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Novel  organic–inorganic  adsorbent
PDVB/R-SiO2 was successfully  pre-
pared.
The  amount  of  toluene  adsorbed  on
PDVB/R-SiO2 is  12  times  that  on SiO2.
A  highly  humid  environment  exhibits
no effect  on  the dynamic  adsorption
of PDVB/R-SiO2.
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a  b  s  t  r  a  c  t

A  novel  organic–inorganic  hydrophobic  polydivinylbenzene–silica  adsorbent  (PDVB/R-SiO2)  was  suc-
cessfully  prepared  by introducing  a specific  amount  of divinylbenzene  and  solvent  (i.e.,  tetrahydrofuran)
to  SiO2pores  and  initiating  polymerization  under  solvothermal  conditions.  New smaller  structures  and
surface  areas  were  formed  in  the SiO2 pores.  The  PDVB/R-SiO2-0.5  samples  exhibited  a  bimodal  pore  size
distribution  with  both  SiO2 micropores/mesopores  (0.5–2.0 nm)  and  mesopores  (2.0–5.0  nm).  The surface
areas  increased  from  116 m2/g (SiO2) to 246  m2/g.  The  breakthrough  curves  of toluene  adsorption  indi-
eywords:
iO2

olydivinylbenzene
rganic–inorganic
dsorbent
olatile organic compounds

cated  that the amount  adsorbed  on  PDVB/R-SiO2-0.5  was  12  times  higher  than  that  on SiO2. The highly
humid  environment  exhibited  no  effect  on  adsorption  because  the  surface  of  PDVB  was  functionalized.
The  adsorbed  toluene  was  easily  desorbed  in  hot  N2 stream  at 100 ◦C.  After  10  adsorption–desorption
cycles,  PDVB/R-SiO2-0.5  continued  exhibiting  excellent  adsorption,  indicating  superior  structural  and
regeneration  abilities.
ydrophobicity

. Introduction

Emissions of volatile organic compounds (VOCs) in industrial
rocesses need to be addressed immediately. Adsorption can
ffectively reduce VOCs for a flexible system with low energy
nd operating cost, as well as recover high-value VOCs [1]. Var-

ous nanoporous materials have been developed as adsorbents,
uch as activated carbon, zeolites, and mesoporous materials.
ctivated carbon is preferred among these materials because

∗ Corresponding author. Tel.: +86 571 88320767; fax: +86 571 88320767.
E-mail addresses: luhf@zjut.edu.cn, lu.hanfeng@gmail.com (H.-f. Lu).

304-3894/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jhazmat.2013.08.033
© 2013 Elsevier B.V. All rights reserved.

of its large surface area, high porosity, and sustainability [2,3].
However, the development of activated carbon has been limited
by several disadvantages, such as increased fire risk, pore clog-
ging, hygroscopicity, and loss of regenerative ability [4–8]. As an
alternative, zeolite can adsorb several small organic substances
[9–12]. However, zeolite cannot adsorb large organic molecules in
high-humidity gas streams because zeolite lacks mesopores and a
hydrophobic surface [13,14]. Commercially available mesoporous
molecular sieves, such as SBA-15 and MCM-41, can also be used as

adsorbents [15–17]. However, these molecular sieves fail to exhibit
high adsorptive capacity and stability at low pressure [18–20].
Moreover, fabrication of these molecular sieves requires costly
raw materials and involves complex synthesis, thus impeding
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he large-scale application of these sieves. Therefore, a novel and
fficient material with high adsorption capacity, hydrophobicity,
nd stable performance needs to be developed.

Silica gel (SiO2) exhibits potential as a superior alternative to
ctivated carbon and molecular sieves because of its controllable
ore structure, large surface area, structural stability, and excellent
egeneration ability [12,21]. Silica gel acts as an excellent des-
ccant in rotary dehumidifiers, which remove water vapor from

orkshops [22,23]. However, the surface of silica gel is rich in
ydroxyl groups, which leads to strongly hydrophilic and rela-
ively low adsorption capacity of organic molecules in highly humid
nvironments. The pore size of silica gel is generally greater than

 nm,  which facilitates the diffusion of organic molecules and con-
equently reduces the adsorption capacity of these molecules in
ow-concentration organic waste gas. With the efficient adsorp-
ion of VOCs considered, the hydrophobicity of groups on the silica
urface and the porosity of silica gel must be controlled.

Polydivinylbenzene (PDVB) resin prepared by the solvothermal
oute is a superhydrophobic nanoporous material with large sur-
ace area and pore volume, as well as excellent adsorptive property
or organic molecules relative to activated carbon [24,25]. There-
ore, if divinylbenzene (DVB) can be introduced to the macropores
f silica gel and polymerized in these pores by the solvothermal
ethod, the hydrophobicity of the silica gel surface would increase,

nd the pore size of the silica gel would be reduced.
This study aims to (1) design a method of introducing DVB to the

acropores of silica gel and create new micropores/mesopores; (2)
nvestigate the effect of the amount of PDVB on the pore struc-
ure, surface area, hydrophobicity, and VOC adsorption capacity
f silica gel; and (3) examine VOC adsorption and desorption on
rganic–inorganic PDVB–silica adsorbents.

. Experimental

.1. Preparation of adsorbents

The preparation of PDVB/SiO2 composite adsorbents is schemat-
cally shown in Fig. 1. Silica gel was silanized by grafting to
rovide it with hydrophobic groups. Silanizaiton pretreatment was
onducted to transform the surface properties of silica gel from
eing hydrophilic to hydrophobic. Non-polar divinylbenzene (DVB)
an then be introduced into the pores of silica gel by disper-
ion, thereby preventing polymerization on the outer surface of
he silica gel. Up to 1.0 g of commercial silica gel (SiO2, Qingdao
uijiao Meigao, China), 50 mL  of toluene, and 10 mL  of KH-570 [�-

methacryloxypropyl)trimethoxy silane] were mixed and refluxed
t 85 ◦C for 10 h. The white vinyl-functionalized SiO2 was repeat-
dly washed with ethanol and dried at room temperature. The
ample was labeled as R-SiO2.

DVB was dissolved in varying amounts of tetrahydrofuran
THF) solvent at ratios of [DVB/THF (wt)] 1:0.5, 1:1, 1:2, and 1:3.
zobisisobutyronitrile (0.01 g) was subsequently added to these
olutions. After stirring for 30 min  at 0 ◦C, the 1.0 mL  solution thor-
ughly mixed with 1 g of R-SiO2. The samples were placed in an
utoclave and treated at 110 ◦C for 30 h. The system was  cooled to
oom temperature, and samples were obtained after slow evapo-
ation of the THF. The synthesized materials were designated as
DVB/R-SiO2-x, where x is the DVB/THF ratio (i.e., 2.00, 1.00, 0.50,
nd 0.33).

.2. Characterization
The physical characteristics of the adsorbents, including their
pecific surface area, pore volume distribution, and pore diameter,
ere measured by N2 (g) adsorption in an ASAP 2020 micropore
s Materials 262 (2013) 83– 90

analyzer at 77 K in liquid N2. Surface area was calculated accord-
ing to the Brunauer–Emmett–Teller method by using adsorption
data acquired at a relative pressure (P/P0) ranging from 0.05 to
0.25. The total pore volume was estimated based on the amount
adsorbed at a relative pressure of about 0.99. Pore size distribution
curves were derived from the analysis of the desorption branch of
the isotherm according to the Barrett–Joyner–Halenda algorithm.
Fourier transform infrared (FTIR) spectra were obtained by the
KBr method, recorded on a Bruker Vector-70, and scanned from
4000 cm−1 to 500 cm−1. The thermogravimetry (TG) and the deriva-
tive thermogravity (DTG) results of the samples were analyzed with
a TG/DTG analyzer (NETZSCH, STA 409PC). The heating rate was  set
at 10 K/min from 50 ◦C to 850 ◦C under an N2 flow of 50 mL/min.
The water contact angles of the samples were measured with a
theta optical tensiometer (KSV Instruments) and electro-optics
with a closed-circuit television camera connected to a computer
(Attension Theta software). A droplet of distilled water (3 �L) was
deposited on the surface of the samples. The water contact angle of
each sample was measured three times, and the average value was
recorded.

2.3. Adsorption performance test

Toluene was used as a model VOC. Gaseous toluene was  gener-
ated by bubbling liquid toluene at 0 ◦C with nitrogen gas flow. The
flow volume was  regulated by a mass flow controller. The gener-
ated gaseous toluene was  transferred to a buffer by N2 steam and
then diluted with N2 at the required concentration. The gaseous
toluene was  then passed directly through a sample column at
40 ◦C. The column (8 mm  in diameter, 13 mm in height) was  packed
with the adsorbent of about 0.5 g. The inlet and the outlet toluene
concentrations were monitored online by an HP-Agilent 7890 gas
chromatograph equipped with a flame ionization detector. The
inlet toluene concentration was controlled at 1000 mg/m3. Adsorp-
tion capacity was  calculated according to Eq. (1):

q = F × C0 × 10−9

W

[
ts

∫ ts

0

Ci

C0
dt

]
(1)

where q is the dynamic adsorption capacity (mg/g), ts is the time
to reach adsorption equilibrium (min), F is the flow volume of the
carrier gas (N2) (500 mL/min), W is the weight of the adsorbent (g),
C0 is the inlet concentration of the adsorbed gas (mg/m3), and Ci is
the outlet concentration of the adsorbed gas (mg/m3).

The influence of water vapor was  also measured according to the
above procedure. The N2 steam was humidified directly by using
an electronic humidifier and then passed through a sample col-
umn. Humidity levels at the inlet and the outlet of the column were
monitored using a humidity sensor.

2.4. Regeneration ability

After the saturated adsorption of toluene, the samples were
regenerated by a hot N2 stream of 20 mL/min at 100 ◦C for 60 min.
The samples were reused to measure adsorption ability. The same
procedure was repeated 10 times during subsequent recycling.

3. Results and discussion

3.1. Physicochemical and texture characteristics

The amount, thermal stability, and distribution of PDVB in the

pores and on the surface of the silica gel were investigated by ther-
mal  analysis. The weight loss (TG) and differential weight analysis
(DTG) results of SiO2, R-SiO2, and PDVB/R-SiO2 are presented in
Fig. 2. The TG profile of SiO2 shows that only one stage of weight
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Fig. 1. Schematic model for preparing the orga

oss before 200 ◦C is attributed to the loss of adsorbed water. After
ilane was grafted onto SiO2, the R-SiO2 sample exhibited an addi-
ional weight loss of 5 wt% at temperatures ranging from 260 ◦C to
50 ◦C, which corresponded to silane decomposition. This finding
uggests that silane was successfully grafted onto the surface of the
ilica gel. The TG curves of the PDVB/R-SiO2 samples revealed two
tages of weight loss – one ranging from 250 ◦C to 450 ◦C and the
ther from 450 ◦C to 700 ◦C – and a total weight loss of more than
0 wt%. These results indicate the thermal decomposition of the
DVB resin. However, Fig. 2 and [24] show that the temperature of
ure PDVB decomposition ranged from 250 ◦C to 500 ◦C. Thus, the
eight loss when the temperature ranged from 250 ◦C to 500 ◦C can

e attributed to the decomposition of PDVB on the external surface
f the SiO2, and SiO2 exerts no effect on the thermal decomposition
f PDVB. However, the decomposition temperature of PDVB/R-SiO2
anges from 250 ◦C to 700 ◦C, which is obviously wider than that of
ure PDVB. These results suggest that the decomposition of PDVB
ccurs at higher temperatures because part of PDVB entered into
he pores of SiO2. The increase in decomposition temperature may
e attributed to the following. (1) Heat transfer effect. During the
eating process, heat transfer from the outer to the inner surface of
iO2 is very slow because of the low thermal conductivity of SiO2
0.35 W/(m K)]. Therefore, the actual temperature in the pores is
onsistently lower than the temperature recorded by TG; (2) diffu-
ion effect. The diffusion of the products of the decomposition of
DVB is impeded by the diffusion resistance of the pores. There-
ore, the decomposition of PDVB in the pores is slower than that

n the external surface. As shown in Fig. 2, decomposition occurs
t a higher temperature as the DVB/THF ratio increases. This result
uggests that the DVB monomer was successfully introduced to the
ores of the silica gel. When the external surfaces of the silica gel
organic composite adsorbent of PDVB/R-SiO2.

adsorbed DVB to saturation, the excess DVB and solvent quickly
penetrated the pores.

The FTIR spectra of SiO2, R-SiO2, and PDVB/R-SiO2 are compared
in Fig. 3. The vibration bands around 3430 cm−1 and a shoulder
around 1635 cm−1 indicate the presence of molecular water and
Si OH. All sample spectra exhibited a wide absorption band in the
range of 900–1300 cm−1; this band can be attributed to the Si O Si
stretching vibration. However, compared with that of pure SiO2, the
adsorption band intensity of Si OH of the R-SiO2 and PDVB/R-SiO2
samples was significantly reduced, and a new adsorption band cen-
tered on 750 and 2930 cm−1 appeared. This new band is attributed
to benzene and C H vibration, indicating that the silane (KH-570)
and PDVB grafted and loaded onto the surface of the silica gel
formed an organic–inorganic composite material.

3.1.1. Surface area and pore volume distribution
The surface areas and pore volumes of the samples are listed in

Table 1. SiO2 exhibited a relatively small surface area of 119 m2/g
and a large pore size. After silane was  grafted, it occupied part of
the silica gel surface area, further reducing the R-SiO2 surface area.
However, the surface area of the samples expanded when PDVB was
introduced to the pores of the silica gel. PDVB/R-SiO2-0.5 exhibited
the largest surface area of 246 m2/g, which is twice that of pure
silica gel. The increase in surface areas indicates that the PDVB
resin filled the pores of SiO2 and created more micropores in the
mesopore structure of the silica gel. Excess PDVB introduced to the
SiO2 pores inhibited the creation of new pores and reduction of the

surface area because it blocked the pores.

The nitrogen adsorption/desorption isotherms and pore size
distribution of the samples are shown in Fig. 4(A) and (B). The
adsorption isotherms were of type IV (International Union of Pure
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Fig. 2. TG and DTG curves for SiO2, R-SiO2, PDVB/R-SiO2 and PDVB samples.

Table 1
Textural properties of SiO2, R-SiO2 and PDVB/R-SiO2 samples.

Sample DVB/THF in
solvent

BET (m2/g) Pore volume
(m3/g)

Average pore
size (nm)

Micropore
volume (cm3/g)

Micropore area
(m2/g)

PDVB loading%a

SiO2 – 119.0 0.252 30.33 0.005 4.222 –
R-SiO2 – 100.7 0.248 26.65 0.007 5.236 –
PDVB/R-SiO2-0.33 1/3 133.7 0.167 20.01 0.012 20.92 24
PDVB/R-SiO2-0.5 1/2 246.5 0.272 10.09 0.064 65.27 27
PDVB/R-SiO2-1.0 1/1 27.61 0.065 36.48 0.002 3.932 34
PDVB/R-SiO2-2.0 1/0.5 15.65 0.037 40.21 – – 41

a Data was calculated from TG curves.
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Fig. 4. Nitrogen adsorption/desorption isotherms (A) and BJH pore size distributions
(B)  for the samples. (a) SiO ; (b) R-SiO ; (c) PDVB/R-SiO -0.33; (d) PDVB/R-SiO -0.5;
ig. 3. FT-IR spectra of patterns of samples. (a) SiO2; (b) R-SiO2; (c) PDVB/R-SiO2-
.33; (d) PDVB/R-SiO2-0.5; (e) PDVB/R-SiO2-1.0; (f) PDVB/R-SiO2-2.0.

nd Applied Chemistry classification) with a sharp capillary con-
ensation step at P/P0 equal to 0.95, indicating the presence of

 mesoporous structure. A hysteresis loop of the H1 type with
 clear step at P/P0 equal to 0.95 (from the adsorption branch)
haracterized the pores with cylindrical geometry. The pore size
istributions of SiO2 and R-SiO2 (3–10 nm and 20–100 nm,  respec-
ively) are shown in Fig. 4(B). These distributions indicate the
nsignificant effect of silane grafting on the porous structure.
owever, the introduction of PDVB to the pores caused the dis-
ppearance of pore distribution ranging from 20 nm to 100 nm and
he appearance of new pore sizes. For example, the PDVB/R-SiO2-
.5 sample exhibited pore size distributions of <2 nm and in the
ange of 2–5 nm,  indicating that PDVB can create new micropores
nd mesopores. By contrast, the pore distributions of the PDVB/R-
iO2-1 and PDVB/R-SiO2-2 samples in the ranges of 4–10 nm and
0–100 nm confirm the pore blockage caused by excess PDVB.

.1.2. Water contact angle
To identify the surface hydrophobic properties of the samples,

he water contact angles of bare SiO2 and PDVB/R-SiO2-0.5 were
easured (Fig. 5). The water droplet of the silica gel sample was

mmediately spread on the surface, with a contact angle of zero,
ndicating high hydrophilicity in the silica gel attributed to its rich
urface hydroxyl. When a water droplet was allowed contact with
he surface of PDVB/R-SiO2-0.5, the contact angle measured was
17.3◦, suggesting that hydrophobic films on the SiO2 surface were
ormed by PDVB coating. Moreover, hydrophobicity may  be related
o surface roughness, which is consistent with previous findings.

.2. Dynamic adsorption
Fig. 6 shows the toluene adsorption breakthrough curves of the
amples under dry conditions. The curves can be divided into three
tages. During the first stage, the toluene was almost completely
dsorbed, and its outlet concentration was almost zero. During
2 2 2 2

(e)  PDVB/R-SiO2-1.0; (f) PDVB/R-SiO2-2.0.

the second stage, the toluene concentration gradually reached the
breakthrough point (the outlet concentration was 5% of the inlet
concentration), and the outlet toluene concentration significantly
increased with extended adsorption time. The outlet concentration
rose in an S-shaped curve to the inlet concentration (i.e., the third
stage). In general, the longer the breakthrough time, the higher the
dynamic adsorption capacity. Among the samples, PDVB/R-SiO2-
0.5 and PDVB/R-SiO2-2 exhibited the longest (i.e., nearly 45 min)
and the shortest (i.e., only 1 min) breakthrough times, respectively.

However, PDVB/R-SiO2-2 required a longer time to reach adsorp-
tion equilibrium. The need for an extended breakthrough time may
be attributed to the blockage of the SiO2 pores by excess PDVB,
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hereby increasing the resistance of toluene diffusion from the
uter to the inner micropores.

To perform a quantitative comparison of the adsorption capaci-
ies between SiO2 and PDVB/R-SiO2, the breakthrough curves were
tted using the Yoon and Nelson (Y–N) model. The Y–N equation is
xpressed as [26]

 = � + 1
k′ ln

(
C

C0 − C

)

here C0 and C are inlet and the outlet concentrations of the adsor-
ate, t is the breakthrough time, K is the constant rate, and � is the
ime required for a 50% adsorbate breakthrough.

As shown in Fig. 6 and Table 2, the breakthrough curves of
oluene onto samples were fitted well by the Y–N model. For
omparison, the adsorption breakthrough times and breakthrough
apacities were calculated using the Y–N equation, as shown
n Table 2. The saturated adsorption capacity of pure SiO2 was
nly 5.2 mg/g. The introduction of PDVB significantly increased
oluene adsorption. PDVB/R-SiO2-0.5 obtained the largest adsorp-
ion amount (about 61 mg/g), which was 12 times greater than
hat of pure SiO2. The PDVB/R-SiO2-1.0 and PDVB/R-SiO2-2.0 sam-
les obtained adsorption amounts lower than PDVB/R-SiO2-0.5
ecause of the smaller surface area of the former. Likewise, PDVB/R-
iO2-2 obtained an adsorption amount of 0.87 mg/m2, which was
0 times higher than that of pure SiO2. Therefore, the increase
n surface areas was not the primary reason for the increase in
dsorption amounts. The microporous and smaller mesoporous
tructures formed by introducing PDVB was very important for the
igh adsorption of organic molecules.
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ig. 6. Experimental and predicted breakthrough curves of toluene on six sam-
les  under dry conditions (GHSV: 60,000 mL/(h g), inlet toluene concentration
000 mg/g).
blet of SiO2 and PDVB/R-SiO2-0.5.

To investigate the adsorption properties in a highly humid
environment, the dynamic toluene adsorption of SiO2 and PDVB/R-
SiO2-0.5 in a humid gas stream [40%, 50%, 60%, and 70% relative
humidity (RH)] was  compared. SiO2 exhibited high breakthrough
peaks after 2 min  (i.e., the outlet toluene concentration was  higher
than the inlet concentration) (Fig. 7). This finding indicates that
the toluene molecules were not completely adsorbed on the SiO2
in a humid environment (50% RH) because the water molecules
were strongly adsorbed on the surface by replacing toluene. How-
ever, in a different humid environment, the breakthrough curves of
PDVB/R-SiO2-0.5 slightly changed compared with that under dry
conditions. This difference may  be attributed to the high degree
of surface PDVB functionalization. PDVB/R-SiO2-0.5 is an excellent
adsorbent with potential environmental applications owing to its
hydrophobicity and appropriate pore diameter.

3.3. Regeneration ability

Thermal regeneration ability is one of the important criteria for
excellent VOC adsorption. Fig. 8 shows the breakthrough curves
of PDVB/R-SiO2-0.5, which was  regenerated by continuous ther-
mal  desorption at 100 ◦C and adsorption at 40 ◦C. After at least
10 adsorption/desorption cycles, toluene adsorption remained
at approximately 60 mg/g. Absorbed toluene can be completely

◦

only slightly reduced after desorption. Fig. 9 shows the desorp-
tion curves of 20 mL/min N2 gas at 80 ◦C and 100 ◦C, the outlet
toluene concentration was monitored by GC at an interval of 1 min.

(C/C0=0.05)
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Fig. 7. Comparison of breakthrough curves for toluene adsorbed on SiO2, R-SiO2 and
PDVB/R-SiO2-0.5 under dry and humid air conditions (GHSV: 60,000 mL/(h g), inlet
toluene concentration 1000 mg/g).
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Table 2
Breakthrough characteristics of toluene adsorption onto SiO2 and PDVB/SiO2 calculated from Y–N model and experimental data.

Samples (min) t1 (C/C0 = 0.1) (min) t2 (C/C0 = 0.9) (min) Saturated
adsorption (mg/g)

Break through
adsorption (mg/g)

Adsorption per square
meter (mg/m2)

SiO2 5.084 3.843 6.348 5.216 3.140 0.0438
R-SiO2 11.360 5.223 17.580 12.25 6.920 0.1216
PDVB/R-SiO2-0.33 27.316 13.293 41.400 19.36 8.960 0.1448
PDVB/R-SiO2-0.5 60.667 45.097 76.352 

PDVB/R-SiO2-1.0 17.501 7.376 27.660 

PDVB/R-SiO2-2.0 15.920 2.211 52.583 

0 2010 4030 80706050 11010090

0.0

0.2

0.4

0.6

0.8

1.0

Time (min)

C
/C

0

Number of cycles

 1

 2

 3

 4

 5

 6

 7

 8

 9

 10

Fig. 8. The breakthrough curves for toluene adsorbed on PDVB/R-SiO2-0.5 under
continuous adsorption–desorption cycle.
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ig. 9. Desorption curve of N2 gas at temperatures ranging from 80 C to 100 C
toluene concentration C0, 35 g/m3; adsorbent amount, 0.5 g; flow volume of N2,
0  mL/min).

he highest toluene concentration of 35 g/m3 was  observed after
0 min. This concentration is exceeds the saturated vapor concen-
ration of toluene at 0 ◦C. Toluene adsorbed on PDVB/R-SiO2-0.5
an be completely desorbed within 60 min. The desorption in the
ange of 80–100 ◦C is more energy-effective than that of zeolite Y in
he range of 200–250 ◦C [11]. Therefore, PDVB/R-SiO2-0.5 exhibits
xcellent thermal stability and regeneration performance.

. Conclusions
Introducing DVB to SiO2 pores and polymerizing under
olvothermal conditions yields PDVB/R-SiO2-0.5, a novel
rganic–inorganic composite adsorbent material. In contrast

[

61.01 48.91 0.2475
13.90 8.200 0.5034
13.64 3.430 0.8715

to pure SiO2, PDVB/R-SiO2-0.5 exhibits a larger surface area, larger
pore volume, and smaller pore size distribution. The hydrophilic
surface of SiO2 becomes hydrophobic after PDVB functionalization.
The amount of low-concentration toluene adsorbed onto PDVB/R-
SiO2-0.5 is 12 times higher than that adsorbed onto pure SiO2 and
is not affected by high humidity (70% RH). The samples exhibited
remarkable regeneration ability. Therefore, PDVB/R-SiO2 can be an
excellent adsorbent in rotary wheels for VOCs removal.
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