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a b s t r a c t

This study compares the surface properties and the acetone adsorption potentials of mesoporous silica
particles (MSPs) and Si-MCM-41. The Si-MCM-41 and MSPs are synthesized, respectively by hydrother-
mal method and evaporation-induced self-assembly (EISA) method. The results show that the surface
area and pore diameter of MSPs are similar to those of Si-MCM-41. But the synthesis of Si-MCM-41 fre-
quently requires longer time and tedious procedure as compared to that of MSPs. The bulk density of MSPs
is 3.0–5.0 times higher than that of Si-MCM-41. The mass-based acetone adsorption capacities of these
two materials are almost similar. This implies that MSPs have a higher volume-based acetone adsorption
capacity than Si-MCM-41 so that less space is required for volatile organic compounds (VOCs) adsorp-
tion using MSPs as the adsorbent. The pressure drops of both powder and pellet forms of MSPs are also
smaller than those of Si-MCM-41 for adsorbing the same amount of acetone. In addition, as compared to
Air pollution commercial H-ZSM-5 zeolite, both MSPs and Si-MCM-41 reveal better performances on the regeneration
ability. As a result, both MSPs and Si-MCM-41 show high adsorption/desorption potential but the MSPs
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. Introduction

Volatile organic compounds (VOCs) are major air pollutants
hich need to be controlled due to increasingly stringent envi-

onmental regulations. Numerous technologies such as adsorption,
ncineration, thermal oxidation and catalytic reduction have been
eveloped and applied world-wide for the removal of VOCs [1].
mong the VOCs removal processes, the adsorption process is
idely applied because of the system flexibility, low cost as well

s low energy consumption. And ZSM-5 zeolite-based rotors have
eplaced the activated carbon adsorbers in the semi-conductor and
pto-electronic industries as viable VOCs concentrators [2] because
f their unique properties such as hydrophobicity, thermal stability
s well as high regenerative ability.

Recently the highly ordered mesoporous silica molecular
ieves have received much attention because of their poten-
ial applications in the fields of adsorption, separation, catalysis,

nd environmental pollution control [3,4]. Mobil researchers [5]
eported the first family of highly ordered mesoporous molecu-
ar sieves (M41S) by using long-chain cationic surfactant as the
emplate or pore forming agent during the hydrothermal sol–gel
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ynthesis. Since then, numerous mesoporous silica and other
etal oxides with narrowly distributed mesopore diameters of

–50 nm have been synthesized through various synthetic routes
or obtaining materials in different chemical compositions and pore
tructures. And their potential applications as adsorbents have been
xtensively studied [6–14].

Zhao et al. [14] obtained the VOCs adsorption isotherms of
CM-41, zeolites and activated carbon. The results showed that by

omparing with the performance of activated carbon, the adsorp-
ion capacity of MCM-41 is lower for VOCs with low vapor pressures
ut higher for VOCs with high vapor pressures due to the type
V isotherm characteristic of MCM-41. Besides, desorption of VOCs
rom MCM-41 could be achieved at lower temperatures (50–60 ◦C),
hile this had to be conducted at higher temperatures (100–120 ◦C)

or zeolites and activated carbons.
Although several synthetic pathways are well known to pre-

are the mesoporous materials of MCM-41, most of the synthetic
trategies are tedious and time-consumed with several days of
peration time. A new aerosol-processing route of evaporation-
nduced self-assembly (EISA) method for synthesizing ordered

esoporous silica particles (MSPs) has been developed by Lu et

l. [15]. The advantage of the EISA method lies in that it can con-
inuously produce MSPs in a very short processing time of a few
econds plus a few hours of calcination.

The EISA method combines the simplicity of sol–gel process
nd aerosol-assisted process with the efficiency of surfactant self-

ghts reserved.

http://www.sciencedirect.com/science/journal/13835866
http://www.elsevier.com/locate/seppur
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Fig. 1. The formati

ssembly mechanism. Fig. 1 illustrates the possible formation
echanism [16] of MSPs. The reagents are firstly atomized into

erosol droplets and the surfactant molecules start to be self-
ssembled as the solvent of droplets evaporates. Meanwhile, the
norganic condensation is achieved via sol–gel process. Finally,
he mesoporous silica structured particles are obtained after the
emoval of surfactant molecules.

Our research group has been the first to use MSPs as alterna-
ive adsorbents for VOCs emission control due to their hydrophobic
nd easy recovery properties [17–19]. However, to the authors’
nowledge, there has been no report available on comparing the
i-MCM-41-based mesoporous materials and the MSPs for the
OCs adsorption. In this study, both Si-MCM-41 and MSPs are syn-

hesized, respectively by the hydrothermal method and the EISA
ethod. The structure, morphology, BET characteristics, pressure

rop, bulk density, and the acetone adsorption capacity of these
wo mesoporous silica adsorbents are compared. The performances
f these two novel mesoporous adsorbents are also compared with
hat of the commercial silica-based adsorbent of H-ZSM-5 zeolite
o understand their industrial applicability.

. Experimental

.1. Preparation of MSPs

Mesoporous silica particles were continuously synthesized by
he EISA process. Tetraethoxysilane (TEOS) and cetyltrimethyl
mmonium bromide (CTAB) were employed as the silica source and
he structure-directing template, respectively. Molar compositions
f the gel mixture were SiO2:0.18 CTAB:10 ethanol:40 H2O:0.008
Cl. The precursor mixture was nebulized by an ultrasonic atom-

zer as carried by high-pressure air. The reactor was consisted of
wo heating zones, the first zone was operated at a temperature
f 150 ◦C and the second zone was operated at a temperature of
50 ◦C. The total synthesis time of this continuous flow process
as approximately 4–6 s to generate the MSPs adsorbent. The syn-

hesized adsorbent was collected downstream of the reactor with
high efficiency filter and then placed in a muffle furnace for
h at a calcination temperature of 550 ◦C to remove the organic

tructure-directing template. Detailed description of the synthe-
ized procedure is referred to Hung and Bai [19].

.2. Preparation of Si-MCM-41

Hexagonal mesoporous Si-MCM-41 material was synthesized

y the hydrothermal method which is one of the most common
echniques for preparing MCM-41 materials. Molar compositions
f the gel mixture were SiO2:0.2 CTAB:0.89 H2SO4:120 H2O. In a
ypical synthesis procedure, 21.2 g of sodium metasilicate nanohy-
rate was dissolved in 80 ml DI water and the resulting solution

t
a
c
t
u

chanism of MSPs.

as stirred vigorously for 30 min. Then approximately 40 ml of 4N
2SO4 was added to the above mixture to bring down the pH to
0.5 with constant stirring to form a gel. After stirring, 7.28 g of
TAB (dissolved in 25 ml of DI water) was added slowly into the
bove mixture and the combined mixture was stirred for three
dditional hours. The resulting gel mixture was transferred into a
eflon-coated autoclave and kept in an oven at 145 ◦C for 36 h. After
ooling to the room temperature, the resultant solid was recovered
y filtration, washed with DI water and dried in an oven at 110 ◦C
or 8 h. Finally, the organic template was removed by calcination
sing a muffle furnace in air at 550 ◦C for 10 h. The total synthe-
is time for the Si-MCM-41 by hydrothermal method was about
0 h.

.3. Characterization of the adsorbents

Nitrogen adsorption and desorption isotherms of the synthe-
ized materials were measured at −196 ◦C using a surface area and
ore diameter distribution analyzer (Micromertitics, ASAP 2020,
SA). Prior to the adsorption–desorption measurements, the sam-
les were degassed at 350 ◦C for 6 h under vacuum pressure of
0−6 mbar. The powder X-ray diffraction patterns (XRD) of MSPs
nd Si-MCM-41 materials were obtained using a Rigaku D/MAX-B
iffractometer equipped with a Cu K� radiation at � = 1.54 Å. The
iffractograms of the MSPs and Si-MCM-41 were recorded in the
� range of 2–10◦ with steps of 0.6◦ and a count time of 60 s at each
oint. The surface morphology of MSPs and Si-MCM-41 was char-
cterized using transmission electron microscopy (TEM, Hitachi
7100 and JEOL JEM 1210, Japan). The TEM samples (5–10 mg)
ere ultrasonicated in ethanol solution and the resulting suspen-

ions were dispersed on carbon film supported 200 mesh copper
rids. The samples were then measured and observed by TEM at an
cceleration voltage of 200 kV.

.4. Acetone adsorption by TGA

A thermo-gravimetric analyzer (TGA, Netzsch TG 209 F1, Ger-
an) was used to measure the mass changes of adsorbents during

he adsorption and desorption processes. Adsorbents (10 mg) were
oaded on the TGA sample holder and purged with nitrogen at

temperature of 200 ◦C for 1 h before acetone adsorption. The
nlet flow rate was 60 cm3/min during each adsorption experiment.
xcept for studying the effects of acetone inlet concentration and
emperature on the acetone adsorption, the base line test condi-

ions were at an acetone inlet concentration of 8700 ± 100 ppmv
nd isothermal temperature of 45 ◦C. The acetone adsorption was
arried out for at least 1 h until no mass change was observed. And
he acetone desorption was conducted by purging with clean air
nder 200 ◦C for 24 h.
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Table 1
Physical properties characterized by XRD and BET analysis.

Materials SBET
a (m2/g) VP

b (cm3/g) dBJH
c (nm) d100

d (nm) a0
e (nm)

MSP 1153 0.89 2.4 3.4 3.9
Si-MCM-41 1115 0.97 2.7 3.9 4.5

a BET specific surface area.
b Pore volume.
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Fig. 2. XRD patterns of MSPs and Si-MCM-41 adsorbents.

. Results and discussion

.1. Characterization of the adsorbents

.1.1. XRD analysis
Powder low-angle XRD patterns of calcined MSPs and Si-MCM-

1 are depicted in Fig. 2. They clearly indicated characteristic
ow-angle peaks of mesoporous materials. The XRD pattern of Si-

CM-41 exhibited a well ordered structure and the peaks are
ndexed on a hexagonal lattice corresponding to (1 0 0), (1 1 0), and
2 0 0) reflections [5]. On the other hand, the XRD pattern of MSPs
evealed only one reflection peak (1 0 0) which was the charac-
eristic evidence of hexagonal mesoporous structure of spherical
articles [20,21]. The absence of (1 1 0) and (2 0 0) reflection peaks
or MSPs indicated that it has a different pore structure from that of
i-MCM-41 due to the smaller size of periodic mesoporous areas. It
as also observed that the intensity of (1 0 0) reflection is smaller

or MSPs as compared to that of the Si-MCM-41. Besides, the (1 0 0)
eflection peak of MSPs shifted to a higher value of reflection angle
hich revealed the decrease in periodic distance between pores.
.1.2. BET analysis
The nitrogen adsorption–desorption isotherms of calcined MSPs

nd Si-MCM-41 materials are shown in Fig. 3. Both samples
xhibited isotherms of type IV based on the IUPAC classification.

ig. 3. Nitrogen adsorption–desorption isotherms of MSPs and Si-MCM-41 adsor-
ents.
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c Pore diameter calculated by BJH method.
d d-spacing.
e Unit cell (a0 = 2d100/

√
3).

he sharp increases in the quantity of nitrogen adsorption were
bserved at relative pressures (p/po) of 0.2–0.3 for MSPs and 0.3–0.4
or Si-MCM-41, which are the evidence of capillary condensation of
itrogen within the primary mesopores. And both materials exhib-

ted reversible feature of isotherms with hysteresis loops between
dsorption and desorption processes. The isotherm curves of these
wo materials were almost the same at p/po = 0–0.2 before capillary
ondensation occurs. This region corresponded to monomolecular
ayer adsorption of nitrogen molecules (Langmuir adsorption). The
apillary condensation of nitrogen molecules within the mesopores
as shifted to a lower value of p/po for MSPs than the Si-MCM-41.

The physical properties such as BET specific surface area, specific
ore volume and the average pore diameter (BJH) of the meso-
orous materials are summarized in Table 1. The MSPs had a slightly
igher specific surface area of 1153 m2/g than that of Si-MCM-41,
115 m2/g. On the other hand, the average pore diameter and spe-
ific pore volume of Si-MCM-41 was slightly higher than that of
esoporous silica particles.

.1.3. TEM analysis
The TEM images of MSPs and Si-MCM-41 are shown in Fig. 4.

he TEM images of MSPs clearly exhibited a well ordered meso-
orous spherical particles, while the morphology of Si-MCM-41
howed a well ordered long-range-hexagonal array of mesoporous
tructure with uniform pore diameter. However, the pore chan-
els of MSPs were constructed and arranged in two-dimensional
rientation while those of Si-MCM-41 were in one-dimensional
rientation.

The arrangement and growth orientation of mesoporous chan-
els of MSPs and Si-MCM-41 based on the TEM images are sketched

n Fig. 5. The pore channels of MSPs were bended as compared to the
traight channels of Si-MCM-41. The formation of bending channels
as due to that the pore channels had to fit into the spherical shape
f MSPs during periods of the self-assembly stage of surfactant
olecules and the formation of porous framework.

.2. Bulk density and VOCs adsorption

.2.1. Bulk density
The bulk densities of adsorbents are expressed in terms of

ass per packed volume of adsorbents which include the space
mong MSPs or Si-MCM-41 adsorbent particles upon packing. Mea-
urements of the bulk density for the adsorbents are referring to
STM D6683-01 [22]. The bulk densities after various standard
creen meshes are listed in Table 2. The #50 mesh corresponds
o screened particle size of >294 �m while the #100 mesh corre-
ponds to screened particle size of <149 �m. It can be seen that the
maller the Si-MCM-41 adsorbent powder was, the less bulk den-

ity it possessed. However, the bulk densities of MSPs were not a
unction of particle size. The bulk densities of MSPs powders and
ellets were 3–5 times higher than those of Si-MCM-4. Since the
ore diameter and surface area of these two adsorbents were sim-

lar, the higher bulk density of MSPs is attributed to its spherical
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Fig. 4. Transmission electronic microscope (TEM) images of MSPs (left-top) and Si-MCM
100 nm. Images on the right hand side are the enlargements of the TEM images.
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ig. 5. Schemes of opening pores and channels of MSPs (left) and Si-MCM-41 (right).
hape which could be packed more densely than the Si-MCM-41
aterial with amorphous shapes.
The higher bulk density of the MSPs indicates that as compared

o the Si-MCM-41 material, the adsorber volume of VOCs can be sig-

c
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able 2
ulk densities of MSPs and Si-MCM-41 powders and pellets (unit: g/cm3).

article mesh (particle size) Pellet Powder

10–20 mesh (830–1700 �m) 50 mesh (>294 �

Average S.D. Average S.

CM-41 0.162 0.005 0.096 0.
SP 0.501 0.009 0.359 0.
-ZSM-5 – – – –
-41 (left-bottom). The scale bar on the top image is 50 nm and at the bottom is

ificantly reduced using MSPs as an adsorbent if their mass basis
dsorption capacities (mg VOCs/g adsorbent) are about the same.
n addition to be applied for the end-of-pipe VOCs adsorption pur-
oses, this advantage may also enable the MSPs to be applied as an
lternative adsorbent during VOCs sampling and analysis [23].

.2.2. Adsorption capacity and regeneration ability
To understand the potential application of these two meso-

orous adsorbents, adsorption tests were also performed on a
ommercial silica-based adsorbent, the H-ZSM-5 zeolite. The ZSM-
-based zeolite materials are widely used as the adsorbents in
emperature swing adsorbers (zeolite concentrators) for continu-
us VOCs adsorption and desorption [24]. The NH4-form of ZSM-5
eolite (Si/Al = 50) was purchased from Zeolyst Pvt. Ltd. Prior to
onverted into H-form of ZSM-5 by calcination at 550 ◦C for 6 h.
Fig. 6a shows results on the comparison of equilibrium acetone

dsorption capacities of MSPs, Si-MCM-41, and H-ZSM-5 zeolite
n a mass basis (mg/g). The acetone adsorption capacities of MSPs

m) 50–100 mesh (149–294 �m) 100 mesh (<149 �m)

D. Average S.D. Average S.D.

001 0.095 0.003 0.068 0.01
009 0.372 0.002 0.355 0.002

– – 0.475 0.011
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in Table 3. The values of nf > 1 in Freundlich isotherm reflected that
acetone vapors were favorably adsorbed on the MSPs and Si-MCM-
41 adsorbents.

Fig. 8a and b illustrates the Langmuir and Freundlich adsorp-
tion isotherms, respectively, for the adsorption of acetone on MSPs

Table 3
Summary of the Langmuir and Freundlich isotherm constants.

Isotherm Parameters Adsorbent

MSPs Si-MCM-41

Langmuir isotherm qe = qmKaCe
1+KaCe

qm 141.1 157.6
Ka 0.0021 0.0009
ig. 6. (a) Mass basis comparison on the equilibrium acetone adsorption capacities
f MSPs, Si-MCM-41 and H-ZSM-5. The adsorbent powders were <100 mesh in size.
b) Volume basis comparison on the equilibrium acetone adsorption capacities of

SPs, Si-MCM-41 and H-ZSM-5. The adsorbent powders were <100 mesh in size.

nd Si-MCM-41 (both at <100 mesh size) for an acetone inlet con-
entration of 8700 ppmv at 45 ◦C were 138 mg/g and 148 mg/g,
espectively, as tested on the freshly made adsorbents. The MSPs
nd Si-MCM-41 had similar adsorption capacities. And they showed
uch higher adsorption capacities as compared to that of microp-

rous H-ZSM-5 zeolite (adsorption capacity of 85 mg/g).
Fig. 6b compares the equilibrium acetone adsorption capac-

ty of MSPs, Si-MCM-41, and H-ZSM-5 zeolite on a volume basis
mg/cm3). For practical engineering application, the adsorber vol-
me is highly concerned due to space limitation. The result reveals
hat the acetone adsorption capacity of MSPs is 49 mg/cm3, which is
lmost five times of that of the Si-MCM-41, 10 mg/cm3. For the case
f H-ZSM-5 zeolite, the volume basis acetone adsorption capac-
ty is 40 mg/cm3, which is less than that of MSPs but much higher
han that of Si-MCM-41. This provides a high advantage for practical
dsorption application using MSPs since it can reduce the adsorber
olume of VOCs adsorption.

Fig. 7 shows the adsorption–desorption performance of MSPs,
i-MCM-41 and H-ZSM-5 zeolite in terms of adsorption index (%).
he adsorption index (%) was calculated based on the ratio of
dsorption capacity of the regenerated adsorbent to the fresh one,

hus 100% of adsorption index indicates that the adsorbent is not
eteriorated at all.

It can be seen from Fig. 7 that both MSPs and Si-MCM-41
dsorbents showed almost no deterioration after regeneration. The

F

ig. 7. Comparison results on the regeneration ability of MSPs, Si-MCM-41 and H-
SM-5 adsorbents. The sizes of adsorbent powders were <100 mesh.

dsorption indexes of MSPs after 5 and 10 regeneration cycles were
5.2% and 96.5%, respectively, while the adsorption indexes for Si-
CM-41 adsorbent were 97.7% and 97.7%, respectively. On the other

and, the H-ZSM-5 zeolite had a significant deterioration after 10
egeneration cycles so that its adsorption index decreased to only
3.0%. The high values of adsorption index for MSPs and Si-MCM-41
re due to the pure silica framework without aluminum species as
ompared to the H-ZSM-5 zeolite (Si/Al ratio = 50). The presence of
luminum species would catalyze the adsorbed acetone into coke
uring the regenerating process and lead to the deterioration of
dsorbents [17].

.2.3. Adsorption isotherms and temperature effect
Acetone adsorption isotherms for MSP and Si-MCM-41 adsor-

ents are examined by fitting the experimental data to Langmuir
nd Freundlich isotherm models:

angmuir : qe = qmKaCe

1 + KaCe
(1)

reundlich : qe = KFCe
1/nf (2)

here Ce (ppmv) and qe (mg/g) are the gas phase concentration
nd solid phase adsorption quantity of acetone at equilibrium,
espectively; Ka is the Langmuir isotherm constant (1/ppm); qm

mg/g) is the single layer acetone adsorption capacity; KF is the
reundlich constant; nf is the heterogeneity factor. The Langmuir
nd Freundlich adsorption isotherm parameters for the adsorption
f acetone vapors on the MSPs and Si-MCM-41 adsorbents are listed
R2 0.996 0.990

reundlich isotherm qe = KFCe
1/nf KF 47.38 20.17

nf 8.62 4.62
R2 0.999 0.996
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be ignored. As a result, the pressure drop is linearly correlated to
ig. 8. (a) Langmuir adsorption isotherm for MSPs and Si-MCM-41 adsorbents. The
izes of adsorbent powders were <100 mesh. (b) Freundlich adsorption isotherm for
SPs and Si-MCM-41 adsorbents. The sizes of adsorbent powders were <100 mesh.

nd Si-MCM-41 adsorbents. The fitted results of both Langmuir
nd Freundlich isotherms were in good fitting relationship over
he studied concentration range of 2000–8700 ppmv. And the Fre-
ndlich adsorption isotherm model was better (with correlation
oefficient R2 of 0.996–0.999) than the Langmuir isotherm (R2 of
.990–0.996) to describe acetone adsorption behaviors on both
SP and Si-MCM-41 adsorbents.
The temperature effects on the equilibrium acetone adsorption

apacities of MSP and Si-MCM-41 adsorbents were performed in
he range of 25–105 ◦C and the results are shown in Fig. 9. One can
ee that the adsorption capacity of MSPs was slightly less than that
f the Si-MCM-41 for all tested temperature, but the decreasing
rend in adsorption capacity with increasing temperature was very
imilar between these two adsorbents. At an adsorption temper-
ture of 25 ◦C the adsorption capacities of these two adsorbents
ere around 190 mg/g and they decreased to the values of around
0 mg/g at 105 ◦C.

.3. Pressure drop measurement

The pressure drop of an adsorbent is another important issue
hat needs to be considered for field application. In this study, the

ressure drops were measured by columns packed with either pow-
er (50–100 mesh) or pellet (10–20 mesh) types of adsorbents. The
ellet type adsorbents can be used for air pollution control purpose
f VOCs presented in indoor or waste gas stream (i.e. end-of-pipe

t
a
c
t

ig. 9. Temperature effect on the equilibrium acetone adsorption capacities of MSPs
nd Si-MCM-41 adsorbents. The sizes of adsorbent powders were <100 mesh.

pplication), while the powder type adsorbent can be packed in
he column for atmospheric VOCs sampling or analysis. Clean com-
ressed air was used as the test stream that passed through the
olumn at different values of superficial velocity (i.e. the empty
ed velocity). It is noted that although the pressure drops for com-
ercial adsorbents are usually expressed as �P/packed height, but

ecause MSPs and Si-MCM-41 have similar adsorption capacity on
mass basis, so in this study the pressure drop is expressed in �P/g

n order to explore the total pressure drop encountered to adsorb
imilar quantity of VOCs adsorbent.

Values of pressure drop for powder types of MSPs and Si-MCM-
1 adsorbents as a function of superficial velocity are depicted in
ig. 10a. It showed significant different values of pressure drop
etween Si-MCM-41 and MSPs adsorbents. The pressure drop of
i-MCM-41 was increased drastically with increasing the superfi-
ial velocity so that the pressure drop measurement could not be
ontinued at superficial velocity of over 0.1 m/s. On the other hand,
he pressure drop of MSPs powder adsorbent was not only lower
han that of the Si-MCM-41, but also increased at a slower rate as
he superficial velocity was increased.

Fig. 10b shows the pressure drops of pellet types Si-MCM-41 and
SPs adsorbents. One can observe that the pressure drops were

ncreased with increasing the superficial velocity and the overall
ressure drops of Si-MCM-41 adsorbents were larger than that of
SPs adsorbents except at superficial velocity of less than 1.0 m/s
here the pressure drops of both materials were about the same.

The cause in significant deviation in the pressure drop between
owder forms of MSPs and Si-MCM-41 can be explained by the
rgun equation [25]:

P = L

[
E1

�Ug

d2
P

(1 − ε)2

ε3
+ E2

�U2
g

dP

(1 − ε)
ε3

]
(3)

here Ug is the fluid velocity; �P is the pressure drop; L is the
ength of the porous medium; � and � are the fluid viscosity and
uid density, respectively; E1 and E2 are Ergun constants; ε is the

nter-particle void fraction; dP is the mean particle diameter of the
ranular medium. The first term on the right side of the Ergun equa-
ion corresponds to the Blake-Kozeny laminar flow conditions and
nder such conditions the second term on the right hand side can
he fluid velocity under the Blake-Kozeny laminar flow conditions
s observed from Fig. 10a and b that the pressure drop is linearly
orrelated to the fluid velocity. This indicated that only the first
erm of Ergun equation needs to be considered in this study, thus
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ig. 10. (a) Pressure drops for powder types (50–100 mesh) of MSPs and Si-MCM-41
dsorbents. (b) Pressure drops for pellet types (10–20 mesh) of MSPs and Si-MCM-41
dsorbents.

he Ergun equation is reduced to the form:

P = L

[
E1

�Ug

d2
P

(1 − ε)2

ε3

]
(4)

ecause the pressure drop tests of MSPs and Si-MCM-41 were done
t a similar particle size range of 149–294 �m (50–100 mesh) under
he same flow condition, thus the pressure drop in Eq. (4) depends
n the inter-particle void fraction (ε) and the length of the porous
edium (L) in this study. The void fraction (or porosity) of the

owder form of Si-MCM-41 should be initially higher than that
f the MSP. However, the powder form of Si-MCM-41 is in irreg-
lar, flakes-like shapes and was loosely packed as compared to the
pherical shape MSP powder. As the gas flowing into the adsor-
er, the Si-MCM-41 powders were significantly compressed and
ecame very dense, which resulted in a very high-pressure drop
ue to rapid decrease in the void fraction. On the other hand for the
ellet types of MSPs and Si-MCM-41, because both of them had been
ompressed before pressure drop tests so their pressure drops did
ot show a significant difference as observed for the powder forms.
. Conclusions

Mesoporous silica particles are very competitive as a VOCs
dsorbent not only to the commercialized HZSM-5 zeolite but also
o the Si-MCM-41. The MSPs can be produced by a time-saving syn-
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hesized process and it has a better adsorption performance. Both
f its mass-based acetone adsorption capacity and regeneration
bility are similar to those of Si-MCM-41 adsorbent, and they are
uch higher than those of H-ZSM-5 zeolite. The higher bulk den-

ity of MSPs adsorbents leads to a higher volume-based adsorption
apacity than that of the Si-MCM-41. To adsorb the same quantity
f acetone, the pressure drop of MSPs is also lower than that of Si-
CM-41. As a result, less space and less energy are required when
SPs are utilized as an adsorbent.
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