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Synthesis, characterization, and adsorption
properties of ionic liquid-modified

hypercrosslinked polystyrene resin

Xiaoyu Wu™®, Yi Liu™, Yongfeng Liu*°, Duolong
Di**", Mei Guo® and Lei Zhao®

Abstract: A series of ionic liquid modified
hypercrosslinked polystyrene resins are synthesized
by adding different quantities of imidazole in the
Friedel-Crafts  reaction. = The resins  are
characterized by nitrogen adsorption/desorption,
Fourier transform infrared spectroscopy, elemental
analysis and scanning electron microscopy. The
adsorption properties of (—)-epigallocatechin
gallate and (—)-epicatechin are investigated and
compared with macroporous adsorption resins
Seplite D101 and Seplite AB-8. The (-)-
epigallocatechin  gallate and (—)-epicatechin
uptakes on HP-IL16 are remarkably larger than
those of macroporous adsorption resins Seplite
D101 and Seplite AB-8. The maximum adsorption
capacity of HP-IL16 are up to 73.1 mg/g for (-)-
epigallocatechin gallate and 93.0 mg/g for (—)-
epicatechin. The adsorption isotherms are best
described by the Langmuir model, and their
adsorption kinetics follow the pseudo-second-order
kinetic equation and intra-particle diffusion model.
Analysis of the adsorption mechanism suggest that

the synergistic effect of the specific surface area,
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molecular sieving effect, and multiple adsorption
interactions are the driving forces of adsorption.
The resin is reusable and presents a good
desorption rate. Based on these results, this study
opens up the possibility of synthesizing ionic liquid
modified hypercrosslinked polymeric resins for

purification of catechin from herbal plants.

Introduction

Numerous traditional methods, such as

precipitation, filtration, solvent extraction, solid
phase extraction and chromatography, for
extracting the active compounds in the herbal
plants have been applied"”. In recently years,
polymeric resins have attracted a great deal of
attention because of their structural diversity,
favorable physicochemical stability and easy
regeneration’®. In particular, adsorbents based on
hypercrosslinked  polystyrene are  widely
investigated’. Hypercrosslinked polystyrene was
first introduced in the 1970s by Davankov and
Tsyurupag’g. Hypercrosslinked resins are generally
prepared from a linear polystyrene or low-
crosslinked poly(styrene-co-divinylbenzene) using
a bifunctional crosslinking agent and a Friedel—
Crafts catalyst. At present, applications of
hypercrosslinked polymers include the separation
of organic compounds from gaseous or liquid
10,11

. 12 .
phase ™, gas storage material *, and ion exchange

.13 .. .
resins”. However, only limited studies on

hypercrosslinked polymeric resin as adsorbents for

purification of active ingredients from herbal plants
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have been conducted'.

Hypercrosslinked polymeric resins possess
high specific surface area and pore size distribution
in the micropore and mesopore regions. However,
given the high hydrophobicity of the matrix,
adsorption selectivity toward polar aromatic
compounds is relatively low. Low selectivity could
be overcome by introducing polar functional
groups onto the resin network. Wang et al.'’
synthesized aniline-functionalized hypercrosslinked
polystyrene resins and investigated adsorption
selectivity toward salicylic acid. Vinodh et al.'®
fabricated a novel microporous hypercross-linked
conjugated quinonoid chromophores with broad
light absorption and CO; sorption characteristics.
Li et al'” studied sulfonic acid-modified
microporous hypercrosslinked polymers as a high-
capacity adsorbent for toxic metal ions.

This work aims to prepare hypercrosslinked
adsorbents functionalized with ionic liquids (ILs)
and have large surface area, polar groups, and
bimodal distribution of pore sizes for separation
and purification of small-molecule active
ingredients from herbal plants. In our previous
studies, ILs are used for the first time as adsorbent
to modify macroporous adsorption resins and
purify flavonoids from Hippophae rhamnoides L.
leaves'®. ILs can be defined as a class of ionic and
non-molecular solvents composed of large organic
cations and small anions'>®’. ILs are primarily
advantageous because of their tunability, low
melting point, and wide range of solubility and
In addition, adsorbent

viscosity. polymeric

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 17



Page 3 of 17

RSC Advances

RSC Advances

functioned with ILs has been synthesized to
enhance the adsorption selectivity of catechin®'.
Catechins are the most abundant components
in tea polyphenolic flavonoids, comprising (—)-
epigallocatechin gallate (EGCG), (—)-epicatechin
gallate (ECG), (—)-epigallocatechin (EGC), and
(—)-epicatechin  (EC). Catechins has also
demonstrated beneficial effects in studies of cancer
preventive effects, possesses antioxidant activity,

22,23

as well as activities against diabetes™”. Given

these  biological activities, extraction and
purification of catechins have been significantly
challenging in chemistry.

and

of

Considering our research interests

previous work, we synthesized a series
imidazole-modified hypercrosslinked resins from
low crosslinked chloromethylated polystyrene by
adding different quantities of imidazole. EGCG and
EC were selected as model catechin compounds for
the sorption study. The adsorption selectivity of
resins toward EGCG and EC were confirmed by
batch adsorption. The most promising resin, HP-
IL16, was selected for detailed experimental
studies for adsorption. Its adsorption kinetics and
equilibrium behavior compared with macroporous

adsorption resins Seplite D101 and Seplite AB-8

N
CH,Cl  CH,CI \ /

Scheme 1 Schematic illustration for the synthesis of ionic liquid-modified hypercrosslinked polystyrene resin

This journal is © The Royal Society of Chemistry 20xx

were investigated. Moreover, the adsorption
thermodynamic parameters were analyzed and the
adsorption mechanism was expounded.
Experimental
Synthesis of ionic liquid-modified
hypercrosslinked resins

As described in Scheme 1, ILs modified
hypercrosslinked polystyrene resins were fabricated
by 40g of

chloromethylated polystyrene beads was swollen in

two continuous steps®®. First,
120 mL of nitrobenzene overnight. Under mild
mechanical stirring, 4 g of anhydrous zinc chloride
was added into the reaction flask at 323 K. After
the added zinc chloride was completely dissolved,
the reaction mixture was evenly heated to 388 K
within 1 h using linear temperature program with
gradients of 1°C/55 seconds. The reaction was
carried out continuously at 388 K for 10 h. After
the reaction, the beads were washed with acetone,
1% hydrochloric acid (v/v), and de-ionized water
until neutral; extracted with cthanol in Soxhlet
apparatus for 12 h; and then dried at 323 K in
vacuum. The hypercrosslinked polystyrene resin,
HP-IL, was obtained.

Second, 10 g of the HP-IL resin was swollen

in 135 mL of N,N-dimethylformamide for 12 h.

H,

GO

Hz

T Imidazole H H
CHCl e CI° N’/\Nfcz@— &N Dwar
\ / - \ (W

Q Q o
C
H,
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Approximately 5g of sodium hydroxide and
different dosages of imidazole (4%, 8%, 12%,
16%, and 20% relative to chloromethylated
polystyrene, w/w) were added into the flask. After
holding for about 12 h at 343 K, the polymeric
beads were rinsed with distilled water, extracted
with ethanol for 12h, and dried at 323 K in
vacuum. The imidazole-modified hypercrosslinked
polystyrene resins, namely, HP-IL04, HP-ILOS,
HP-IL12, HP-IL16, and HP-IL20, were synthesized
accordingly.
Characterization of the resins

Chlorine content determination was carried
out with the Volhard method®. The pore structure
of the resins was determined by nitrogen adsorption
and desorption isotherms at 77K wusing a
Micromeritics ASAP 2020 automatic surface area.
The infrared spectra of the resins were obtained
with a Fourier transform infrared (FTIR)
spectrophotometer by potassium bromide technique
in the range of 400 cm™' to 4000 cm . Elemental
analysis of the resins was performed with a Vario

EL elemental analysis system. The morphology of

RSC Advances

the resins were carried out by JSM--6701 scanning
electron microscopy (SEM).
Results and discussion
Characteristics of the resins

As listed in Table 1, the chlorine content of
HP-IL sharply decreased from 4.56 mmol/g to
2.01 mmol/g, indicating that the chlorine of
chloromethylated PS was consumed in the Friedel-
Crafts reaction. The chlorine contents of the HP-IL
series resins were further reduced with the
increment of added imidazole quantity, indicating
that the uploading amounts of imidazole on the
resins were different. HP-IL20 should possess the
highest uploading amount, while HP-IL04 may
own the least. These results were in agreement with
the elemental analysis, wherein the nitrogen
content of HP-IL, HP-IL0O4, HP-ILO8, HP-IL12,
HP-IL16, and HP-IL20 was 0%, 1.22%, 1.68%,
2.05%, 2.32%, 2.77%, and 3.13%, respectively.
These results also demonstrated that imidazole was
successfully uploaded on the surface of the resins.

The BET surface area of HP-IL sharply

increased compared with that of chloromethylated

Table 1 Physical properties of the ionic liquid-modified hypercrosslinked polystyrene resins.

HP-IL  HP-IL0O4 HP-ILO8 HP-IL12 HP-IL16 HP-IL20
BET surface area (m°/g) 888.8 854.1 845.5 832.6 826.9 815.3
Langmuir surface area (m”/g) 1188.7 1141.5 1129.2 1118.6 1104.7 1087.9
t-Plot micropore surface area (m*/g) 505.1 503.6 502.3 494.0 488.4 481.5
Pore volume (cm’/g) 0.70 0.66 0.67 0.64 0.65 0.62
t-Plot micropore volume (cm®/g) 0.23 0.22 0.23 0.22 0.22 0.22
Average pore width (nm) 3.17 3.15 3.13 3.09 3.13 3.06
Particle size (mm) 0.2-03  0.2-0.3 02-03  0.2-03 0.2-0.3 0.2-0.3
Chlorine content (mmol/g) 2.01 1.59 1.32 1.16 0.98 0.95
Functional degree (mmol/g) - 0.42 0.69 0.85 1.03 1.06
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PS, which may be attributed to the large quantity of
methylene crosslinking bridges formed between the
polystyrene chains in the Friedel-Crafts reaction’.
In addition, the micropore surface area is more than
half of the whole BET surface area, implying that
micropores perform an important function in the
pore structures. After nucleophilic substitution
reaction, the BET surface area of HP-IL series
resins gradually reduced, which may be attributed
to the partial destruction of the high degree of
crosslinking by uploading imidazole on the resins.
The pore volume and t-plot micropore volume of
HP-IL series resins only slightly changed, which
may be due to the introduced functional groups
modifying the surface of the adsorbent, resulting in
less impact on the pore volume and t-plot
micropore volume.

The nitrogen adsorption capacity on HP-IL
and HP-IL16 were substantially larger than that on
chloromethylated PS (see Fig. 1), indicating the
greater BET surface area of HP-IL and HP-IL16
with respect to chloromethylated PS. The nitrogen
adsorption—desorption isotherms of the HP-IL
series resins are demonstrated in Fig. S1. All
isotherms show the same tendency as HP-IL16.

The initial part of the adsorption isotherms at lower

500 - —s— Chloromethylated PS
—a— HP-IL
—e— HP-ILI6

Quantity adsorbed (cm /g STP)

0 pe — o T I L

. "
0.0 02 04 0.6 08 10
Relative pressure /(p/p’)
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Fig.1 N,adsorption and desorption isotherms of the
chloromethylated PS, HP-IL, HP-IL16.

relative pressure (P/Py) below 0.05, under which
nitrogen uptake increases sharply with the
increment of relative pressure, proves the existence
of micropore structure. Moreover, the visible
hysteresis loop of the desorption isotherm indicates
that mesopores are also presentzg. These results are
in agreement with the pore diameter distribution in
Fig. 2. Evidently, micropores/mesopores provide a
main contribution to the whole BET surface area.
The same trend of the pore diameter distribution of
HP-IL series resins are demonstrated in Fig. S2.
The micropore and mesopores range of the HP-IL
series resins suggest its function as a good
adsorbent for the adsorption of small-molecule

compounds.

—&— Chloromethylated PS
—o—HP-IL
0.08 - —*—HP-IL16

dV/dD /(em'/g/nm)

e
=
T

0.00

L L
1 10 100
Pore diameter /(nm)

Fig.2 The pore diameter distribution of the chloromethylated PS,
HP-IL, HP-IL16.

The image in Fig. 3 shows the FTIR spectra of
chloromethylated PS, HP-IL, and HP-IL16. The
FTIR spectra of the HP-IL series resins present the
same trend as HP-IL 16 (see Fig. S3). The
spectrum of chloromethylated PS characterizes its
polystyrene-type based
representative vibrations at 3019, 2930, 1603,

structure on the

1510, and 1448 cm*'. Two strong representative

J. Name., 2013, 00,1-3 | 5
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peaks at 1265 and 669 cm ' were assigned to the
adsorption of vibration by —CH,CI?. After Friedel—
Crafts reaction, two representative strong vibrations
of —CH,Cl groups at 1265 and 669 cm ' are
considerably weakened, in accordance with the
sharp decrease in chlorine content. This result
suggested that a hypercrosslinked resin was
the

successfully formed. After

the peak at 1265 and

nucleophilic
substitution reaction,
669 cm! were further reduced, while three other
vibrations with frequencies at 1365, 1716, and
1564 cm™ were presented, which can be attributed
to the characteristic frequency of imidazolium
groups®™?!. As a result, introduction of imidazole to
the surface of the hypercrosslinked resin was

achieved successfully.

Relative intensity /(a.u.)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber /(cm)

Fig.3 FTIR spectra of the chloromethylated PS (a), HP-IL (b), HP-
1L16 (c).

Fig. 4 presents the SEM images of the three
polymeric resins. It can be seen that their
morphologies are quite different from each other.
The chloromethylated PS shows a relatively
smooth and compact surface with many particle.
Meanwhile, the image indicated that the
chloromethylated PS owned less porous structure.
The HP-IL displays a more hierarchical porous

structure after Friedel-Crafts reaction. It can be

6 | J. Name., 2012, 00, 1-3
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seen clearly that the surface of HP-IL16 is the
roughest among three polymeric resins, which is
probably induced by the chemical modification of
the surface. This results are consistent with the

BET surface area of three polymeric resins. The

SEM images intuitively reflect the reaction process.

e

Fig. 4 SEM images of the chloromethylated PS (a), HP-IL (b), HP-
1L16 (c).

Adsorption selectivity

The adsorption capacities of EGCG and EC on
HP-IL, HP-IL04, HP-IL08, HP-IL12, HP-IL16, and
HP-IL20 are compared in Fig. 5. Evidently, the
EGCG and EC uptakes initially increased, and then
decreased with the increment of imidazole doze.
After uploading imidazole on the resins, the BET
surface area decreased, whereas the polarity of

resins increased. The increased polarity may lead to

This journal is © The Royal Society of Chemistry 20xx
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an increased adsorption capacity toward polar
compounds. The adsorption capacity of EGCG and
EC on HP-IL16 was the largest among the six
resins; hence, HP-IL16 was employed as a specific

polymeric adsorbent in this study.

—&— EGCG
WF  —e—EC

s ' I s I L
0 4 8 12 16 20
Mass percentage of imidazole in Friedel-Crafts reaction /(%)

Eqilibrium adsorption capacity /(mg/g)
2

Fig.5 Comparison of equilibrium EGCG and EC uptakes on HP-
IL04, HP-ILO08, HP-IL12, HP-IL16 and HP-IL20.

Macroporous adsorption resins Seplite D101
and Seplite AB-8 are the best common commercial
polymeric resins. Thus, the adsorption isotherms of
HP-IL16 toward EGCG and EC were compared
with macroporous adsorption resins Seplite D101
and Seplite AB-8 at the same experimental
condition. As shown in Fig. 6, the adsorption
capacity onto HP-IL16 was evidently larger than
that onto macroporous adsorption resins Seplite
D101 and Seplite AB-8. The larger adsorption
capacity of HP-IL16 may result from the specific
surface area, polarity, and the pore diameter
between the HP-IL16 and EGCG, and EC. These

interactions act synergistically with one another in

the adsorption process.

—.— P16
a —e— DI0l b
—A— ABS

|~ HPILI6 ”
—e—DI0l Z10
—A— ABS

0
00 01 02 03 04 05 06 07 0%

Equilibrium concentration of EGCG (mg/mL) Equilibrium concentration of EC {(mg/mL.)

This journal is © The Royal Society of Chemistry 20xx
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Fig.6 Adsorption isotherms of EGCG (a) and EC (b) on D101, AB-
8, and HP-IL16 at 288 K...

Kinetic experiments

Adsorption kinetics is beneficial in predicting
adsorption rate and provides important information
for designing and modeling the adsorption process.
The adsorption kinetics curves for EGCG and EC
on macroporous adsorption resins Seplite D101,
Seplite AB-8, and HP-IL16 at 288 K are displayed
in Fig. 7. As shown in the figure, the adsorption
capacity of EGCG and EC on HP-IL16 is the
highest among the resins. The required time for the
adsorption of EGCG and EC onto HP-IL16 from
beginning to equilibrium is about 600 min, which is
considerably longer than those for macroporous
adsorption resins Seplite D101 and Seplite AB-8.
This result implies that macroporous adsorption
resins Seplite D101 and Seplite AB-8 possesses the
highest adsorption rate, which may be due to the

different pore structures.

—.— PILI6 b
—e— D0l
—A— ABS

—a— P a
——Diol
—— ABS

8 &
Adsorption capacity of EC Amy/g)
s

Adsorption eapacity of EGCG Amg/g)

0
0 100 200 0 400 S0 60 700 00 900
t

0
0 100 200 300 40 S0 60 700 800 %0
! (min) o/ (min)

Fig.7 Adsorption kinetic curves of EGCG (a) and EC (b) on D101,
AB-8 and HP-IL16 at 288 K

Three common kinetic models, namely,
pseudo-first-order, pseudo-second-order, and intra-
particle diffusion, are applied for goodness-of-fit to
the experimental data to further explain the

adsorption mechanisms. The pseudo-first-order

equation can be represented as follows®*:

J. Name., 2013, 00, 1-3 | 7
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In(gq,

The pseudo-second-order equation used was

—qt)z—k1t+lnqe

as follows™:

t 1 1

—=—tt—
q[ Qe k2qe

The intra-particle diffusion model can be

arranged as follows:

q, =kt e
where ¢, and ¢, are the adsorption capacity at
time ¢ and

contact equilibrium,

(1/min), £,

respectively.

Parameters £, [g/(mg min)],
and k, [mg/(g min'?)] are the rate constants of the
pseudo-first-order, pseudo-second-order, and intra-
particle diffusion models, respectively. The
constant C (mg/g) represents the boundary layer
thickness.

Plotting /n (q. — q,) against ¢, t/q, via t, and ¢,
versus #'? produced straight line graphs. The fitted
correlative parameters are summarized in Table 2.
Notably, both pseudo-second-order equation and
intra-particle diffusion equation are suitable for
EGCG and EC adsorption on HP-IL16, while
adsorption on macroporous resins

Seplite D101 and Seplite AB-8 can only be fitted

adsorption

RSC Advances

by the pseudo-second-order equation. This finding
was deduced from the higher correlation coefficient
values (R?). In addition, the values of g, for EGCG
and EC were close to the experimental equilibrium
capacity values, implying that the pseudo-second-
order kinetic model could feasibly describe the
adsorption process.

Intra-particle diffusion is the rate-limiting step
for the adsorption of aromatic compounds onto
hypercrosslinked resins from aqueous solutions™.
The image in Fig. 8 shows the plot of g, versus #”
for adsorption on HP-IL16, exhibiting three
portions. At the first stage, a linear relationship is
observed and the straight lines pass through the
origin, implying that the intra-particle diffusion is
the rate-limiting step. At the second stage, plots of
g, versus t'? also yield linear relationships but do
not pass through the origin, revealing that multi-
diffusion mechanisms are involved. At the third
stage, adsorption reaches equilibrium, during which
intra-particle diffusion starts to slow down because
of the extremely low EGCG and EC concentrations

left in solution.

Table 2 Kinetic parameters for adsorption of EGCG and EC onto MARSs.

pseudo-first-order equation

pseudo-second-order equation

intra-particle diffusion equation
2

ky/(1/min) qe/(mg/g) R? ky/(g/mg min) q./(mg/g) R? kig/(mg/g min*?) C/(mg/g) R?

EGCG

D101 0.0177 13.46 0.7488 0.0007 59.88 0.9954 2.12 19.07 0.6770
AB-8 0.0166 11.13 0.7478 0.0007 53.76 0.9948 1.92 17.09 0.6623
HP-IL16 0.0099 129.02 0.8492 0.0001 84.03 0.9811 2.70 7.43 0.9811
EC

D101 0.0148 7.17 0.6998 0.0110 52.08 0.9965 1.68 20.71 0.5886
AB-8 0.0129 6.89 0.6433 0.0011 4255 0.9952 1.44 15.44 0.6146
HP-IL16 0.0091 139.77 0.8341 0.0001 106.38 0.9941 3.43 10.37 0.9645

8| J. Name., 2012, 00, 1-3
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100 T T T T T v e KL Ce
= EGCG — = +
di / ~ de 9n  4n
EMl| / ] The Freundlich model assumes that adsorption
I / ] occurs at heterogeneous surfaces, which are
il characterized by sorption sites at different energies.
LI ..:':fmi“. N The Freundlich isotherm equation could be

Fig.8 Correlations of g, versus ¢ for the adsorption of EGCG and expressed as fOllOWS34:
EC on HP-IL16 by intra-particle diffusion model.

1
Equilibrium adsorption Ing, ==InC, +InK

n
The equilibrium adsorption isotherms of "
EGCG and EC on HP-IL16 are obtained at 288, " Bat ’ : E2- ’
298, and 308 K, respectively. The results are ;: ;:
displayed in Fig. 9. Evidently, adsorption capacity % §:
increases with increasing concentrations of both R B W N R el ™ ¥

EGCG and EC, and temperature. Adsorption is an Fig 9 Adsorption isotherms of EGCG (a) and EC (b) on HP-IL16 at
the temperature of 288, 298, 308 K, respectively.

endothermic  process, indicating that high
) . where C,is the equilibrium concentration
temperature is more favorable for adsorption.
) ) . (mg/mL), g, is the equilibrium adsorption capacity
Adsorption  isotherms are useful in

) ) ) . (mg/g), g, is the maximum adsorption capacity
understanding adsorption mechanisms. Langmuir

(mg/g), K, is a constant (L/mg), K is the parameter

and Freundlich models are used to fit adsorption
related to the adsorption energy [(mg/g)(L/mg)l/ ",

isotherms and describe the adsorption behavior.

.. ) and 1/n is the Freundlich characteristic constant.
The Langmuir isotherm valid for monolayer

. .. ) The equilibrium data in Fig. 9 were fitted into
adsorption on a surface containing a finite number

. . . L these two isotherm models. The correspondin
of identified sites. The Langmuir isotherm P 8

N 34 parameters of Langmuir and Freundlich models
equation is given by :

Table 3 Langmuir isotherm parameters of EGCG and EC onto MARs.

EGCG EC
qn/(mg/g)  Ki/(mg/mL) Ry R’ dn/(mg/g)  Ki/(mg/mL) Ry R’
288 K 172.41 0.53 043 0.9953 140.85 0.17 0.17 0.9909
HP-IL16 298 K 147.06 0.34 0.33 0.9918 134.14 0.15 0.16 0.9927
308 K 129.87 0.22 0.24 0.9992 144.93 0.13 0.14 0.9902
D101 288 K 75.76 0.17 0.19 0.9926 123.46 0.72 047 0.9905
AB-8 288 K 73.53 0.21 0.23 0.9862 100.00 0.58 0.42 0.9906
This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00,1-3 | 9
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were calculated and tabulated in Table 3 and Table
S1. The results showed that the Langmuir model

was more appropriate for describing the

experimental data because of its highly dependable
correlation coefficients. This result indicated
homogeneous adsorption through a monolayer
solid-liquid adsorption mechanism. The essential
characteristics of the Langmuir isotherm can be
expressed in terms of dimensionless constant (Ry),
which is expressed by the following equation®~°:
f=1g Ct /K,

According to the Langmuir theory, R, values
indicate the isotherm type. The isotherm type is
when R, > 1, linear whenR, =1,
favorable 0<R, <1,

when R, = 0. The values of R, for EGCG and EC at

unfavorable

when and irreversible
different temperatures
indicating adsorption of EGCG and EC on HP-

IL16 is favorable.

ranged from 0 to 1,

Thermodynamic analysis

To obtain in-depth information on inherent
energetic changes associated with the adsorption
process, thermodynamics parameters, including
adsorption Gibbs free energy (AG®), adsorption
enthalpy (AH®), and adsorption entropy (AS°), were
calculated following a derivative of the van’t Hoff
equation®’. The liquid-phase adsorption followed
the isotherm The

Langmuir equation.

thermodynamic parameters can be calculated

according to the following equations:

10 | J. Name., 2012, 00, 1-3
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AG°=-RTInK
K A AS
RT R

where K, is the Langmuir isotherm constant
(L/mg), M is the molecular weight of EGCG and
EC (g/mol), Tis the absolute temperature (K),
and R is the ideal gas constant (J/mol K).

Using a linear plot between In K against 1/7,
the adsorption enthalpy and entropy for the
adsorption process could be obtained according to
the slope and intercept of the plot. Among the data
in Table 4, the values of AG°® were all negative,
indicating that the adsorption reaction was a
spontaneous

AH°® for HP-IL16 demonstrated an endothermic

process. The positive values of
nature for this process. A temperature increase
favors the adsorption process. The value of AS® for
EGCG and EC were all positive, indicating that
randomness at the solid-liquid interface increased
during the adsorption process. Positive values of
AS° were most likely attributed to the release of
water molecules from EGCG and EC.
Adsorption mechanism

The image in Fig. 7 depicts that the adsorption
capacity of EGCG and EC onto HP-IL16 is larger
than those of macroporous adsorption resins Seplite
D101 and Seplite AB-8. The adsorption capacity of
EGCG on HP-IL16 increased from 55.7
(macroporous adsorption resins Seplite D101) and

50.2 mg/g (macroporous adsorption resins Seplite

AB-8) to 73.1 mg/g. The BET surface areas of HP-

This journal is © The Royal Society of Chemistry 20xx
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IL16, macroporous adsorption resins Seplite D101,
and Seplite AB-8 are 826.9, 726.1, and 474.9 mz/g,
respectively. Compared with that of macroporous
adsorption resins Seplite D101, the BET surface
area of HP-IL16 increased by 13%, whereas the
adsorption capacity of EGCG was enhanced by
31%. In other words, specific surface area does not
play a crucial function. EGCG consists of
epigallocatechin and gallate ester groups, implying
that EGCG possesses higher diffusion resistance
and slow diffusion rates. EGCG diffused into the
pore of HP-IL6 with difficulty. Therefore, pore

diameter matching is also insignificant. The HP-

RSC Advances

adsorption resins Seplite D101, the BET surface
area of HP-IL16 increased by 13%, whereas the
adsorption capacity of EC was enhanced by 88%.
Hence, specific surface area is insignificant in
adsorption. Polarity matching between HP-IL16
and EC also involved multiple n—r, ion—dipole, and
electrostatic interactions, as well as hydrogen
bonding. However, the structure of EC only
includes epicatechin groups, implying a smaller
number of multiple interaction sites. As a result, the
polarity matching between HP-IL16 and EC plays a
small role in The

adsorption  capacity.

micropores/mesopores play a predominant role in

Table 4 Thermodynamics parameters for the adsorption of EGCG and EC onto HP-IL16.

Thermodynamics AG"/(kI/mol) AH"/(kJ/mol) AS"/(J/mol K) R’
parameters 288 K 298 K 308 K
EGCG -16.2 -17.9 -19.6 324 168.7 0.9928
EC -17.8 -18.8 -19.7 9.9 96.2 0.9916

IL16 is a hypercrosslinked resin with an embedded
polar imidazolium functional group. Owing to the
imidazolium group, HP-IL16 can interact with
EGCG through multiple interactions, including n—n
interactions, ion—dipole interactions, electrostatic
interactions, as well as hydrogen bonding.
Therefore, polarity matching between HP-IL16 and
EGCG is the main adsorption driving force for
adsorption’®.

The adsorption capacity of EC on HP-IL16,
macroporous adsorption resins Seplite D101, and
Seplite AB-8 are 93.0, 49.3, and 40.1 mg/g,

respectively. Compared with that of macroporous

This journal is © The Royal Society of Chemistry 20xx

the pore structure for HP-IL16, which is suitable
for HP-IL16 and EC interaction through the pore
filling mechanism. The results are in agreement
the The

with intra-particle diffusion model.

structure of EC includes epicatechin groups,

that EC presents lower diffusion

implying
resistance and rapid diffusion rates. EC more easily
diffused into the pore of HP-IL6. In consequence,
the pore diameter between the HP-IL16 and EC
performs a leading function in the adsorption
process, indicating a molecular sieving effect™.

Recycling ability of the resins

J. Name., 2013, 00, 1-3 | 11
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To test the reusability of the resins, the
Seplite D101,
Seplite AB-8, and HP-IL16 resins were used

macroporous adsorption resins
repeatedly for five times for continuous adsorption
and desorption of EGCG and EC. After adsorption,
100 mL of methanol was applied as desorption
reagent. Desorption efficiency was generally high
10, the
adsorption capacities of EGCG and EC on HP-IL16
was reduced by only 9.0% for EGCG and 8.3% for

(more than 90%). As shown in Fig.

EC after five adsorption—desorption cycles, which
demonstrated that the HP-IL16 resins exhibit good

reusability with remarkable regeneration behaviors.

_— a | wf b
: . = J .

1111111

Fig. 10 Effect of the regeneration cycles on the adsorption capacity
of EGCG (a) and EC (b) on the D101, AB-8 and HP-IL16 at

288 K.
Conclusions
A series of imidazolium-modified

hypercrosslinked polystyrene resins, namely, HP-
IL04, HP-ILO8, HP-IL12, HP-IL16, and HP-IL20,
were synthesized, and the obtained resins presented
different BET surface areas and polarities. The
adsorption capacity of EGCG and EC on resins
initially increased, and then decreased with
increasing quantity of imidazolium in the Friedel-
Crafts reaction. HP-IL16 presented the largest
adsorption capacity. The kinetic data could be fitted

by pseudo second-order rate equation and intra-

12 | J. Name., 2012, 00, 1-3

RSC Advances

particle diffusion model. The Langmuir isotherm
model was more suitable for fitting the equilibrium
data than the Freundlich model. Thermodynamic
parameters showed that adsorption is a spontaneous
and an endothermic process. Analysis of the
adsorption mechanism suggested that specific
surface area, molecular sieving effect, and multiple
adsorption interactions were the driving forces of
the adsorption. These factors acted synergistically
in the adsorption process. The resin could be
completely desorbed by methanol, the
adsorption capacity of EGCG and EC on HP-IL16

and

decreased to approximately 91.0% and 91.7% after

five adsorption—desorption cycles. The
experimental results indicated the possibility of
enhancing the adsorption capacity for catechin
from herbal plants using imidazolium modified

hypercrosslinked polystyrene resins.
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Text: Ionic liquid modified hypercrosslinked polymeric resins was synthesized and

its adsorptive characteristics for catechin were studied.



