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A  novel  hypercrosslinked  polymeric  adsorbent  (HY-1)  with  high  surface  area  and  specific  bimodal  pore
size distribution  in the  regions  of micropore  (0.5–2.0  nm)  and  meso-macropore  (30–70  nm)  was  prepared.
Adsorption  properties  of  benzene  and  methyl  ethyl  ketone  (MEK)  vapors  onto  HY-1  were  investigated
and  compared  with  a  commercial  microporous  activated  carbon  (m-GAC).  The  equilibrium  adsorption
data  showed  that the  adsorption  capacities  of benzene  and  MEK  on  HY-1  were  larger  than  those  of
m-GAC  at  the  higher  relative  pressure.  The  Dubinin–Radushkevich  (D–R)  equation  was  found  to fit  the
ypercrosslinked polymeric resin
ctivated carbon
OCs
dsorption

sosteric heat

experimental  data  well. The  isosteric  enthalpy  of  adsorption  for benzene  and  MEK  were  calculated.  The
m-GAC exhibited  much  higher  values  of  �Hst for the  VOCs  than HY-1  at the  whole  loading  studied,  which
can  lead  to  significant  temperature  rises  during  the  adsorption  step.  The  results  of dynamic  experiments
revealed  that HY-1  had a good  dynamic  adsorption  capacity  with  a  longer  breakthrough  time  and  shorter
length  of mass  transfer  zone  due  to its  specific  bimodal  property.  Therefore,  HY-1  will  be  a particularly
efficient  and  competitive  adsorbent  for  VOCs  recovery,  especially  at medium-high  concentrations.
. Introduction

Volatile organic compounds (VOCs) have been widely used
s dissolving and cleaning agents in many industrial processes.
he emission of solvent vapors from these industrial processes
as caused not only severe air pollution but also great loss of
aluable chemicals. Therefore, it has already received great atten-
ion to develop efficient and economical control strategies for
ecovering VOCs vapor from industries [1].  Activated carbon is
pplied extensively for the removal of VOCs from gas streams
ith subsequent solvent recovery or incineration [2–6]. However,

t has been recognized that activated carbon adsorption always
ncounters some problems such as combustion, pore blocking, inef-
ciently desorption of high-boiling solvents, and hygroscopicity
7–9]. Hence, much effort has been focused at finding alterna-
ive adsorbents to separate and recover VOCs from polluted air
treams.

In the past few decades, the permanently porous polymeric

dsorbents have become effective for the removal of organic pollu-
ants from aqueous streams due to its controllable pore structure,
table physical, chemical properties and regenerability on site as
ell as vast surface area comparable to activatedcarbon [10]. Of the

∗ Corresponding author. Tel.: +86 25 89680380.
E-mail address: clong@nju.edu.cn (C. Long).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.12.010
© 2011 Elsevier B.V. All rights reserved.

porous polymers, hypercrosslinked polymeric adsorbent, which
is produced by further crosslinking polymers in a good solvent,
represents a class of predominantly microporous organic mate-
rials with large specific surface area and high micropore volume
[11,12]. Now hypercrosslinked polymeric resin produced by many
manufactures worldwide is finding increased application as sor-
bents for separation or analytical purposes and water pollution
control [13–17].  However, to the best of our knowledge, there
are only limited studies done on hypercrosslinked polymeric resin
as adsorbents for removing the VOCs from gas steam currently
[18–24].

In the present study we  synthesized a novel hypercrosslinked
polymeric adsorbent (HY-1) with high surface area and spe-
cific bimodal pore size distribution in the regions of micropore
(0.5–2.0 nm)  and meso-macropore (30–70 nm). The adsorption
characteristics of HY-1 was evaluated and compared with
a commercial microporous activated carbon (m-GAC). Thus,
adsorption equilibrium of benzene and MEK  vapors onto HY-
1 and m-GAC at 303, 318, and 333 K were investigated.
For better understanding of adsorption properties, the isos-
teric enthalpies of adsorption were calculated, which is very
important to evaluate the molecular scale interactions between
adsorbate and adsorbent and to investigate the warming dur-

ing adsorption of VOCs in a fixed bed adsorption. Finally, the
breakthrough curves of benzene and MEK  were obtained to
evaluate the dynamic adsorption performance of two  adsor-
bents.

dx.doi.org/10.1016/j.jhazmat.2011.12.010
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:clong@nju.edu.cn
dx.doi.org/10.1016/j.jhazmat.2011.12.010
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. Experimental

.1. Materials

Styrene, divinylbenzene, benzene, methyl ethyl ketone (MEK)
nd other reagents were purchased from Shanghai Reagent Sta-
ion (Shanghai, China) in A.R. grade. The coconut-shell granular
ctivated carbon (m-GAC) was purchased from Liyang Tianlun Envi-
onmental Materials Ltd., China.

.2. Synthesis of a hypercrosslinked adsorbent (HY-1)

The hypercrosslinked polymeric adsorbent was  prepared via
 post-crosslinking step of low-crosslinked macroporous poly
styrene–divinylbenzene, St–DVB). First, the St–DVB copolymer
ith cross-linking density of 8% was synthesized by suspension
olymerization, in which styrene (92 g) was used as the monomer,
ivinylbenzene (8 g) as the cross-linked reagent, toluene and n-
eptane (50 g) as the mixture porogen, and dibenzoyl peroxide
3 g) as an initiator. The polymerization process was  performed
t 353 K for 12 h. Then, chloromethylation of the low-crosslinked
acroporous copolymer was carried out. 100 g of the obtained

ow-crosslinked macroporous poly (St–DVB) beads was swollen
n 500 mL  of monochloromethylether. Then, 40 g of ferric chlo-
ide was added slowly. The chloromethylation reaction was  done
ontinuously at 311 K for 12 h. Finally, 100 g of choromethylated
oly (St–DVB) beads was swollen in 500 mL  of 1,2-dichloroethane,
hich is not only less toxic than nitrobenzene used widely in the

ynthesis of hypercrosslinked polymer but also can be recovered
onveniently and reused. The mixture was further stirred at 353 K
or 20 h after 30 g of ferric chloride was added slowly. Finally, the
olymer beads filtered and then extracted in a Soxhlet apparatus
ith ethanol for 8 h and dried under vacuum at 333 K for 8 h.

.3. Adsorption experiments

The adsorption of benzene and MEK  vapors was  determined by
he column adsorption method. The detailed experimental appara-
us and adsorption procedure have been described previously [24].
riefly, about 1000 g of HY-1 or m-GAC was precisely weighed out
nd charged into the adsorption column made of glass. The car-
ier gas containing a scheduled concentration of VOCs vapor was
assed through the column until the VOCs concentration become
onstant and stable, the changes of VOCs concentration in the efflu-
nt steam from the adsorption column was measured by using gas
hromatography with a quartz capillary column (a length of 30 m,
nner diameter of 0.53 mm,  and wall thickness of 1.0 �m)  and FID
etector (SP-6890, Nunan, China) and recorded by a computer. The
olumn temperature was maintained at 60 ◦C. The detector and
njector temperature was maintained at 150 ◦C and 200 ◦C, respec-
ively. Nitrogen was used as an inert gas, and hydrogen was used
s a fuel gas with air. The equilibrium amount adsorbed was equal
o the weight change of adsorbent before and after the adsorption
rocess. Here, a high precision microbalance (BS224S, Sartorius,
ermany) was adopted as the weighing device.

. Results and discussion

.1. Characterization of adsorbents

The N2 adsorption–desorption isotherms at 77 K of two  adsor-
ents HY-1, and m-GAC are demonstrated in Fig. 1. It is observed

hat the initial part of the adsorption isotherms at lower relative
ressure (P/P0) below 0.05, where the nitrogen uptake increases
harply with the increment of relative pressure, proves the exis-
ence of micropore structure. According to IUPAC classification,
Fig. 1. (a) The N2 adsorption–desorption isotherms at 77 K, and (b) pore size distri-
bution of HY-1 and m-GAC.

HY-1 and m-GAC are typical of adsorbents with a predominantly
microporous structure, as the majority of pore-filling will occur at
relative pressures below 0.1. However, for the HY-1, the slope of
the plateau at medium relative pressures and accelerated uptakes
at higher relative pressure mean that HY-1 also contains a pro-
portion of mesopore and macropore. The pore size distributions
of two  polymeric adsorbents calculated by applying the density
functional theory (DFT) to the N2 adsorption–desorption isotherms
at 77 K are also shown in Fig. 1. It is clearly shown from Fig. 1
that m-GAC is typical of micropore adsorbent with a unimodal
pore distribution between 0.5 and 2.0 nm,  while HY-1 shows a
“bimodal pore system” with both micropore (0.5–2.0 nm)  and
meso-macropore (30–70 nm). In addition, thermogravimetric anal-
ysis (shown in Fig. S1 of Supporting Information) showed that
HY-1 exhibits perfect thermostability under 300 ◦C. Detailed phys-
iochemical properties of two adsorbents used in this study are
presented in Table 1.

3.2. Adsorption isotherms

The comparison of the adsorption of benzene and MEK  vapor on
HY-1 and m-GAC in the range of 303–328 K are provided in Fig. 2.
From Fig. 2, it is learned that the adsorption capacities of benzene

and MEK  on the m-GAC were similar or higher than those of HY-1 at
the lower relative pressure studied. Such result may  be attributed
to the fine microporous structure of m-GAC. From Fig. 1(b), It is
clearly shown that m-GAC had a main microporous distribution
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Table 1
Salient properties of HY-1 and m-GAC.

Adsorbent HY-1 m-GAC

Matrix Hypercroslinked,
Styrene–divinylbenzene

Coconut shell
based

BET surface areaa (m2/g) 1244.2 1015.2
Mesopore volumea (mL/g) 0.305 0.081
Micropore volumea (mL/g) 0.541 0.407
Average pore diameter (nm) 2.35 1.98
Particle size (mm)  0.4–0.8 0.3–0.6
Contact angle (◦C)b 127 48
Shape Spherical Amorphous

a Calculated from the N isotherm data at 77 K by Brunauer–Emmett–Teller (BET),
B

b
G
d
a
d
a
H
w
d
b
t

F
fi

2

arrett–Joyner–Halena (BJH), and Dubinin–Astakov (DA) methods, respectively.
b Measured by a goniometer (DSA 100, KRUSS, Germany).

etween 0.5 and 1.0 nm;  Moreover, the micropore volume of m-
AC between 0.5 and 1.0 nm is larger than that of HY-1. Therefore,
ue to the closer proximity of the walls of micropores, an inter-
ction of the Polanyi potentials may  occur resulting in a relatively
eep potential energy well and enhanced adsorption of benzene
nd MEK  onto m-GAC than onto HY-1 at a given lower pressure.
owever, the adsorption capacities of HY-1 for benzene and MEK
ere larger than those of AC with increasing the relative pressure

ue to its larger microporous volume. On the other hand, it should
e noted that increasing the adsorption temperature from 303 K
o 328 K reduced the adsorption capacities of benzene and MEK

ig. 2. Equilibrium adsorption data of benzene and MEK  onto HY-1 and m-GAC and
tting curves of Dubinin–Radushkevich (D–R) equation as solid lines.
terials 203– 204 (2012) 251– 256 253

onto HY-1 more markedly than those onto m-GAC. Such effect of
temperature on adsorption capacities of benzene and MEK  is more
efficient to regenerate HY-1 than m-GAC in a temperature swing
adsorption process.

As previously mentioned, HY-1 and m-GAC are primarily
microporous adsorbents. Hence, the Dubinin–Radushkevich (D–R)
equation, which is widely used for describing the adsorption of
organic vapor adsorbates on microporous adsorbents, was cho-
sen to model the adsorption isotherms. The D–R equation can be
defined as Eqs. (1)–(3).

qv = q0 exp

[
−
(

ε

E

)2
]

(1)

ε = RT ln
(

P0

P

)
(2)

qv = q

�
(3)

where qv is volume adsorbed capacity (mL/g), q0 is the limiting
microporous volume, ε is the adsorption potential (J/mol) written
by Eq. (2), E is the adsorption characteristic energy (kJ mol−1), R is a
gas constant, T is the absolute temperature (K), P0 is the saturation
vapor pressure (kPa), P is the equilibrium vapor pressure, q is the
equilibrium adsorption amount (mg/g), � is the adsorbate density
in the adsorbed phase assumed to be the same as that in the liquid
phase.

The experimental data of benzene and MEK  onto HY-1 and m-
GAC at 303 K, 315 K, and 328 K in Fig. 2 are represented as symbols
and isotherm fittings using the D–R equation as solid lines. Clearly,
the experimental data were well fitted by the D–R equation with
all of the regression coefficients (R2) > 0.96 (Table 2), indicating the
suitability of D–R equation for describing the adsorption behavior
of the benzene and MEK  on HY-1 and m-GAC. The mean values
of E and q0 calculated from three individual values at 303, 315,
and 328 K were shown in Table 2. The relative standard deviations
for E and q0 are 1.94–9.24% and 2.01–9.58%, respectively, showing
temperature-independent nature of E and q0, which satisfies the
temperature invariance of the Polanyi adsorption potential. This
result is important because it allows the use of the D–R equa-
tion without introducing any additional parameters to describe
the temperature effect on adsorption isotherms for acetone and
benzene over the temperature range studied here.

3.3. Isosteric heat of adsorption

The isosteric heats of adsorption (�Hst) were calculated
using Eq. (4) based on the Polanyi adsorption potential and the
Clausius–Clapeyron equation according to Ramirez et al. [25]. The
derivation of �Hst and the meaning of physical parameters in Eq.
(4) are provided in the Supporting Information.

�Hst = RT2

P0

dP0

dT
+ E

(
ln

q0

q

)1/n

+ ˛TE

n

(
ln

q0

q

)1/n−1
(4)

Fig. 3 shows the dependence of isosteric heats �Hst on adsor-
bate, temperature, and surface loading. It can be learned from that
the effect of temperature on �Hst was negligible for benzene, and
MEK. These results confirm that �Hst values for both adsorbates are
independent of temperature for the conditions studied here. The
isosteric enthalpy change accompanying adsorption can be used as
a measure of the energetic heterogeneity of a solid surface [26,27].
It is observed that the isosteric enthalpies of adsorption were var-
ied with the surface loading for benzene and MEK, implying that

both HY-1 and m-GAC have an energetically heterogeneous sur-
face. The larger change of �Hst for benzene and MEK on m-GAC
with the increase of the adsorbate loading shows more energetic
heterogeneity nature than HY-1.
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Table 2
The fitting parameters of D–R equation for adsorption of benzene and MEK  on HY-1 and m-GAC.

Adsorbent Adsorbate Temperature (K) D–R parameters

E (kJ mol−1) q0 (mL/g) R2

HY-1 Benzene 303 12.251 0.553 0.987
315  13.276 0.500 0.993
328 12.550 0.483 0.986

12.692 ± 0.527a 0.512 ± 0.071a

MEK 303 11.964 0.574 0.990
315  11.939 0.538 0.997
328  13.971 0.474 0.997

12.625 ± 1.166a 0.529 ± 0.051a

m-GAC Benzene 303 21.374 0.411 0.969
315 22.083 0.379 0.985
328 20.612 0.371 0.992

21.356 ± 0.736a 0.387 ± 0.021a

MEK 303 20.956 0.410 0.964
315  20.173 0.394 0.993
328  20.432 0.400 0.991

dividu

v
f
p
t

F
a

a The value of E (or n) was calculated as mean ± standard deviation from three in

It should be noted in Fig. 3 that m-GAC exhibited much higher

alues of �Hst for benzene and MEK  than HY-1 at the whole sur-
ace loading studied, indicating that m-GAC offered much greater
otential in the adsorption and removal of benzene and MEK
han HY-1. Such result is consistent with the higher equilibrium

ig. 3. Isosteric heats of adsorption for the benzene and MEK  on HY-1 and m-GAC
t  different temperatures.
20.520 ± 0.399a 0.401 ± 0.008a

al values at 303, 315, and 328 K

adsorption capacities of m-GAC for benzene and MEK  than those of
HY-1 at lower relative pressure. However, high exothermic heats of
adsorption of VOCs onto adsorbent can lead to significant temper-
ature rise during the adsorption step [28], which has a negative
impact on the performance of the adsorption unit, such as the
reduce of dynamic adsorption capacity and the induction of oxi-
dation reaction.

It can be learned from the effect of temperature on �Hst was
negligible for benzene, and MEK. These results confirm that �Hst

values for both adsorbates are independent of temperature for the
conditions studied here.

3.4. Breakthrough curves

The actual adsorption processes of VOCs are in many cases
associated with adsorption using a fixed bed. A breakthrough
curve measurement is a direct method designed to make clear
the dynamic performance of VOCs adsorption. The breakthrough
curves of benzene and MEK  onto HY-1 and m-GAC were shown in
Fig. 4. To evaluate quantitatively the dynamic adsorption behavior
of benzene and MEK, the breakthrough curves were fitted using
the Yoon and Nelson model (Y–N model). The Yoon and Nelson
equation is expressed as the following equation [29].

t = � + 1
k′ ln

Cb

Ci − Cb
(5)

where Ci and Cb are inlet and outlet concentration of adsorbate
(mg/L), t is the adsorption time (min), k′ is the rate constant (min−1),
and � is the time required for 50% adsorbate breakthrough (min).

It was  shown clearly from Fig. 4 that the breakthrough curves
of benzene and MEK  onto HY-1 and GAC were well fitted by the
Y–N model. Moreover, HY-1 has an exceptionally good shape of the
adsorption breakthrough curves for benzene and MEK, exhibiting a
long breakthrough time and a rapid increase after the breakthrough
compared with GAC. For the sake of comparison, the calculated
breakthrough times and the lengths of mass transfer zone based on
the Y–N equation were summarized in Table 3. The breakthrough
time is calculated as the time at which the concentration in the
outlet is 5% of the inlet concentration. The length of mass transfer
zone is calculated by Eq. (6) [30].
HMTZ = 2L(T0.95 − T0.05)
T0.95 − T0.05

(6)

where L is the length of the packed bed (cm); T0.05 and T0.95 are the
breakthrough and exhaustion time (min), which are defined as the
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Table 3
The breakthrough times and the length of mass transfer zone for benzene and MEK
calculated by Y–N equation.

Adsorbent Adsorbate Breakthrough time (min) HMTZ (cm)

HY-1 Benzene 136.1 0.625
MEK 108.3 1.089

t
c

d
i
i
b
1
t
r
A
f
H
o
l
t
T

F
a

m-GAC Benzene 121.5 2.328
MEK  90.98 2.392

imes when the outlet concentrations are 5% and 95% of the inlet
oncentration, respectively.

In general, the longer the breakthrough time is, the higher the
ynamic adsorption capacity becomes. Additionally, a more rapid

ncrease in the curve after the breakthrough means less resistance
n intraparticle mass transfer. It is learned from Table 3 that the
reakthrough times of benzene and MEK  onto HY-1 increased by
2.02% and 19.04% than those of m-GAC, respectively. Moreover,
he mass transfer zone lengths of benzene and MEK  onto HY-1
educed by 73.15% and 54.47% than those of m-GAC, respectively.

 “steeper” mass transfer zone means that more of the bed is used
or separation. The good adsorption dynamic VOCs capacity of the
Y-1 was attributed to its specific bimodal property in the region
f micropore (0.5–2.0 nm)  and meso-macropore (30–70 nm). The

arger micropore volume of HY-1 directly lead to an increase in
he dynamic capacities for benzene and MEK  compared to m-GAC.
he meso-macropore of HY-1 act as transport pores for benzene

ig. 4. Experimental breakthrough curves of benzene and MEK adsorption on HY-1
nd m-GAC.
terials 203– 204 (2012) 251– 256 255

and MEK  molecules diffusing into the internal surfaces and micro-
porosity, and therefore improve the adsorption kinetics.

4. Conclusions

Adsorption equilibrium of benzene and MEK  vapors onto
hypercrosslinked polymeric resin and a commercial microporous
activated carbon were investigated at 303 K, 315 K, and 328 K,
respectively, and favorable adsorption isotherms were exhibited.
The experimental data were fitted by the D–R equation with all of
the regression coefficients (R2) > 0.96, indicating the suitability of
D–R equation for describing the adsorption behavior of the ben-
zene and MEK  on HY-1 and m-GAC. The effect of temperature on
the adsorption of benzene and MEK  onto HY-1 was more markedly
than m-GAC; such effect is more efficient to regenerate the HY-1 in
a temperature swing adsorption process.

By calculating the isosteric enthalpies of adsorption, it was
found that m-GAC exhibited much wider range and higher values
of �Hst for the VOCs because of its more heterogeneous surface
and higher affinity to the VOCs. However, high exothermic heats
of adsorption of VOCs onto adsorbent can lead to significant tem-
perature rises during the adsorption step, which can lead to the
reduce of dynamic adsorption capacity and the induction of oxida-
tion reaction

In addition, Yoon and Nelson model could predict the whole
breakthrough curve of benzene and MEK  adsorption on HY-1 and
m-GAC. HY-1 had an exceptionally good shape of the adsorption
breakthrough curves for benzene and MEK, exhibiting a long break-
through time and a rapid increase after the breakthrough compared
with m-GAC.
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