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a  b  s  t  r  a  c  t

A  series  of  novel  toluene-modified  hyper-cross-linked  poly(styrene-co-divinylbenzene)  resins  were  syn-
thesized  and  the  adsorption  behaviors  of the  synthesized  resins  toward  phenol  were  investigated  from
aqueous  solution.  Among  the  synthesized  five  resins,  HJ-L15  possessed  the  largest  adsorption  capacity
toward phenol.  The  phenol  adsorption  onto  HJ-L15  is combination  of  the  surface  adsorption  and  the
absorption  due  to  skeleton  swelling.  The  molecular  form  of  phenol  was  favorable  for  the adsorption.  The
eywords:
yper-cross-linked
oly(styrene-co-divinylbenzene) resin
dsorption
bsorption

sothermal

isotherms  could  be  fitted  by  Freundlich  model  and  the  adsorption  was  shown  to be  an  exothermic  process.
The  kinetic  curves  could  be characterized  by  pseudo-second-order  rate  equation  and  the  intra-particle
diffusion  was  the  rate-limiting  step  at the  initial  stage.

© 2011 Elsevier B.V. All rights reserved.
inetics

. Introduction

Macroporous cross-linked poly(styrene-co-divinylbenzene)
PS) or polymethacrylate resins have displayed excellent adsorp-
ion behaviors toward aromatic compounds [1–4], and hence
hese resins are increasingly applied for the efficient removal
nd recycling of aromatic compounds [5]. In the 1970s, Davankov
eveloped a hyper-cross-linking technique, and a type of novel
yper-cross-linked PS resin was prepared from linear PS or low
ross-linked PS through the use of bifunctional cross-linking
gents and Friedel–Crafts catalysts [6,7]. The specific surface
rea of the prepared resin was shown to be relatively high with
he pore diameter distribution being dominated by mesopores
8].  Adsorption experiments indicated that the prepared resin
isplayed excellent adsorption behaviors toward nonpolar or
eakly polar aromatic compounds [9–11], whereas its adsorption

apacity toward polar aromatic compounds was relatively small.
In order to improve the adsorption capacity of the hyper-cross-

inked resin toward polar aromatic compounds, various techniques
uch as the introduction of polar units into the copolymers, the
mployment of polar compounds as the cross-linking reagent and

he introduction of polar aromatic compounds have been exam-
ned [12,13]. The results indicated that the introduction of the
olar groups into such resins increased their retention toward polar

∗ Corresponding author. Tel.: +86 831 8879850; fax: +86 731 88879616.
E-mail address: xiaomeijiangou@yahoo.com.cn (J. Huang).

385-8947/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2011.04.045
aromatic compounds [14,15]. In addition, study of the adsorption
mechanism revealed that the improved polarity of the hyper-cross-
linked resin plays an important role in the enhanced adsorption
of the hyper-cross-linked resin toward polar aromatic compounds
[16,17].

If low cross-linked chloromethylated PS is applied as the reac-
tant, some non-polar aromatic compound like toluene is also added
in the Friedel–Crafts reaction, the Friedel–Crafts reaction between
the chloromethylated PS and toluene will also occur in addition
to the Friedel–Crafts reaction of the chloromethylated PS itself.
Will the adsorption of the obtained toluene-modified hyper-cross-
linked resin toward polar aromatic compounds like phenol be
enhanced? In addition, because of the addition of a different quan-
tity of toluene in the reaction, the pore structure and the chemical
structure of the prepared hyper-cross-linked resin will be differ-
ent and which will determine the adsorption selectivity of the
synthesized resin. To the best of our knowledge, there is few
report focusing on synthesis and adsorption behaviors of toluene-
modified hyper-cross-linked PS resin so far [18].

In this study, a series of novel hyper-cross-linked PS resins are
prepared from macroporous cross-linked chloromethylated PS by
adding a different quantity of toluene in the Friedel–Crafts reaction,
the pore structures, chemical structures and adsorption capaci-
ties of the prepared resins toward phenol are compared. After

investigating the adsorption mechanism for the phenol adsorp-
tion onto the hyper-cross-linked PS resins, HJ-L15 is selected as
the polymeric adsorbent, phenol is chosen as the adsorbate, and
the adsorption behaviors of HJ-L15 toward phenol are investigated

dx.doi.org/10.1016/j.cej.2011.04.045
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:xiaomeijiangou@yahoo.com.cn
dx.doi.org/10.1016/j.cej.2011.04.045
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rom aqueous solution, the equilibria and kinetics of HJ-L15 toward
henol are considered in detail.

. Experimental method

.1. Materials

Phenol (Molecular formula: C6H6OH, Molecular weight: 94.1)
pplied as the adsorbate in this study was an analytical reagent and
istilled before use. Macroporous cross-linked chloromethylated
S was purchased from Langfang Chemical Co. Ltd. (Hebei, China),
he chloromethylated PS had a degree of cross-linking degree of 6%,

 chlorine content of 17.3%, a specific surface area of 18.03 m2/g,
 pore volume of 0.0313 cm3/g and an average pore diameter of
5.7 nm.  The Amberlite XAD-4 was kindly provided by Rohm &
aas Company (Philadelphia, USA) and X-5 was bought from the
hemical Plant of Nankai University (Tianjin, China).

.2. Synthesis of the hyper-cross-linked resins

40 g of the chloromethylated PS was swollen by 120 mL  of
itrobenzene and a small quantity of toluene (0%, 5%, 10%, 15%
nd 20% relative to chloromethylated PS, w/w) over a period of 8 h
t room temperature. At a moderate stirring speed, 3.0 g of anhy-
rous zinc chloride was then added into the reaction mixture at
23 K. About half an hour later, the reaction mixture was heated
o 388 K within 1 h. After the reaction mixture was held at 388 K
or 10 h, the hyper-cross-linked resins, namely HJ-L00, HJ-L05, HJ-
10, HJ-L15 and HJ-L20 were obtained. The possible Friedel–Crafts
eaction taken place and the possible products for the hyper-cross-
inked resins were shown in Scheme s1.  The hyper-cross-linked
esins were filtrated from the reaction mixture and rinsed by 1% of
ydrochloric acid and anhydrous ethanol until the effluents from
ydrochloric acid were transparent. Subsequently the resins were
ashed by deionized water until neutral pH, extracted by anhy-
rous ethanol for 10 h, and dried in vacuum at 323 K for 8 h.

.3. Characterization of the hyper-cross-linked resins

The specific surface area and pore volume of the resin
ere determined by N2 adsorption–desorption isotherms at 77 K
sing a Micromeritics Tristar 3000 surface area and porosity
nalyzer (Micromeritics, USA). The total specific surface area
nd pore volume of the resin were calculated according to
runauer–Emmett–Teller (BET) model while the micropore specific
urface area of the resins was calculated from the pore diameter dis-
ribution data, which was calculated by applying the Barrett, Joyner
nd Halenda (BJH) method, and the pore diameter distribution of
he resin was calculated by applying BJH method to the N2 desorp-
ion data. The Fourier transform infrared (FTIR) spectroscopy of the
esin with vibrational frequencies in the range of 500–4000 cm−1

as collected by KBr disks on a Nicolet 510P FTIR instrument (Nico-
et Company, USA). The swelling capacity of the resin was measured
s follows. The resin at the dry state and at the swollen state after
eing swollen in a certain solvent (water, 1% of phenol solution, 10%
f phenol solution or liquid phenol) for 24 h was taken photos with
he same magnifications, the diameter of the resin was  measured
nd the swelling capacity of the resin (Rv) was calculated as:

v =
(

Dt

D0

)3
(1)
ere D0 and Dt are the diameter of the resin at the dry state and at
he swollen state after being swollen in a certain solvent for 24 h,
espectively.
g Journal 171 (2011) 951– 957

2.4. Adsorption

Prior to use, the resin was wetted by 0.5 mL of ethanol and then
rinsed three times by deionized water. In an isotherm experiment,
about 0.1000 g of the dry resin was accurately weighed and mixed
with 50 mL  of phenol solution. The initial concentration of phenol
solution was  set to be about 100–600 mg/L with 100 mg/L interval.
Hydrochloric acid and sodium hydroxide were applied to adjust the
solution pH. The flasks were then shaken in a thermostatic oscilla-
tor for ca. 8 h at a desired temperature (288, 298, 308 or 318 K). A
preliminary experiment had proved that the adsorption can reach
equilibrium within 8 h. After filtration of the resin from the mix-
ture, the solution was  analyzed by UV spectrometry on a UV2450
spectrophotometer (Shimadzu Scientific Instrument Inc., Japan) at
a wavelength of 269.9 nm.  The concentration of the residual solu-
tion was  measured and the equilibrium adsorption capacity was
calculated as [19]:

qe = (C0 − Ce)V
W

(2)

where qe is equilibrium adsorption capacity (mg/g), C0 and Ce are
the initial and the equilibrium concentration of phenol (mg/L), V is
the volume of the solution (L) and W is the weight of the resin (g).

In a kinetic experiment, about 1.0000 g of the resin and 500 mL  of
phenol solution were quickly introduced into a cone-shaped flask.
The initial concentrations of the phenol solution were set to be
415.2, 502.1 or 603.0 mg/L, respectively. The mixture was contin-
uously shaken at 298 K and 0.5 mL  of the solution was sampled at
different time intervals. The concentration of the residual solution
was determined until the adsorption equilibrium was  reached and
the adsorption capacity at contact time t was calculated as [20]:

qt = (C0 − Ct)V
W

(3)

here qt is the adsorption capacity at contact time t (mg/g) and Ct is
the concentration of phenol at contact time t (mg/L).

3. Results and discussion

3.1. Characterization of the hyper-cross-linked resins

Fig. 1(a) displays the specific surface area and pore volume of HJ-
L00, HJ-L05, HJ-L10, HJ-L15 and HJ-L20, respectively. It is observed
that the specific surface area of the five resins has the same trend as
the pore volume. The specific surface area of HJ-L00 is the highest
among the five resins (the micropore specific surface areas of the
five resins calculated by applying the BJH method are determined
to be 229.7, 193.2, 202.9, 163.0 and 112.4 m2/g, respectively) and it
decreases rapidly as adding toluene in the Friedel–Crafts reaction.
The reason can be followed that the loaded toluene increases the
length of the cross-linking bridge or the neighboring two cross-
linking chains [18], and which enlarges the average pore diameter
of the resin, decreasing the specific surface area.

Fig. 1(b) indicates that all of the N2 adsorption isotherms
seem close to type-II classification. At the initial part of the
adsorption isotherm with a relative pressure below 0.05, the N2
adsorption capacity increases sharply with increasing the relative
pressure, proving that micropores are existent. The visible hystere-
sis loops of the desorption isotherm indicate that mesopores are
also present. These analyses agree with the pore diameter distri-
bution in Fig. 1(c). It can be seen that the Friedel–Crafts reaction
results in a great transfer for the pore diameter distribution of

the resin, mesopores and macropores are the main pores for the
chloromethylated PS and the average pore diameter is 25.7 nm,
while mesopores in the range of 2–5 nm play a predominant role
for the toluene-modified hyper-cross-linked resins and the aver-
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ge pore diameters of the five resins are 2.41, 2.59, 2.64, 2.65 and
.73 nm,  respectively.

As can be seen from the FTIR spectra of resins in Fig. 1(d), most of
he vibrations of the related resins are similar. In addition, two  rep-
esentative vibrations with frequencies at 1265 and 669 cm−1 are
ery strong for the chloromethylated PS, these two  vibrations may
e assigned to the C–Cl stretching of the CH2Cl groups [21]. After the
riedel–Crafts reaction, these two vibrations are greatly weakened,
hile a moderate vibration appears at 1704 cm−1 for the toluene-
odified hyper-cross-linked resins, this vibration may  be assigned

o the C O stretching of formaldehyde due to the oxidation of
H2Cl groups [21]. In particular, the intensity of the C O stretch-

ng becomes weakened with increasing the quantity of toluene,
hich may  be from the fact that toluene can be oxidized more easily

han the chloromethylated PS. Additionally, the characteristic C C
tretching of the benzene ring with frequencies at 1601, 1500 and
444 cm−1 is strengthened after the Friedel–Crafts reaction [21].
hese results may  demonstrate that toluene be loaded successfully
n the surface of the hyper-cross-linked resins.

.2. Adsorption selectivity

Adsorption isotherms of phenol onto HJ-L00, HJ-L05, HJ-L10, HJ-
15 and HJ-L20 are firstly compared and the results are displayed
n Fig. 2. It is interesting to find that HJ-L00 does not possess the
argest adsorption capacity toward phenol despite of its highest
pecific surface area (especially the micropore specific surface area)

nd pore volume. Additionally, the adsorption capacity of phenol
nto the five reins at the same equilibrium concentration follows
n order as: HJ-L15 > HJ-L10 > HJ-L05 > HJ-L00 > HJ-L20. That is, with
ncreasing the added quantity of toluene in the Friedel–Crafts reac-
Fig. 2. Comparison of adsorption isotherms of phenol onto HJ-L00, HJ-L05, HJ-L10,
HJ-L15 and HJ-L20 from aqueous solution at 298 K.

tion, the specific surface area and pore volume of the obtained resin
are greatly decreased, while the adsorption of phenol onto the resin
is firstly enhanced and then weakened, and HJ-L15 possesses the
largest adsorption capacity toward phenol.

Langmuir and Freundlich isotherms are two typical models to
describe the adsorption process. Langmuir model can be followed
as [22]:

Ce = Ce + 1
(4)
qe qm qmKL

here qm is the maximum adsorption capacity (mg/g) and KL is a
characteristic constant (L/mg).
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Table 1
The swelling capacity of HJ-L15 in different solvents.

Solvents Water 1% of phenol 10% of phenol Liquid
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Fig. 3. Comparison of phenol adsorption onto HJ-L15, XAD-4 and X-5 from aqueous
solution with the temperature at 298 K.
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The Freundlich model can be given as [23]:

og qe = 1
n

− log Ce + log KF (5)

here KF [(mg/g)(L/mg)1/n] and n (dimensionless) are also the char-
cteristic constants. KF indicates an adsorption interaction between
he adsorbent and the adsorbate whereas n is an indicator of the
avorableness of the adsorption system.

The corresponding parameters KL, KF, n and the correlation coef-
cients R2 are summarized in Table S1.  It is clear that both of the
angmuir and Freundlich models can characterize the adsorption
ata of HJ-00 and HJ-L05 since R2 > 0.99, while the Freundlich model

s more suitable for the adsorption of HJ-L10, HJ-L15 and HJ-L20.
s compared the KF of the five resins, it firstly increases and then
ecreases with increasing the added quantity of toluene, accordant
ith the adsorption capacity of phenol onto the five resins.

.3. The swelling capacity of the resin and the adsorption
echanism

HJ-L00 has the highest specific surface area and pore volume
ith some polar formaldehyde carbonyl groups on its surface, while

ts adsorption capacity toward phenol is a little smaller than HJ-
05, HJ-L10 and HJ-L15, implying that there should some other
actors influencing the adsorption except for the specific surface
rea and polarity of adsorbent [24,25]. Thus, the swelling capac-
ty of HJ-L15 in different solvents is measured and the results are
isplayed in Table 1 (the photos taken are shown in Fig. s1). It is

nteresting to see that HJ-L15 can be swollen in the four solvents
nd the swelling capacity of HJ-L15 in liquid phenol is the highest.
s performing the experiment for the adsorption of HJ-L15 toward
henol from aqueous solution, in addition to the surface adsorption
f HJ-L15 toward phenol, the skeleton of HJ-L15 can even be swollen
y phenol molecules and which increases the adsorption capacity
f HJ-L15 toward phenol. In conclusion, the adsorption mechanism
an be deduced that the surface adsorption and the absorption due
o skeleton swelling play dominant roles in the adsorption of HJ-L15
oward phenol from aqueous solution.

There is a part of mysterious skeleton which is very compact for
he hyper-cross-linked resin [26,27],  and this very compact skele-
on cannot be swollen by solvents and hence is useless for the
dsorption. As adding toluene in the Friedel–Crafts reaction, the
riedel–Crafts reaction between toluene and the chloromethylated
S will reduce the percentage of the very compact skeleton of the
btained hyper-cross-linked resin [20]. It can be concluded that the
ercentage of the very compact skeleton of HJ-L05, HJ-L10 and HJ-
15 should be relatively less than HJ-L00. The improved compact
keleton of the obtained resin by toluene can be swollen by phenol
nd is usable for the adsorption. As a result, the adsorption capac-
ty of phenol onto HJ-L05, HJ-L10 and HJ-L15 is a little larger than
J-L00.

.4. Comparison of adsorption of phenol onto different resins
rom aqueous solution
The commercial XAD-4 and X-5 are both polystyrene resins with
igh hydrophobicity [28], and they are considered to be the most
fficient polymeric adsorbents for removing aromatic pollutants
rom wastewater, especially for nonpolar or weakly polar aromatic
Fig. 4. Effect of the solution pH on the phenol adsorption onto HJ-L15, XAD-4 and
X-5 at 298 K.

pollutants such as �-naphthol and phenol [29]. Thus the adsorp-
tion isotherm of phenol onto HJ-L15 is thereafter compared with
the XAD-4 and X-5. Fig. 3 indicates that HJ-L15 possesses a much
larger adsorption capacity toward phenol than XAD-4 and X-5. The
specific surface area of HJ-L15 (858.4 m2/g) is a little lower than
XAD-4 (873.1 m2/g) and higher than X-5 (551.2 m2/g), the larger
adsorption capacity of HJ-L15 toward phenol than XAD-4 may be
from the excellent pore structure while the much enhanced adsorp-
tion of HJ-L15 in comparison with X-5 may  be resulted from the
combinations of the specific surface area and the pore structure.

Langmuir and Freundlich models are adopted to describe the
adsorption data, and the corresponding parameters KL, KF, n and
R2 are listed in Table s2.  It is observed that Freundlich models can
characterize the adsorption onto HJ-L15, XAD-4 and X-5, imply-
ing that the adsorption of phenol onto the three resins should be
a multilayer process and the resins hold surface energetic het-
erogeneity [3,30].  As compared the KF and n of the three resins,
KF(HJ-L15) > KF(XAD-4) > KF(X-5) and n(HJ-L15) > n(XAD-4) > n(X-5), revealing
that the interaction between HJ-L15 and phenol is the greatest and
the adsorption of phenol onto HJ-L15 is the most favorable.

3.5. Effect of the solution pH on the adsorption

The effect of the solution pH on the adsorption of phenol onto HJ-
L15, XAD-4 and X-5 is illustrated in Fig. 4. pKa of phenol is 9.89 and

the solution pH of the phenol solution in this study is measured to
be 6.0, hence the dissociation curve of phenol is predicted and also
shown in Fig. 4. The adsorption of phenol onto the three resins has
the same trend as the dissociation curve of phenol, implying that
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Fig. 5. Adsorption isotherms of phenol onto HJ-L15 from aqueous solution.

he molecular form of phenol is favorable for the adsorption [30].
henol is a weak acid and can be ionized in aqueous solution. As the
olution pH is higher than 6.0, phenol will be gradually ionized to
egative ion, and the adsorption of phenol onto HJ-L15 is weakened.
s the solution pH is lower than 6.0, the ionization will be limited,
ore phenol molecules are attained, and the adsorption of phenol

nto HJ-L15 is a little strengthened.

.6. Adsorption isotherms

As can be seen from Fig. 5 that the adsorption capacity of phenol
nto HJ-L15 decreases with increasing the temperature, suggest-
ng an exothermic process [31]. Langmuir and Freundlich models
re adopted to describe the adsorption data and the correspond-
ng parameters are listed in Table s3.  The Freundlich model is more
uitable for the adsorption since R2 > 0.99. With increasing the tem-
erature, the KF decreases, implying a weaker adsorption driving
orce at a higher temperature.

According to the Clausius–Clapeyron equation [3,32]:

d ln Ce

dT
= �H

RT2
(6)

here �H is the adsorption enthalpy (kJ/mo1) and R is the ideal
as constant. Eq. (7) can be followed by an integral method below:

n Ce = −�H

RT
+ C ′ (7)

here C′ is the integral constant. By plotting the isosters as ln Ce

gainst 1/T  (Fig. s2), it is found that the isosters can be fitted to
traight lines, and �H  can be calculated from the slopes of the
traight lines.

The Gibbs equation is usually written as [33]:

 = − c

RT

d�

dc
(8)

here c is the concentration, � is the decrease in the surface free
nergy and � is the surface excess. Eq. (8) can be re-written as:

� = −�RT

c
dc (9)

Integrating Eq. (9) will give:

 =
∫

d� = −RT

∫ C
� dc

(10)

0

c

or the adsorption from the solution,  ̆ represents the change in
he surface free energy, i.e. the surface pressure of the solvent–solid
Fig. 6. Adsorption kinetic curves for the phenol adsorption onto HJ-L15, XAD-4 and
X-5  from aqueous solution.

interface caused by the adsorption of the solute. Hence the standard
adsorption free energy can be followed as:

�G = ˘

�
= −RT

�

∫ C

0

� dc

c
(11)

here �G is the standard adsorption free energy (kJ/mol). As the
adsorption can be fitted by the Freundlich model and the Gibbs
equation will be:

� = KFc1/n (12)

Incorporating Eq. (12) into Eq. (11) will yield:

�G  = − RT

KFc1/n

∫ C

0

KFc1/n dc

c

= − RT

c1/n

∫ C

0

c1−n/n dc = − RT

c1/n
nc1/n

∣∣∣ C
0

= −nRT (13)

here n is the characteristic constant in Freundlich model.
Adsorption entropy �S  (J/(mol K)) can be calculated by

Gibbs–Helmholtz equation:

�S  = �H  − �G

T
(14)

Table 2 lists the �H, �G and �S  of phenol adsorbed onto HJ-L15
from aqueous solution. The �H is negative, indicating an exother-
mic  process [31]. The �H decreases with increasing the phenol
adsorption on HJ-L15, which is resulted from the surface energetic
heterogeneity [3].  The �G  is also negative, which shows the adsorp-
tion is a spontaneous process. The �S  is negative, revealing that a
more ordered arrangement of phenol is shaped on the surface of
HJ-L15 after the adsorption.

3.7. Adsorption kinetics

Fig. 6 displays the kinetic curves for the phenol adsorption onto
HJ-L15, XAD-4 and X-5 from aqueous solution. It is obvious that
the phenol adsorption onto XAD-4 and X-5 can reach equilibrium
within 200 min  while the required time from the beginning to the
equilibrium for the adsorption onto HJ-L15 is about 400 min. In
addition, the adsorption capacity of phenol onto HJ-L15 is much

larger than that onto XAD-4 and X-5, and a lower initial concen-
tration of phenol results in a shorter required time with a smaller
adsorption capacity.
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Table 2
The thermodynamic parameters for the adsorption of phenol onto HJ-L15 from aqueous solution.

qe/(mg/g) −�H/(kJ/mol) -�G/(kJ/mol) −�S/(J/(mol K))

288 K 298 K 308 K 318 K 288 K 298 K 308 K 318 K

20 35.36 4.681 4.284 3.734 3.876 106.5 104.3 102.7 99.01
30  29.34 4.681 4.284 3.734 3.876 85.62 84.08 83.14 80.08
40  25.60 4.681 4.284 3.734 3.876 72.64 71.53 70.99 68.31
50 23.38  4.681 4.284 3.734 3.876 64.93 64.08 63.79 61.33
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60 20.61  4.681 4.284 3.73
70  18.71 4.681 4.284 3.73
80  15.90 4.681 4.284 3.73

The pseudo-first-order and pseudo-second-order kinetic mod-
ls assume that the adsorption is a pseudo-chemical reaction and
he adsorption rate can be determined as [34,35]:

dqt

dt
= k1(qe − qt) (15)

dqt

dt
= k2(qe − qt)

2 (16)

ere k1 (min−1) and k2 (g/(mg·min)) are the pseudo-first-order and
seudo-second-order rate constants, respectively.

Integrating Eqs. (15) and (16) will give:

n(qe − qt) = ln qe − k1t (17)

1
qt

= 1

k2q2
e

+ t

qe
(18)

If the adsorption follows the pseudo-first-order rate equation,
 plot of ln(qe − qt) versus t should be a straight line. On the other
ands, t/qt should change linearly with t if the adsorption obeys the
seudo-second-order rate equation. Available studies have shown
hat the pseudo-second-order rate equation is a reasonably good
t of data over the entire fractional approach to equilibrium and
herefore has been employed extensively in this study of adsorption
inetics [36,37]. Plotting of t/qt versus t for the phenol adsorption
nto HJ-L15 is determined and the fitted correlation parameters are
ummarized in Table s4.  It is clear that the pseudo-second-order
ate equation characterizes the adsorption well due to R2 > 0.99. In
articular, the adsorption of phenol onto XAD-4 and X-5 has a much
reater rate constant than HJ-L15, and a lower initial concentration
f phenol results in a greater rate constant.

In common, the intra-particle diffusion is the rate-limiting step
or the adsorption of aromatic compounds onto hyper-cross-linked
esin from aqueous solution [30]. Therefore, the kinetic data are
urther dealt with by the intra-particle diffusion model as [38,39]:

t = kdt1/2 + C (19)

here kd is the intra-particle diffusion rate (mg/(g min1/2)), and C
s a constant.

If plots of qt versus t1/2 give a straight line and the straight line
asses through the origin, the intra-particle diffusion is the rate-

imiting step for the adsorption. While if it presents a multi-linear
elationship or does not pass through the origin, two or more diffu-
ion mechanisms affect the adsorption [40]. Fig. s3 shows that they
ield a three-stage process. At the initial stage, it poses a linear
elationship and the straight lines pass through the origin, indicat-
ng that the intra-particle diffusion is the rate-limiting step. At the
econd stage, plots of qt versus t1/2 also yield linear relationships
ut do not pass through the origin, revealing that multi-diffusion
echanisms are involved.
. Conclusion

We have synthesized a series of toluene-modified hyper-
ross-linked PS resins. As the added quantity of toluene in the

[

3.876 55.31 54.79 54.79 52.62
3.876 48.71 48.41 48.62 46.65
3.876 38.95 38.98 39.5 37.81

Friedel–Crafts reaction is set to be 15% relative to the chloromethy-
lated PS, the adsorption capacity of phenol is the largest. The
adsorption of phenol onto HJ-L15 from aqueous solution is the
surface adsorption together with the absorption due to skeleton
swelling and HJ-L15 is superior to the commercial XAD-4 and X-
5. The molecular form of phenol is favorable for the adsorption.
Freundlich model depicts the adsorption isotherms better than the
Langmuir model and adsorption enthalpy, adsorption free energy
and adsorption entropy are all negative. The pseudo-second-order
rate equation characterizes the kinetic curves well and the intra-
particle diffusion is the rate-limiting step at the initial adsorption
process.
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