been successfully synthesized for the first time. The
preparation route is simple and easy to scale up. The resultant PIL
gel possesses the advantages of supported ionic liquids in separation
of metal ions, including small amounts of ionic liquids used and a
high metal ion removal efficiency in a wide pH range. Moreover,
compared with supported ionic liquids, the adsorption capacity is
remarkably enhanced due to the absence of solid supports and good
affinity of PIL gel towards water. Most of the adsorption sites of the
PIL gel are easily accessible and the maximum adsorption capacity
reaches as high as 283 mg g at 25 °C as calculated by Langmuir
equation. In addition, the PIL gel can be regenerated and reused for

This journal is © The Royal Society of Chemistry 2015
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several times with a relatively high removal ability for Cr(VI).
Therefore, green separation of metal ions for reducing waste
pollution can be expected. This work provides a simple and efficient
way to synthesize PIL gels and emphasizes the application of PIL
gels for metal ion treatment.
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A novel polymeric ionic liquid gel was prepared by gamma radiation at room temperature and
showed preeminent adsorption ability toward Cr(VI).



