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a b s t r a c t

In this study, a novel hyper-cross-linked HJ-Y10 resin was synthesized and its adsorption behaviors for
p-aminobenzoic acid were investigated from aqueous solution. The results indicated that the skeleton
ccepted 10 May 2010

eywords:
urface chemical modification
yper-cross-linked resin

surface of HJ-Y10 resin was modified by formaldehyde carbonyl, quinone carbonyl and phenolic hydroxyl
groups, the unadjusted p-aminobenzoic acid solution was favorable for the adsorption, the isotherms
could be fitted by Langmuir model and the adsorption was an exothermic process, the adsorption kinetics
could be characterized by pseudo-second-order rate equation and the initial stage was controlled by the
intra-particle diffusion model. Hydrogen bonding between formaldehyde carbonyl, quinone carbonyl
groups on HJ-Y10 resin and carboxyl groups of p-aminobenzoic acid was one of the primary driving
dsorption

ydrogen bonding forces for the adsorption.

. Introduction

p-Aminobenzoic acid is a new vitamin in family of vitamin B,
t can keep the skin lubricative, retard appearance of wrinkle and
bstruct sun’s rays [1,2]. Also, p-aminobenzoic acid is often used
n industry as an organic intermediate to produce dyes like active
ead M-80, M-10B and medicines like p-carboxylbenzyl amine,
-cyanobenzoic acid. Therefore, developing efficient methods to
eparate and purify p-aminobenzoic acid is very important.

Adsorption is an effective method for purification of aromatic
ompounds [3,4] and the well-known adsorbent applied in adsorp-
ion is activated carbon, which has high specific surface area and
redominant micropores to endow them with large adsorption
apacity for aromatic compounds [5]. Nevertheless, how to regen-
rate the spent activated carbon effectively for repeated use is a
erious problem. Correspondingly, synthetic polymeric adsorbents
re gradually attractive due to their diverse surface chemical struc-
ure and feasible regeneration for repeated use [6–9].

In the 1970s, Davankov synthesized a kind of hyper-cross-

inked polystyrene resin using bi-functional cross-linking agents
nd Friedel-Crafts catalysts from linear polystyrene or low cross-
inked poly(styrene-co-divinylbenzene) (PS) [10,11]. Then a large
umber of rigid methylene bridges are formed between the poly-
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meric chains according to this method and hence the polymeric
skeleton is reinforced. Moreover, the specific surface area of the
obtained resins increases greatly, and mesopores in the range
of 2–10 nm predominate their pore structure, resulting in their
excellent adsorption behaviors for non-polar or weak polar aro-
matic compounds [12,13]. To improve their adsorption properties
for polar aromatic compounds, three techniques are frequently
employed, the introduction of polar unit in copolymers [14], the
employment of polar compound as the cross-linking reagent [15]
and the addition of polar aromatic compound in Friedel-Crafts reac-
tion [16,17]. As the prepared resins are tested for solid-extraction
of polar aromatic compound, it is found that their retention is
improved [18,19]. If macroporous low cross-linked chloromethy-
lated PS is applied as the reactant, anhydrous zinc chloride is
used as the Friedel-Crafts catalyst, and hydroquinone is added
into the reaction simultaneously, two possible reactions will arise,
one is the Friedel-Crafts reaction of chloromethylated PS itself and
the other is that of chloromethylated PS with hydroquinone. The
respective extent of the two reactions will determine the structure
and adsorption behaviors of the gained resin. However, no report
focuses on the synthesis of hydroquinone modified hyper-cross-
linked resin and the study of their adsorption properties.

Hydrogen bonding, as a specifically intramolecular or inter-

molecular interaction [20], is proven to be one of the most
important adsorption mechanisms for adsorption of aromatic com-
pounds onto resins from aqueous or non-aqueous solution [21,22].
Many literatures reported the synthesis of resins based on hydro-
gen bonding [23–25], and adsorption mechanism on basis of
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carbonyl groups comes forth at 1699.2 cm , and appearance of this
band may be from oxidation of benzyl chloride of chloromethylated
PS [31]. The second change can be seen that a moderate vibration
X. Wang et al. / Chemical Engin

ydrogen bonding is usually clarified by thermodynamic or the-
retical calculation [26–28]. To the best of our knowledge, direct
vidence to testify hydrogen bonding between the resin and the
dsorbate is little discussed [29].

This work aimed at surface chemical modification of macrop-
rous cross-linked chloromethylated PS by adding hydroquinone
n Friedel-Crafts reaction. The pore structure, surface chemical
tructure and adsorption behaviors of the synthesized resin were
hereafter studied. HJ-Y10 resin was selected as the resin, p-
minobenzoic acid was chosen as the adsorbate, and the adsorption
ehaviors of HJ-Y10 were investigated to prospect its potential
pplication in adsorption of p-aminobenzoic acid. Its adsorption
hermodynamics and kinetics were analyzed and adsorption mech-
nism was directly expounded by Fourier-transform infrared ray
FT-IR) spectra.

. Materials and methods

.1. Materials

Macroporous cross-linked chloromethylated PS was purchased
rom Langfang Chemical Co. Ltd. (Hubei province, China), its
ross-linking degree was 6%, chlorine content was 17.3%, specific
urface area was 28 m2/g, and average pore diameter was 25.2 nm.
ydroquinone, p-aminobenzoic acid, anhydrous zinc chloride,
itrobenzene and ethanol were also used in this study and they
ere analytical reagents.

.2. Surface chemical modification of macroporous cross-linked
hloromethylated PS

Surface chemical modification of macroporous cross-linked
hloromethylated PS was performed according to the method in
ef [17] and its synthetic process was shown in Scheme 1s. In
three-necked round-bottomed flask equipped with a mechani-

al stirrer, a thermometer and a water-cooled condenser, 40 g of
hloromethylated PS was swollen by 120 mL of nitrobenzene, and
g of hydroquinone was also added into the reaction flask. At a
oderate stirring speed, 4 g of anhydrous zinc chloride was added

nto the flask as quickly as possible at 323 K. After the added zinc
hloride was dissolved completely, the reaction mixture was evenly
eated to 388 K within 1 h. After holding the reaction for about 8 h
t 388 K, the polymeric beads HJ-Y10 were separated from the reac-
ion solution and rinsed by 1% of hydrochloric acid (v/v) and ethanol
n turn for three times, then they were extracted by ethanol for 8 h
nd dried at 323 K in vacuum.

.3. Characterization of HJ-Y10 resin

Specific surface area and pore diameter distribution of the resin
as determined via N2 adsorption–desorption curves at 77 K using
Micromeritics Tristar 3000 surface area and porosity analyzer.

T-IR spectrum of the resin was collected by KBr disks on a Nicolet
10P Fourier-transformed infrared instrument.

.4. Adsorption isotherms

About 0.100 g of the resin was weighed accurately and added
nto a 100 mL of conical flask with a stopper, and 50 mL of
-aminobenzoic acid aqueous solution with known initial concen-

ration was also added into the flask. The initial concentration of
-aminobenzoic acid was 100–500 mg/L with 100 mg/L interval.
ydrochloric acid and sodium hydroxide were applied to adjust

he solution pH. Then the flask was shaken at a speed of 150 rpm
t a desired temperature for about 24 h. After the adsorption
Journal 162 (2010) 158–163 159

system reached equilibrium, concentration of the equilibrium p-
aminobenzoic acid solution was measured by UV spectrometry at
a wavelength of 266.0 nm and the equilibrium adsorption capacity
was calculated as [26]:

qe = (C0 − Ce)V
W

(1)

where qe was the equilibrium adsorption capacity (mg/g), C0 and Ce

were the initial and equilibrium concentration of p-aminobenzoic
acid (mg/L), V was the volume of the solution (L), and W was the
mass of the resin (g).

2.5. Adsorption kinetic curves

To take consideration of the effect of the adsorption time on the
adsorption capacity of p-aminobenzoic acid onto the resin and the
adsorption kinetic curves were measured as follows. About 1.000 g
of resin and 500 mL of p-aminobenzoic acid solution were intro-
duced into a conical flask quickly and shaken at a speed of 150 rpm
at 299, 309 and 319 K continuously. 0.5 mL of solution was sam-
pled at different time intervals and concentration of the residual
p-aminobenzoic acid was determined until adsorption equilibrium
was reached, the adsorption capacity at contact time t was calcu-
lated as [26]:

qt = (C0 − Ct)V
W

(2)

here qt and Ct was the adsorption capacity and concentration of p-
aminobenzoic acid at contact time (min) in the unit of (mg/g) and
(mg/L), respectively.

3. Results and discussion

3.1. Characterization of HJ-Y10 resin

Specific surface area and pore volume of HJ-Y10 resin was mea-
sured to be 440.2 m2/g and 0.206 cm3/g, respectively. Fig. s1(a)
describes the N2 adsorption–desorption isotherms of HJ-Y10 resin.
The adsorption isotherm seems close to type-II isotherm [30]. At the
initial part of the isotherm at a relative pressure below 0.10, the
adsorption capacity increases rapidly with increment of relative
pressure, proving that micropores are existent (t-plot microp-
ore area: 221.8 m2/g, t-plot micropore volume: 0.121 cm3/g). The
visible hysteresis loop of the desorption isotherm indicates that
mesopores are also present. These analyses agree with the pore
diameter distribution in Fig. s1(b). Friedel-Crafts reaction leads
many changes for pore diameter distribution, mesopores and
macropores dominate pore structure for chloromethylated PS and
the average pore diameter is 25.2 nm, while mesopores in the range
of 2–5 nm play a predominant role for HJ-Y10 resin and the average
pore diameter is 2.81 nm.

As displayed in Fig. 1, after Friedel-Crafts reaction, two strong
representative peaks related to CH2Cl groups at 1265.1 and
669.2 cm−1 are greatly weakened, and Friedel-Crafts reaction
results in a few new changes for the IR spectrum of HJ-Y10 resin.
Firstly, a moderate C O stretching band involved in formaldehyde

−1
presents at 1654.8 cm−1, and which can be assigned to C O stretch-
ing concerned with quinone carbonyl groups [32]. This implies the
uploaded hydroquinone on the resin is partly oxidized. Finally, a
weak absorption band appears at 3530.5 cm−1, and this band is
related to O–H stretching of hydroquinone.
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Fig. 3. (a) Adsorption isotherms of p-aminobenzoic acid onto HJ-Y10 resin from
aqueous solution with the temperature at 288, 294, 299 and 309 K and that of
Fig. 1. FT-IR spectra of the chloromethylated PS and HJ-Y10 resin.

.2. Comparison of adsorption capacity of p-aminobenzoic acid

The adsorption capacities of p-aminobenzoic acid adsorbed onto
J-Y02, HJ-Y06, HJ-Y10 and HJ-Y15 (the added mass percentage of
ydroquinone in the Friedel-Crafts reaction was set to 2%, 6%, 10%
nd 15% in relation to the chloromethylated PS, w/w) are compared
n Fig. s2. It is seen that the adsorption capacity of p-aminobenzoic
cid firstly increases and then decreases with increment of the
dded mass percentage of hydroquinone. The specific surface areas
395.6, 379.1, 404.2 and 446.3 m2/g) and the average pore diam-
ter (2.90, 2.92, 2.81 and 2.78 nm) of these four resins are close,
nd the different adsorption capacity shows their different polarity
atching between the adsorbent and the adsorbate [17,27]. HJ-Y10

esin holds the largest adsorption capacity for p-aminobenzoic acid
mong the four resins and it is applied to investigate the adsorption
ehaviors for p-aminobenzoic acid in the subsequent sections.

.3. Effect of the solution pH on the adsorption
Fig. 2 displays effect of the solution pH on adsorption of p-
minobenzoic acid onto HJ-Y10 resin. It is seen that the adsorption
s very sensitive to the solution pH and the optimum solution pH is
bserved at 3.79. In this study, the pH of p-aminobenzoic acid solu-

ig. 2. Effect of the pH on the adsorption of p-aminobenzoic acid onto HJ-Y10
esin from aqueous solution (the adsorption time was 24 h, the volume was 50 mL,
he concentration of p-aminobenzoic acid was 499.8 mg/L, the shaking speed was
50 rpm and the temperature was 299 K, 0.1 mol/L of hydrochloric acid and 0.1 mol/L
f sodium hydroxide were applied to adjust the pH).
p-aminobenzoic acid onto XAD-4 resin at 299, 309 and 319 K (the initial concen-
tration of was p-aminobenzoic acid set to be about 100, 200, 300, 400 and 500 mg/L,
the pH was not adjusted); (b) correlation of ln KL with 1/T for the adsorption of
p-aminobenzoic acid onto HJ-Y10 resin from aqueous solution.

tion is measured to be 3.79 (the pKa of p-aminobenzoic acid was
4.92). That is, p-aminobenzoic acid is a weak acid and has its own
ionization equilibrium (Scheme s2), it will be ionized to be a nega-
tive ion as the solution pH is higher than 3.79, whereas the amino
group will accept a proton and it will be presented as a positive ion
as the solution pH is lower than 3.79. The fact that the maximum
adsorption capacity of p-aminobenzoic acid presents at solution
pH of 3.79 indicates that molecular form of p-amniobenzoic acid
is suitable for the adsorption [33]. In addition, it is observed that
the adsorption is greatly reduced as the pH is higher or lower
than 3.79, and the basic solution (pH > 6.0) is especially unfavor-
able for the adsorption, which reveals that the carboxyl group of
p-amniobenzoic acid is important for the adsorption, and this in
turn implies that the formaldehyde carbonyl and quinone carbonyl
groups on HJ-Y10 resin are helpful for the adsorption.

3.4. Adsorption isotherms and adsorption thermodynamics

Fig. 3(a) shows the adsorption isotherms of p-aminobenzoic acid
onto HJ-Y10 resin together with that onto the popular commercial
XAD-4 resin. The adsorption capacity of p-aminobenzoic acid onto
HJ-Y10 decreases with increasing of the temperature and higher

temperature is less favorable for the adsorption, suggesting that the
adsorption is an exothermic process for HJ-Y10 resin [34]. While the
adsorption onto XAD-4 resin is more favored at a higher temper-
ature, enunciating an endothermic process [34]. Additionally, it is
observed that the adsorption capacity of p-aminobenzoic acid onto
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Fig. 4. (a) Adsorption kinetic curves of p-aminobenzoic acid adsorbed onto HJ-Y10
X. Wang et al. / Chemical Engin

J-Y10 resin is a bit larger than that onto XAD-4 resin at the same
emperature and equilibrium concentration.

Langmuir and Freundlich isotherm models are frequently
dopted to describe the adsorption process. Langmuir isotherm
odel:

Ce

qe
= Ce

qm
+ 1

qm × KL
(3)

Freundlich isotherm model:

og qe = log KF + 1
n

log Ce (4)

here qm is the maximum adsorption capacity (mg/g), and KL

L/mg), KF, and n is the corresponding characteristic constants. In
he present study, Langmuir and Freundlich isotherm models are
mployed to describe the adsorption equilibrium data, the fitted
lots are shown in Fig. s3 and the corresponding parameters KL,
F and n, correlation coefficients R2 are summarized in Table s1.
ll of the isotherms coincide with the fitted results based on Lang-
uir model since R2 > 0.99. With increasing of the temperature, KL

nd qm decrease, implying weaker adsorption driving force and the
maller adsorption capacity at a higher temperature.

The thermodynamic parameters such as adsorption enthalpy
H (kJ/mo1), adsorption free energy �G (kJ/mo1) and adsorption

ntropy �S (J/(mo1 K)) can be calculated as [35]:

n KL = −�H

RT
+ ln K0 (5)

G = −RT ln KL (6)

S = �H − �G

T
(7)

here R is the universal gas constant, 8.314 J/(mol K), T is the abso-
ute temperature (K) and K0 is a constant. By plotting ln KL versus 1/T
Fig. 3(b)), a straight line is gained, and �H can be figured out from
he slope of the straight line. As listed in Table s2, the negative �H
nd �S reveal the adsorption is mainly driven by enthalpy change
nd the adsorption of p-aminobenzoic acid onto HJ-Y10 resin is an
xothermic and more ordered process.

.5. Adsorption kinetics

Fig. 4(a) shows the adsorption kinetic curves for p-aminobenzoic
cid adsorbing on HJ-Y10 and XAD-4 resin. All of the adsorption
rocess can approach equilibrium within 400 min, and the adsorp-
ion at a lower initial concentration or higher temperature needs
horter time to reach at equilibrium but achieves smaller adsorp-
ion capacity. As for the comparison of HJ-Y10 with XAD-4 resin, it
s clear that the adsorption capacity of p-aminobenzoic acid on HJ-
10 resin is a little larger than XAD-4 resin at the same temperature
nd initial concentration while the required time is a little longer
han XAD-4 resin.

Lagergren equation is frequently applicable for depicting the
dsorption in the beginning process and not the whole one [36],
hile pseudo-second-order rate equation by Ho is suitable for
escribing the whole process [37], and its linear form is:

t

qt
= 1

k2 × q2
e

+ t

qe
(8)

ere k2 is the pseudo-second-order rate constant (g/(mg min)). The
tted results in Table s3 indicate that the pseudo-second-order rate
quation can characterize the adsorption well. In particular, the

ate constant at a lower initial concentration or higher temperature
s a little greater, accordant with the above observation that the
dsorption at a lower initial concentration or higher temperature
eeds shorter time to reach at equilibrium. Additionally, based on
he pseudo-second-order rate equation, the initial adsorption rate
and XAD-4 resin (the volume was 500 mL, the pH was not adjusted, 0.5 mL of p-
aminobenzoic acid solution was sampled at different intervals); (b) intra-particle
diffusion plot for the adsorption of p-aminobenzoic acid onto HJ-Y10 resin from
aqueous solution.

(h) with unit of mg/(g min) and half-adsorption time (t1/2) with unit
of min can be calculated as:

h = k2q2
e (9)

t1/2 = 1
k2qe

(10)

The data summarized in Table s3 shows that the h is greater
while the t1/2 is shorter at a higher temperature. For the kinetic
curves at different temperatures, the apparent activation energy Ea

(kJ/mol) can be calculated based on the Arrhenius equation as:

ln k2 = − Ea

RT
+ ln k0 (11)

where k0 is a constant. Plotting of ln k2 versus 1/T, a straight line
will be obtained, and Ea can be achieved to be 61.38 kJ/mol.

In general, several steps including external mass transfer from
the liquid solution to the solid resin surface, internal mass transfer
in the pore of the resin, and adsorption on the active sites of the
resin are necessary for the adsorbate transporting from the liquid
solution to the active sites of the resin, and the rate of internal mass
transfer is commonly the rate controlling step. The intra-particle
diffusion model proposed by Weber and Morris is applied to further
fit the kinetic results in the present study [38]. The rate of intra-

particular diffusion is a function of t1/2 and can be defined as:

qt = kp × t1/2 (12)

here kp is the diffusion rate parameter ([(mg/g)/(min)1/2]) and can
be figured out by plotting of qt versus t1/2. If intra-particle diffu-
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ig. 5. FT-IR spectrum of HJ-Y10 resin: (a) before adsorption of p-aminobenzoic acid
the original HJ-Y10 resin); (b) after adsorption of p-aminobenzoic acid; (c) after the
dsorbed p-aminobenzoic acid on HJ-Y10 resin was desorbed.

ion is involved in the adsorption process, plotting of qt versus
1/2 will give a linear relationship, and if this line passes through
he origin, the intra-particle diffusion is the sole rate controlling
tep.

Fig. 4(b) depicts the intra-particle diffusion plots for the adsorp-
ion of p-aminobenzoic acid on HJ-Y10 resin. These plots show
imilar characters having two linear segments followed by a
lateau. In the first stage, the linear portion passes through
he origin, implying that the intra-particle diffusion is the sole
ate controlling step, and the kp evaluated from the first lin-
ar portions are 4.537, 6.137 and 7.291, 4.534 and 3.364,
espectively. In the following stage, the regression is approxi-
ately linear but does not pass through the origin, suggesting

hat the intra-particle diffusion is not the sole rate controlling
tep in this stage. After that, the adsorption reaches equilib-
ium.

.6. Interaction mechanism between HJ-Y10 resin and
-aminobenzoic acid

The vibrational frequency in FT-IR spectrum is sensitive to the
hange of chemical bond, a slight interaction change between the
dsorbent and the adsorbate will bring on several vibrational shifts
39]. In this study, FT-IR spectrum is utilized to examine the shifts
f formaldehyde carbonyl and quinone carbonyl groups on HJ-
10 resin so that the adsorption mechanism can be clarified. The
ypical results of HJ-Y10 resin before adsorption, after adsorp-
ion and after desorption of p-aminobenzoic acid are depicted
n Fig. 5. The two main peaks of HJ-Y10 resin before adsorption
an be assigned as: 1699.2 cm−1 (formaldehyde carbonyl groups)
nd 1654.8 cm−1 (quinone carbonyl groups). After adsorption of p-
minobenzoic acid, the formaldehyde carbonyl has its frequency
t 1689.5 cm−1, red-shifted by 9.7 cm−1, the vibration of quinone
arbonyl is flat. Moreover, after the adsorbed p-aminobenzoic acid
n HJ-Y10 resin is desorbed, these two peaks come back to 1701.2
nd 1654.8 cm−1, respectively. As for some other vibrations like
hat of C C bond at 1606.4 and 1506.3 cm−1, not any shifts are
bserved. Commonly, formation of hydrogen bonding will lead

ome characteristic bands to be red-shifted [40]. We deduce that
ydrogen bonding appears to be one of the primary driving forces

or the adsorption of p-aminobenzoic acid onto HJ-Y10 resin and
ydrogen bonding is one of the primary driving forces for the
dsorption.

[

[
[

[
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4. Conclusions

We have synthesized a novel hyper-cross-linked resin HJ-
Y10, its surface is chemically modified by formaldehyde carbonyl,
quinone carbonyl and phenolic hydroxyl groups. The adsorption
of p-aminobenzoic acid on HJ-Y10 is favorable at the solution
pH of 3.79. Langmuir model depicts the isotherms well, and the
adsorption enthalpy and adsorption entropy are both negative.
The pseudo-second-order rate equation characterizes the kinetic
curves well and the intra-particle diffusion model is the sole rate
controlling step at the initial stage. Formaldehyde carbonyl and
quinone carbonyl groups of HJ-Y10 resin are helpful for the adsorp-
tion and hydrogen bonding appears to be one of the primary driving
forces for the adsorption.
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