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a b s t r a c t

Organofunctionalized SBA-15 materials, including methyl-SBA-15 and phenyl-SBA-15, were synthesized
by co-condensation method of tetraethyl orthosilicate (TEOS) and organosilanes such as methyltri-
ethoxysilane (MTES) and phenyltriethoxysilane (PTES) under acidic conditions, and used as adsorbents
for the VOCs abatement. These adsorbents were characterized by powder X-ray diffraction, N2 adsorp-
tion/desorption isotherms and FT-IR spectroscopy techniques. The results indicated that all samples
showed a highly ordered two dimensional hexagonal mesostructure and the organic groups were chem-
ically incorporated into the pore surface of SBA-15 substrate. The dynamic adsorption behaviors of
single VOC component (benzene) on methyl-SBA-15 and phenyl-SBA-15 adsorbents were evaluated via
breakthrough curves. It was found that the adsorbent with the PTES/TEOS molar ratio at 1:10 had the
largest capacity (0.650 mmol/gadsorbent) in the single component dynamic adsorption and the phenyl

groups had stronger attractive interaction with benzene than the methyl groups. A mathematical model
for the organofunctionalized SBA-15 adsorbents was successfully employed to describe the adsorption
breakthrough curves of benzene. For binary component adsorption, the phenyl-SBA-15 exhibited the �-
electrons effect between the adsorbate and the adsorbent, as the phenyl-SBA-15 materials preferred to
adsorb benzene to cyclohexane. The larger dynamic VOCs capacity of the organofunctionalized SBA-15
materials was attributed to the synergetic effect between the amount of organic groups and the total pore
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. Introduction

Emissions of volatile organic compounds (VOCs) are becoming
ne of the most stringent environmental challenges in many indus-
rial processes. VOCs are known as one of the major contributors
o the formation of photochemical ozone and secondary organic
erosol (SOA), which would result in harmfully healthy and seri-
usly environmental problems. There are a number of technologies
vailable for VOCs abatement, among which, sorption is a reliable
hemical engineering method widely used because of the flexibility
f the system, low energy and cheap operation costs [1–3]. Acti-
ated carbon is also the most widespread alternative to eliminate

he volatile organic compounds due to its developed microporosity
hich ensures good adsorption capacities [4]. However, its appli-

ation is limited by the sensibility to high temperature, difficult
egeneration and shortcomings of pore blocking and hygroscopic-
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ty [5]. Hence, different alternative adsorbents are desirable to be
eveloped to overcome these kinds of problems.

Recently, a new ordered mesoporous silica family (MCM-41 [6],
BA-15 [7], HMS [8], etc.) was used as adsorbents for the VOCs
emoval. These ordered mesoporous materials show a large BET
urface area, high porosity, controllable and narrowly distributed
ore sizes and good mechanical stability that are greatly suitable

n the adsorption of VOCs. The feasibility of tailoring their sur-
ace properties by introducing hydrophobic functional groups (such
s methyl, phenyl and so on) into the special places of the silica
ramework makes them even more attractive in the adsorption and
limination of undesired compounds [9,10]. Especially, SBA-15 has
arge pore size to separate large VOCs molecules and high ther-

al/hydrothermal stability due to the thickness of the silica walls.
n the other hand, SBA-15 materials have complementary microp-

res in the silica walls connecting the primary one-dimensional
esopore channels to form a well-defined 2D hexagonal array.

hese SBA-type materials with bimodal pore distribution have been
pproved a high affinity for various VOCs due to their complemen-
ary micropores [7,11,12].

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:zpinghao@rcees.ac.cn
dx.doi.org/10.1016/j.cej.2008.11.003
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It is expected that the incorporation of organic groups into the
ramework of the mesoporous materials will modify their adsorp-
ive properties by improving their affinity to organic compounds
13]. The incorporation of organic groups can be achieved in three
ays as related paper summarized [9]: (1) by subsequent attach-
ent of organic compounds onto a pure silica framework, i.e.

rafting, (2) by simultaneous condensation reaction of inorganic sil-
ca species with silylated organic compounds, i.e. co-condensation,
nd (3) by using the bissilylated organic precursors that lead
o periodic mesoporous organosilicas (PMOs). Especially for co-
ondensation, which involves copolymerization of organosilanes
such as methyltriethoxysilane and phenyltriethoxysilane) with a
iloxane (such as tetraethyl orthosilicate) in the presence of a sur-
actant template, offers a higher and more uniform surface coverage
f functional groups and a better control over the amount of the
ncorporated organosilanes. Therefore, in this work, the synthesis of
unctionalized SBA-15 was performed by co-condensation method.

Lots of works were reported on the wide applications of func-
ionalized SBA-15 matetials. Nguyen et al. [14] synthesized func-
ionalized SBA-15 via incorporating 3-aminopropylethoxysilane
APTES) on SBA-15 to separate protein effectively. Li et al. [15]
nvestigated that functionalized SBA-15 by aminopropyl, imidazole
nd triazole groups and found the excellent adsorption capacity
or Cr(VI) and fast adsorption rate. However, rare studies about
he VOCs adsorption on functionalized SBA-15 materials are avail-
ble, especially the adsorptive studies on the SBA-15 with different
rganosilanes/TEOS ratios and various VOCs components. In this
ense, the development of functionalized mesoporous silicas for
OCs adsorption could generate a considerable interest.

This study focuses on the synthesis of SBA-15 functionalized by
ethyl or phenyl groups with different organosilane/TEOS molar

atios using co-condensation method and used as adsorbents for
OCs abatement. The dynamic adsorption behaviors of single com-
onent benzene and bicomponent (benzene and cyclohexane)
ere investigated on these organofunctionalized SBA-15 materi-

ls. The aim of this study is to explore the affinity between VOCs
ollutants and functionalized groups incorporated into the surface
f SBA-15 substrate using the dynamic adsorption behaviors. And
he adsorbents material property was studied by adjusting dif-
erent molar ratios of MTES/TEOS and PTES/TEOS present in the
nitial synthesis mixtures on the formation of functionalized SBA-
5, respectively.

. Experimental

.1. Materials preparation

Chemicals used in this study include tetraethyl orthosilicate
TEOS), pluronics P123 (MW: 5800, Aldrich), methyltriethoxysilane
MTES, 98+%, Acros Organics), phenyltriethoxysilane (PTES, 98%,
cros Organics), anhydrous ethanol (99.7%) and fuming hydrochlo-
ic acid (HCl, 37%).

Pure SBA-15 and functionalized SBA-15 materials were synthe-
ized by a method similar to Zhao et al. described [16]. The pure
BA-15 was prepared by TEOS as silica source and a nonionic tri-
lock copolymer surfactant P123 as the structure-directing agent
nder acidic and hydrothermal conditions. The chemical compo-
ition of reaction mixture was 4 g P123: 0.041 mol TEOS: 0.24 mol
Cl: 6.67 mol H2O. Because of different hydrolysis ratios of TEOS

nd organosilanes, the synthesis of functionalized SBA-15 was sim-
lar to that of the pure SBA-15 sample except for an additional
re-hydrolyzed process as to get a much better defined mesostruc-
ure. Briefly, a certain molar ratio of organosilane (MTES or PTES)
nd TEOS (where the ratios of organosilane/TEOS were 1:20, 1:10,
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:5, and 1:15 for PTES/TEOS only) was dissolved in 0.12 mol HCl
nd 3.335 mol H2O firstly, and then mixed with the surfactant solu-
ion (4 g P123: 0.12 mol HCl: 3.335 mol H2O) to get a homogenous
olution. Then, the mixtures were subjected to crystallization at
73 K for 48 h in Teflon bottles. All the crystallized products were
entrifuged and washed by solution of 5 ml HCl (37%) in 250 ml
thanol at 70 ◦C for 6 h and repeated three times, then dried at 373 K
vernight under vacuum condition.

.2. Materials characterization

Small-angle X-ray diffraction (XRD) patterns were recorded
n Siemens D5005 diffractometer at 40 kV and 40 mA using a
u K� radiation over the range 0.7◦ ≤ 2� ≤ 6.0◦. Nitrogen adsorp-
ion/desorption isotherms were measured at liquid nitrogen
emperature, using a NOVA1200 gas sorption analyzer. Before
he measurements, the samples were degassed under vacuum at
78 K for 6 h. The BET surface areas were calculated based on
he linear part of the BET plot ((P/P0) = 0.05–0.25). The total pore
olumes were estimated according to nitrogen uptake at a rel-
tive pressure (P/P0) of ca. 0.99. The pore size distribution was
erived from the desorption branch of the N2 isotherms using
arrett–Joyner–Halenda (BJH) method [17]. Infrared spectra were
ecorded on a Bruker Tensor 27 using diffuse reflectance infrared
ourier transform spectroscopy (DRIFT) techniques, scanned from
000 cm−1 to 500 cm−1.

.3. Dynamic adsorption of VOCs

Firstly, the samples were crushed and sieved between 40 mesh
nd 60 mesh. About 100 mg of pelletized sample was loaded in
he absorption bed (U-type tube), and the samples were heated
t 110 ◦C for overnight under vacuum condition to remove the
hysically adsorbed water molecules and small organic impurities
dsorbed in pores. The dynamic adsorption of VOCs was carried out
n the experimental set-up (represented schematically in Fig. 1).
itrogen was taken as carrier gas and adjusted to keep the total
as flow rate at 50 ml/min. The adsorption capacity of samples
as evaluated from breakthrough curves obtained at 20 ◦C in a
ixed gas flow of ca. 1000 ppm VOCs (such as benzene) when line 1

nd line 2 were opened for a single component adsorption experi-
ent. To investigate the affinity between benzene and phenyl group

ncorporated into the surface of the SBA-15, dynamic adsorption of
icomponent (500 ppm for benzene and 500 ppm for cyclohexane)
as analyzed when all three lines were simultaneously opened

o generate benzene–cyclohexane–nitrogen mixture. The tempera-
ure of the saturators was kept at 0 ◦C in water/ice bath to generate a
onstant VOCs partial pressure. The gas concentration of VOCs was
djusted by controlling the flow rate of carrier gas. VOCs concentra-
ions of the inlet and outlet were analyzed by gas chromatography
GC).

The dynamic adsorption capacity (q) of the adsorbents was cal-
ulated from the breakthrough curves according to the equations
18] as follows:

= FAtq

W
(1)

he time tq is estimated according to (Eq. (2)):

q =
∫ (

1 − CA

C

)
dt − tD (2)
0

here FA is the molar flow of VOC, W is the amount of the adsor-
ent loaded in the adsorption bed (U-type tube), CA and C0 are the
utlet and inlet concentration of the stream through the fixed bed
olumn, respectively, and tD is the dead time of the system, which is
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Fig. 1. Schematic diagr

correction factor representing the time required by the adsorbate
o travel from the saturator valve to the detector in the absence of
dsorption phenomena.

. Results and discussion

.1. Characterization of the adsorbents

Figs. 2 and 3 show the XRD patterns of functionalized SBA-
5 together with pure SBA-15.The peaks indexed as (1 0 0),
1 1 0) and (2 0 0) in all the samples indicate well-defined SBA-15

esostructure with two-dimensional hexagonal p6mm symmetry.
ll samples exhibit a sharp peak indexed as (1 0 0), but the intensi-

ies of the functionalized SBA-15 materials are considerably lower

nd the peak positions are shifted to higher 2� value compared
o the pure SBA-15, which is consistent with Zhao’s result [19].
ncreasing the amount of organosilane added in the initial synthesis

ixtures caused a decrease in (1 1 0) and (2 0 0) peaks remarkably,
specially when the ratios reached 1:5 for MTES/TEOS and 1:10

ig. 2. XRD patterns of methyl-SBA-15 with different MTES/TEOS molar ratios: (a)
ure SBA-15, (b) MTES/TEOS = 1:20, (c) MTES/TEOS = 1:10, and (d) MTES/TEOS = 1:5.
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experimental set-up.

or PTES/TEOS, respectively. However, the incorporation of MTES
r PTES into the initial mixtures does not considerably disrupt the
ong-range mesoscopic order except a slight local disorder for the
amples with larger concentrations of organosilanes, which is sim-
lar to the Wei’s results [20].

Figs. 4 and 5 show the N2 adsorption–desorption isotherms and
he pore size distribution (PSD) curves for the pure SBA-15 and func-
ionalized SBA-15 materials. All samples exhibit type IV isotherms
ith type H1 hysteresis loops according to the IUPAC nomenclature,

ypical of mesoporous materials with 1D cylindrical channel [21].
owever, ill-defined isotherms are observed when the PTES/TEOS

eaches 1:5. As shown in Figs. 4(A) and 5(A), a position shift of
he capillary condensation toward lower relative pressures occurs
ith the increase of the molar ratios for organosilanes/TEOS, which

ndicates the decrease of the mesopore size [22], and also con-

rmed by Fig. 4(B) and Fig. 5(B). The nitrogen isotherms exhibit
hat the amount of organosilanes present in the co-condensation
ynthesis process has a profound effect on the formation of SBA-15
esostructures. Physicochemical properties of functionalized SBA-

ig. 3. XRD patterns of phenyl-SBA-15 with different PTES/TEOS molar ratios: (a)
ure SBA-15; (b) PTES/TEOS = 1:20; (c) PTES/TEOS = 1:15; (d) PTES/TEOS = 1:10; (e)
TES/TEOS = 1:5.
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Fig. 4. Nitrogen adsorption–desorption isotherms (A) and BJH pore size distributions (B) of patterns of methyl-SBA-15 materials of (a) pure SBA-15, (b) MTES/TEOS = 1:20,
(c) MTES/TEOS = 1:10, and (d) MTES/TEOS = 1:5.
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ig. 5. Nitrogen adsorption–desorption isotherms (A) and BJH pore size distribution
TES/TEOS = 1:15, (d) PTES/TEOS = 1:10, and (e) PTES/TEOS = 1:5.

5 materials with different organosilanes/TEOS molar ratios are
isted in Table 1. It is seen that with the increase of the molar ratios
or organosilanes/TEOS, the total pore volume and BJH pore diame-
er of the samples decreased while the BET surface areas increased
except for 1:5 PTES) compared to the pure SBA-15. Very weak dis-
uptive effect of MTES and PTES on SBA-15 mesostructure should
ainly account for this observation, as mentioned by Chong et al.
23] that the incorporated VTES (vinyltriethoxysilane) on SBA-15
lso has a very weak disruptive effect to the mesostructure.

The incorporation of methyl and phenyl groups in the SBA-15
rameworks can be qualitatively confirmed by the Fourier trans-
orm infrared (FTIR) spectra in Figs. 6 and 7, respectively. In Fig. 6,

p
a
p
b
b

able 1
orous properties and simulated parameters of organofunctionalized SBA-15 materials.

ample BET surface area (m2 g−1) Pore diameter (nm) T

ure SBA-15 501.0 8.15 1
l:20)MTES 512.0 6.67 1
1:10)MTES 577.1 5.57 1
1:5)MTES 611.4 5.20 0
1:20)PTES 637.5 5.57 0
1:15)PTES 692.4 5.20 0
l:10)PTES 794.5 4.41 0
1:5)PTES 645.6 3.44 0

a R2 is the coefficient of determination.
of patterns of phenyl-SBA-15 materials of (a) pure SBA-15, (b) PTES/TEOS = 1:20, (c)

he peaks located at 1275 cm−1 and 2981 cm−1 assign to the vibra-
ion of the Si–C bond and the CH3 unit, respectively [24], whose
ntensity increases with the raise of the molar ratios for MTES/TEOS,

hich is the evidence that methyl groups are incorporated into
BA-15 framework. The same trend of result was observed in Fig. 7
ith the signals of phenyl groups. The peaks at 3055 cm−1 and

076 cm−1 are attributed to the C–H stretching vibrations of the
−1 −1
henyl groups, while the peaks at 1431 cm and 1484 cm are

ttributed to the C C vibration of the aromatic ring [25], and the
eaks at 739 cm−1 and 698 cm−1 assign to the distinctive marks of
enzene. The intensity of the peaks at 1350 cm−1 and 1379 cm−1 in
oth Figs. 6 and 7 due to the P123 surfactant residues is very weak,

otal pore volume (cm3 g−1) �0 (min) k′ (min−1) R2a

.143 28.45 0.206 0.991

.068 30.43 0.153 0.983

.027 51.85 0.130 0.986

.994 27.84 0.152 0.976

.903 47.53 0.156 0.988

.963 62.16 0.212 0.996

.873 67.59 0.106 0.989

.465 64.06 0.166 0.995
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ig. 6. FTIR spectra of patterns of methyl-SBA-15 materials of (a) pure SBA-15, (b)
TES/TEOS = 1:20, (c) MTES/TEOS = 1:10, and (d) MTES/TEOS = 1:5.

uggesting the relatively effective removal of the surfactant by the
olvent extraction method. Thus, the functional groups were chem-
cally incorporated into the frameworks of ordered mesoporous

aterials by the co-condensation method.

.2. Dynamic adsorption of single component on the adsorbents

A breakthrough measurement is a direct method designed
o clarify the dynamic performance of VOCs adsorption at low
oncentration. The dynamic adsorption behavior of benzene was
valuated on these functionalized SBA-15 samples. In general, the
onger the breakthrough time, the higher the dynamic adsorption
apacity. Figs. 8 and 9 show the benzene breakthrough curves on
ethyl functionalized SBA-15 and phenyl functionalized SBA-15

dsorbents, respectively. The typical breakthrough curves give the
volution of the CA/C0 ratio as a function of time, where CA is the
oncentration of benzene at the outlet of the adsorption bed and

0 is the concentration of benzene at the inlet [2].

Among the adsorbents employed in the present investiga-
ion, methyl-SBA-15 adsorbent with 1:10 ratio of MTES/TEOS and
henyl-SBA-15 adsorbent also with 1:10 ratio of PTES/TEOS exhibit

ig. 7. FTIR spectra of patterns of phenyl-SBA-15 materials of (a) PTES/TEOS = 1:20;
b) PTES/TEOS = 1:15; (c) PTES/TEOS = 1:10; (d) PTES/TEOS = 1:5.
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ig. 8. The breakthrough curves and mathematic models for pure SBA-15
nd methyl-SBA-15 materials of (a) pure SBA-15, (b) MTES/TEOS = 1:20, (c)
TES/TEOS = 1:10, and (d) MTES/TEOS = 1:5.

xceptionally good breakthrough curves and the highest adsorption
apacity in the methyl-SBA-15 and phenyl-SBA-15 patterns, respec-
ively. But further elevation in the ratios of organosilanes/TEOS
annot induce higher capacity. The physical properties were sum-
arized in Table 1. The functionalized SBA-15 samples with higher

atio of organosilane/TEOS have larger BET surface area and more
rganic groups in the surfaces (exhibited in FTIR spectra) which
an improve their affinity to organic compounds such as benzene
nd obtain higher capacity. On the other hand, higher ratio of
rganosilanes/TEOS leads to lower total pore volume which other-
ise makes the adsorption capacity decreased. It can be assumed

hat both the organic groups on the adsorbent surfaces and the total
ore volume of the adsorbents can decide the adsorption capacity.
nd it must be noted that the dynamic benzene adsorption capac-

ties are not linear with respect to the total pore volumes, as listed
n Tables 1 and 2. Since the total pore volume decreased as the
umber of organic groups increased, there exists a highest dynamic

dsorption capacity with respect to the optimal molar ratio of the
unctionalized SBA-15 adsorbents.

From Table 1, the pure SBA-15 adsorbent has the largest total
ore volume (1.143 cm3 g−1), but it has a lower dynamic adsorp-

ig. 9. The breakthrough curves and mathematic models for pure SBA-15
nd phenyl-SBA-15 materials of (a) pure SBA-15; (b) PTES/TEOS = 1:20; (c)
TES/TEOS = 1:15; (d) PTES/TEOS = 1:10; (e) PTES/TEOS = 1:5.
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Table 2
Dynamic adsorption capacity of the pure SBA-15 and functionalized SBA-15
adsorbents.

Adsorbents Dynamic adsorption capacity (mmol/gadsorbent)

Single component
(benzene)

Bi component

Cyclohexane Benzene Total VOCs

Pure SBA-15 0.292 0.160 0.340 0.500
(1:20)MTES 0.360 – – –
(l:l0)MTES 0.418 – – –
(l:5)MTES 0.283 – – –
(1:20)PTES 0.478 0.189 0.419 0.608
(
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3

a
bicomponent adsorption of cyclohexane and benzene was inves-
tigated via breakthrough experiments. Considered the lower
dynamic adsorption capacities of the methyl-SBA-15 patterns com-
pared to the phenyl-SBA-15 patterns, the latter were only chosen
for the bicomponent adsorption, as shown in Fig. 10. The cyclohex-
1:15)PTES 0.632 0.330 0.524 0.854
l:10)PTES 0.650 0.285 0.449 0.734
1:5)PTES 0.626 0.193 0.433 0.626

ion capacity (0.292 mmol/gadsorbent in Table 2) which is agreement
ith the result of the Kosuge’s et al. work that showed adsorbents
ith a larger volumetric capacity do not necessarily have a larger

reakthrough capacity [11]. Due to lots of Si–OH groups on the sur-
aces of pure SBA-15 adsorbent which promising the polar surface
roperties, it has a relatively lower adsorption capacity for benzene
hich is a non-polar molecule than that of the functionalized SBA-

5 adsorbents, the same result obtained in Zhao’s et al. study that
olar organics have a higher affinity to MCM-41 than to silicalite-1,
hile non-polar organics have a higher affinity to silicalite-1 than

o MCM-41 due to the difference between their strength of surface
ydrophobicity and the difference between their pore structures
26].

It is expected that the incorporation of organic groups into the
ramework of the mesoporous materials could improve their affin-
ty to organic compounds and modify their adsorptive properties.
s shown in Table 2, the role of the surface chemistry of mesoporous
aterials with the functionalized groups is an important point in

he adsorption process. The functionalized SBA-15 adsorbents with
rganic groups become more affinity to the organic compounds and
enerally have a larger adsorption capacity under the experimental
onditions in this study, which is not consistent with the other’s
esult that diffusion resistance and pore configuration posed by
ttachment of TMS (trimethylsilyl) groups are the key parameters in
ontrolling the pore-filling process of benzene, rather than the sur-
ace chemistry [19]. In addition, the adsorbent with the MTES/TEOS
atio at 1:5 has a lower adsorption capacity than that of pure SBA-15
n Table 2. Though (1:5) MTES sample has relatively larger organic
roups (methyl group) in the framework of mesoporous material
o modify the surface property, the decrease of total pore volume
eutralizes the advantage of getting a higher adsorption capacity.

The dynamic adsorption capacities for benzene on the adsor-
ents summarized in Table 2 show that phenyl-SBA-15 adsorbents
ave much higher capacities than that of methyl-SBA-15 adsor-
ents. As Zhao’s work shown, the silanol groups (≡Si–OH) on the
ore surfaces of silica-based adsorbents act as the adsorption sites
or various molecules [26]. The same conclusion is obtained that
he hydroxyl groups present in the silica surface behave as weak
cid sites interacting strongly with the �-electrons of unsatu-
ated organic molecules, such as benzene molecules [18]. However,
n this study, the strong interaction between benzene and the
henyl groups on the surface of phenyl-SBA-15 adsorbents might
xplain the phenomenon that phenyl-SBA-15 adsorbents have
igher capacities than methyl-SBA-15 and pure SBA-15 adsorbents.
he dynamic benzene adsorption by functionalized SBA-15 samples

ight occur through �-system interaction between aromatic rings

f benzene and functional groups (methyl or phenyl groups) on the
BA-15 surface [12]. And the phenyl groups have stronger attrac-
ive interaction with benzene than the methyl groups during the

F
t
P
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ynamic adsorption process. Therefore, the phenyl-SBA-15 adsor-
ents have higher affinity to the benzene than the methyl-SBA-15
dsorbents.

.3. Modeling of benzene adsorption on methyl-SBA-15 and
henyl-SBA-15 adsorbents

To model benzene adsorption on these organofunctionalized
aterials, a mathematic model proposed by Yoon and Nelson [27]
as used to simulate the breakthrough curves according to the

ollowing (Eq. (3)):

CA

C0
= 1

1 + exp[k′(�0 − t)]
(3)

here CA and C0 are the outlet and inlet concentration of the stream
hrough the fixed bed column. �0 is the stoichiometric time (time
or CA = 0.5 C0), and k′ is a constant that depends on the diffusion
haracteristics of the mass transfer zone. It is a simple model and
an simulate the breakthrough curves well, as already used for
odeling adsorption of volatile alcohols in the fixed bed of zeolite

3X [28], modeling adsorption of methyethylketone and benzene
apors in activated carbon fiber beds [29] and o-xylene onto ben-
onite clay and alumina [30] and so forth.

Regression analysis derived from (Eq. (3)) of the experimental
reakthrough data obtained for benzene adsorption on methyl-
BA-15 (Fig. 8) and phenyl-SBA-15 (Fig. 9) adsorbents gave good
greement with the breakthrough curves, where two parameters
f �0 and k′ and the relative coefficients R2 are listed in Table 1.
he phenyl-SBA-15 adsorbent with PTES/TEOS ratio at 1:10 has the
owest k′ value (0.106 min−1) and the largest �0 value (67.59 min),
eing consistent with its highest dynamic adsorption capacity
0.650 mmol/gadsorbent) for benzene.

.4. Bicomponent adsorption on phenyl-SBA-15 adsorbents

In order to further study the �-electrons effect between
dsorbent and adsorbate in the dynamic adsorption process,
ig. 10. Breakthrough profiles of cyclohexane (open) and benzene (filled) mix-
ure for pure SBA-15 and phenyl-SBA-15 adsorbents of (a) pure SBA-15; (b)
TES/TEOS = 1:20; (c) PTES/TEOS = 1:15; (d) PTES/TEOS = 1:10; (e) PTES/TEOS = 1:5.
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Fig. 11. Schematic representation showing the dynam

ne, which is less polar than benzene, has the same carbon atoms
nd a cyclic structure as benzene. However, as shown in Fig. 10
nd in Table 2, the values of the dynamic adsorption capacities for
yclohexane are much lower than those for benzene on pure SBA-
5 and phenyl-SBA-15 adsorbents. As the phenyl-SBA-15 samples
ave phenyl groups chemically incorporated into the surfaces of
he framework, they have a more affinity for benzene molecules
hich also have �-electrons structure. Through the �-electrons

nteractions between adsorbate and adsorbent, the phenyl-SBA-
5 samples get a relatively higher benzene capacity compared to
yclohexane. Because the cyclohexane has a cyclic structure with
saturated cycloalkane, it naturally has a weak interaction with

henyl-SBA-15 adsorbents and hereby results in a lower adsorption
apacity.

Both pure SBA-15 and phenyl-SBA-15 adsorbents show a rela-
ively higher capacity for benzene than for cyclohexane, which is
onsistent with the longer breakthrough time of benzene compared
o cyclohexane. In another word, the pure SBA-15 and phenyl-SBA-
5 adsorbents selectively adsorb benzene with an unsaturated ring
ather than cyclohexane with a saturated ring, which is accordant
ith Newdlkar’s et al. observation [31]. The adsorption capacities

or cyclohexane, benzene and total VOCs increase with the rais-
ng molar ratio of PTES/TEOS up to 1:15. Schematic representation
n Fig. 11 shows the dynamic bicomponent adsorption process on
henyl-SBA-15 adsorbents. It is assumed that benzene and cyclo-
exane molecules are trapped in the places due to the interaction
f �-electrons effect, where benzene molecules are inclined to
ssemble around the phenyl groups on the surface channel of the
unctionalized SBA-15 adsorbents while the cyclohexane in the
ther gaps with a relatively weak �-electrons effect. However,
he total VOCs adsorption capacity in the bicomponent dynamic
dsorption process in Table 2 increased compared with adsorption
f single component.

.5. Effect of surface property and pore structure on dynamic
OCs adsorption

The incorporation of methyl and phenyl groups into the SBA-15
ramework can obtain from modification in the surface property
nd the pore structure of the silica material. On the one hand,
rganic groups on the surface of the channel create adsorptive sites,
hich are affinitive to VOCs. On the other hand, too much organic

roups decrease the total pore volume of the SBA-15 type adsor-
ents, which otherwise make against the VOCs adsorption. The
unctionalized SBA-15 sample with the molar ratio of PTES/TEOS
t 1:10 has the highest capacity of benzene adsorption in the single
omponent adsorption as shown in Table 2, while the function-
lized SBA-15 sample with the molar ratio of PTES/TEOS at 1:15
ossesses the highest capacity of VOCs adsorption during the binary

omponents adsorption. The obtained results indicate that the
dsorbate–adsorbent interaction between benzene and the func-
ionalized SBA-15 adsorbents occurred. As suggested above, there

ay exist strong interaction of �-electrons effect between the func-
ionalized phenyl-SBA-15 materials and the adsorbate of benzene.

R

Cs adsorption process of phenyl-SBA-15 adsorbents.

hough the reduction in the total pore volume would make the
dsorption capacity decreased, it is proved that the adsorption
apacity for aromatic compounds is also strongly influenced by
he surface property of the functionalized SBA-15 adsorbents. It
s assumed that the control the molar ratio of organic groups in the
nitial synthesis can obtain a satisfactory adsorption capacity for
he VOCs abatement. Therefore, it was pointed out that the larger
ynamic VOCs adsorption capacity of the functionalized SBA-15
ample is derived from a synergetic effect between the amount of
rganic groups and the pore structure of adsorbents.

. Conclusions

The dynamic adsorption of VOCs behaviors of single component
nd bicomponent adsorption were investigated via breakthrough
xperiment on the pure SBA-15, and the functionalized SBA-15
aterials synthesized by co-condensation method. It is concluded

hat the functionalized SBA-15 materials are promising potential
dsorbents for the VOCs abatement in low concentration. Proper
odification of the surface properties of the SBA-15 substrate can

ignificantly enhance the adsorption capacity. The high adsorp-
ion capacity and affinity to unsaturated VOCs benzene show
he potential of the functionalized SBA-15 materials as suitable
dsorbents for this kind VOC removal. Mathematic model of the
xperimental breakthrough data obtained for benzene adsorption
n organofunctionalized SBA-15 adsorbents gave good agreement
ith the breakthrough curves. The phenyl-SBA-15 adsorbent with

TES/TEOS ratio at 1:10 has the lowest k′ value (0.106 min−1) and
he largest �0 value (67.59 min), being consistent with its highest
ynamic adsorption capacity (0.650 mmol/gadsorbent) for benzene.
he bicomponent adsorption study demonstrated that �-electrons
ffect might play an important role in the dynamic adsorption,
here the adsorbents showed a relatively higher capacity for ben-

ene than cyclohexane. In this study, an optimal molar ratio of
TES/TEOS could produce highest adsorption capacity of VOCs,
hile increasing or decreasing the molar ratio of organosilane/TEOS

urther would reduce the dynamic adsorption capacity. It was
evealed that the adsorption capacity was mainly influenced by the
dsorption affinity and the total pore volume, this synergetic effect
ake the functionalized SBA-15 materials to be good candidates

or the application in the reduction of industrial VOCs emissions.
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