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ABSTRACT A high concentration of volatile organic compounds (VOCs) is emitted
during dry cleaning processes. Although carbonaceous materials have been widely tested for the control of VOC emission, there is a risk of fire when a large amount of VOCs is
contained. Non-carbon adsorbents such as KIT-6, SBA-15, MCM-41, X-type zeolites,
Y-type zeolites, aluminum silicate, and activated alumina are therefore tested in this
study for the adsorption and desorption of decane which is a main constituent of VOCs
emitted during dry cleaning. The adsorbents were evaluated under two conditions with
and without the injection of water vapor (20% rh) using a fixed-bed reactor system. Without the injection of water vapor, KIT-6 showed the highest decane adsorption capacity,
and activated alumina showed the highest decane desorption efficiency. It was also
found that the mesopore volume of the adsorbent was related to its decane adsorption
capacity, whereas its peak pore diameter was closely related to its decane desorption
efficiency. KIT-6 showed very similar decane adsorption and desorption performance in
both cases with and without the injection of water vapor. However, the decane desorption efficiency of activated alumina significantly decreased with the injection of water
vapor.
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1. INTRODUCTION
Volatile organic compounds (VOCs) are emitted from various sources such as
dry cleaning processes, gas stations, and printing shops (Sanchez et al., 2019; Wang
et al., 2018). The total VOC emission in South Korea in 2016 was reported to be
1,024,029 tons (Choi et al., 2020; NIER, 2018). Compared to other VOC sources,
the dry cleaning process can directly expose people to high concentrations of VOCs
(Lee et al., 2019; Viegas et al., 2011; Lee et al., 2009; Jo et al., 2001; Räisänen et al.,
2001). A petroleum-based solvent is mostly used in Korean dry cleaning facilities.
The petroleum-based solvent includes more than 96% C8-C12 compounds.
Among them, C10 compounds are highest. As a result, the concentration of decane
is highest in VOCs emitted from Korean dry cleaning facilities ( Jeong et al., 2003).
In addition, decane has relatively high photochemical ozone creation potentials
among VOCs emitted from dry cleaning facilities (Lee, 2020). Therefore, an appropriate decane control technique method is required.
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Various methods have been suggested to control VOC
emission, such as adsorption, absorption, condensation,
biological treatment, and thermal oxidation (Khan et al.,
2000). Adsorption is one of the most effective and economical methods to control VOC emission (Huang et al.,
2018; Swetha et al., 2017). Carbonaceous materials are
widely used as adsorbents for VOC adsorption. Various
carbonaceous materials such as activated carbon, biochar, activated carbon fiber, carbon nanotube, graphene,
and carbon-silica composite have been studied and suggested as materials for controlling VOC emission (Zhang
et al., 2017). However, the use of carbonaceous materials
is associated with a fire risk when they contain a large
amount of VOCs. Non-carbon adsorbents have therefore
been proposed and studied as materials for controlling
VOC emission (Jeon et al., 2017; Shah et al., 2014; Choi
et al., 2013; Hu et al., 2009). Mesoporous silica materials
such as MCM-41, SBA-15, and KIT-6 are promising noncarbon adsorbents. MCM-41 (Mobil Composition of
Matter No. 41) is a typical mesoporous material with a
pore diameter of 2.38 nm and regular channels. SBA-15
(Santa Barbara Amorphous-15) and KIT-6 (Korea Institute of Technology-6) are adsorbents with a bimodal system with one-dimensional mesopore channels connec
ted by complementary micropores. Zhang et al. tested
MCM-41, SBA-15, SiO2, and NaY for the adsorption of
toluene (Zhang et al., 2012). Although NaY showed the
highest adsorption capacity of 0.25 g/g for toluene, it
required a high temperature for regeneration (>350°C).
SBA-15 showed the second highest adsorption capacity
for toluene and required a lower desorption temperature
than NaY. Dou et al. investigated the effect of water vapor
on the adsorption of benzene onto SBA-15, MCM-41,
MCM-48, and KIT-6 (Dou et al., 2011), and found that
KIT-6 demonstrated the best adsorption performance.

The adsorption capacities of the adsorbents decreased by
52%-54% when water vapor was injected with benzene.
The decreased adsorption capacity was attributed to the
fact that the silanol group (Si-OH) of the mesoporous silica became less hydrophobic in the presence of water
vapor. Besides mesoporous silica, X-type and Y-type zeolite adsorbents were examined and suggested as effective
adsorbents for controlling VOC emission (Kim et al.,
2012; Kosuge et al., 2006; Brosillon et al., 2001).
This study aims to find an effective non-carbon adsorbent for controlling decane emission. Despite the fact that
decane is included in petroleum-based solvents and is
a main constituent of VOCs emitted from the dry cleaning process (Kim et al., 2017; Korea Ministry of Environment, 2002), very few studies have been conducted to
investigate adsorbents for controlling decane emission.
In this study, seven non-carbon adsorbents were selected
and examined for their adsorption capacities and desorption efficiencies for decane.

2. MATERIALS AND METHODS
2. 1 Materials
Seven commercial non-carbon adsorbents were tested.
KIT-6, SBA-15, and MCM-41 were selected as mesoporous silica adsorbents. Hydrophilic X-type zeolite, hydrophobic Y-type zeolite, aluminum silicate, and activated
alumina were also tested. Glass bead with a diameter of
1.5 mm was used together. Each adsorbent was analyzed
for its BET surface area, pore volume, and pore diameter
using an analyzer (BELSORP-mini, BEL Japan, Inc.,
Japan). The physical properties of these adsorbents are
listed in Table 1.

Table 1. Physical properties adsorbents.
Adsorbent

Type

SBET
(m2/g)

Mesopore
volume
(cm3/g)

Micropore
volume
(cm3/g)

Mesoporous silica

KIT-6
SBA-15
MCM-41

Bead
Bead
Bead

677
484
889

0.629
0.306
0.557

0.120
0.100
0.073

Zeolite

X-type
Y-type

Powder
Powder

4.2
491

0.004
0.060

0.001
0.188

Others

Aluminum silicate
Activated alumina

Ball (4-6 mesh)
Ball (4-6 mesh)

503
226

0.170
0.335

0.094
0.021
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Bed
composition

0.1 g + glass beads 6 g
0.1 g + glass beads 6 g
0.5 g + glass beads 6 g

Adsorption and Desorption of Decane

Fig. 1. Schematic of the fixed-bed reactor system for decane adsorption and desorption tests.

2. 2 Adsorption and Desorption Test
Adsorption and desorption tests were conducted using
a fixed-bed reactor system shown in Fig. 1. Each adsorbent
was pre-mixed with glass beads (Model SI.5002, Daihan
Scientific, Korea) and then placed inside a fixed-bed reactor at a temperature of 30°C. The height of the bed including the adsorbent and glass beads was 2 cm. From the preliminary tests of glass beads with an injection of 2,000
ppm decane, it was confirmed that glass beads have no
capacity for decane adsorption. In this study, 0.1 g of
KIT-6, SBA-15, MCM-41, X-type zeolite, and Y-type
zeolite was used, respectively, owing to their smaller size.
0.5 g of aluminum silicate and activated alumina was used,
respectively, owing to their larger size. The inlet decane
concentration was 2,000 ppm considering the initial concentration of VOCs from the dry cleaning process (Korea
Institute of Energy Research, 2009). Decane vapor was
generated by passing 30 mL/min air through decane solution (Sigma-Aldrich, ≥99%) to have an inlet decane concentration of 2,000 ppm (±15%) at a total flow rate of
150 mL/min. After a constant decane concentration was
confirmed through a bypass line, 2,000 ppm (±15%)
decane was injected into the fixed-bed reactor for conducting the adsorption test. The outlet concentration of
decane flowing through the fixed-bed reactor was measured by using gas chromatography (6500GC System,
Youngin Chromass, Korea) with a column (YL-5, 30 m ×
0.32 mm × 0.25 μm, Youngin Chromass, Korea) and a
flame ionization detector (FID). The temperatures of

Table 2. Experimental conditions.

Injection gas
Flow rate

Adsorption

Desorption

2000 ppm (±15%) decane
in air with water vapor (20% rh)
and without water vapor

Air

150 mL/min

Temperature

30°C

Pressure

1 atm

Diameter of
the fixed bed
Bed composition

1.25 cm
Adsorbent with glass beads

oven, capillary column, and FID were maintained at
150°C, 250°C, and 250°C, respectively, and the flow rate
of He as carrier gas was 3 mL/min. The outlet gas was
continuously flowed through the loop and sampled to the
gas chromatography every 2 minutes. A calibration curve
was created with five different concentrations of decane.
Each decane concentration was created with a mixture of
high purity air (99.999%) and decane (Sigma-Aldrich,
analytical standard). Calibration was repeated 5 times at
each concentration. The coefficient of determination
(R2) for the calibration curve was determined to be 0.99.
The adsorption times for tests involving 0.1 and 0.5 g
adsorbents were 60 and 180 min, respectively. Desorption
test was then conducted by injecting 150 mL/min fresh
www.asianjae.org
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air into the fixed-bed reactor. The desorption time was
the same as the adsorption time for each adsorbent. In
order to investigate the effect of water vapor on each
adsorbent, tests were conducted at 20% relative humidity.
All adsorption and desorption tests were performed at 1
atm and 30°C. The experimental conditions are summarized in Table 2. The decane adsorption and desorption
amounts were calculated from the outlet decane concentrations during each adsorption and desorption time,
respectively, using the trapezoidal rule. The adsorption
capacity was determined from the amount of decane
adsorption per the amount of adsorbent tested. The
desorption efficiency was determined from the amount
of decane desorption per the amount of decane adsorption of the adsorbent.

3. RESULTS AND DISCUSSION
3. 1 Adsorption and Desorption Test Results
The seven adsorbents were first tested for decane
adsorption and desorption without water vapor injection. KIT-6, SBA-15, MCM-41, X-type zeolite, and

Y-type zeolite were tested for the adsorption of decane
during 60 min. Each desorption test was also conducted
during 60 min. Fig. 2a shows the outlet decane concentrations during the adsorption and desorption tests of
KIT-6, SBA-15, and MCM-41, respectively. Those adsorbents showed very efficient adsorption during the first
10 min. However, SBA-15 and MCM-41 became almost
saturated with decane, whereas KIT-6 was not saturated
with decane at the adsorption time of 60 min. In addition, KIT-6 showed higher desorption concentrations
than SBA-15 and MCM-41. This indicate that KIT-6 is
the most effective adsorbent among those adsorbents for
controlling decane emissions. Similarly, KIT-6 showed a
higher adsorption capacity for benzene than SBA-15 and
MCM-41 (Dou et al., 2011).
Aluminum silicate and activated alumina were tested
for the adsorption and desorption of decane during 180
min. Fig. 2b shows the outlet decane concentrations during the adsorption and desorption tests of aluminum silicate and activated alumina, respectively. Aluminum silicate and activated alumina showed similar decane
adsorption behavior with each other. Different from
KIT-6, SBA-15, and MCM-41, aluminum silicate and

(a)

(b)

Fig. 2. Outlet decane concentrations with respect to the test time for (a) KIT-6, SBA-15, MCM-41, (b) aluminum silicate, and activated
alumina.
4
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Fig. 3. Adsorption capacity and desorption efficiency of the adsorbents without the injection of water vapor.

activated alumina showed decane emissions above 400
ppm in the beginning of adsorption. This indicates that
aluminum silicate and activated alumina may not be
effective to adsorb decane. However, activated alumina
showed a higher desorption efficiency than aluminum
silicate.
The amount of decane adsorption onto each adsorbent was determined from the results shown in Fig. 2.
The adsorption capacity was then determined from the
amount of decane adsorption per unit amount of the
adsorbent tested. The desorption efficiency was also
determined from the amount of decane desorption per
unit amount of decane adsorption. Fig. 3 presents the
adsorption capacities and desorption efficiencies of the
seven adsorbents. Because KIT-6 is not saturated with
decane in the adsorption time of 60 min, Fig. 3 shows its
adsorption capacity only for the adsorption time. Both
X-type and Y-type zeolite adsorbents show very low decane adsorption capacities and desorption efficiencies,
indicating that they are not applicable for controlling
decane emissions. KIT-6, SBA-15, and MCM-41 showed
high decane adsorption capacities, but MCM-41 showed
low decane desorption efficiency. Although activated
alumina showed a lower adsorption capacity than KIT-6,
SBA-15, and MCM-41, it showed the highest desorption
efficiency. Considering the low cost of activated alumina,
it can be considered as an auxiliary adsorbent for controlling decane emissions.

3. 2 E
 ffects of Pore Volume and Diameter on
Adsorption and Desorption
The mesopore volume and micropore volume of each
adsorbent were determined. The adsorption capacity
and the desorption efficiency are presented with respect

(a)

(b)

Fig. 4. Adsorption capacity and desorption efficiency with respect
to (a) the mesopore volume and (b) the micropore volume of the
adsorbent.

to the mesopore volume of the adsorbent, respectively,
in Fig. 4a. A trend line was added for the relationship
between the adsorption capacity and the mesopore volume. As shown in the figure, the adsorption capacity
generally increased with an increase in the mesopore volume, whereas the desorption efficiency was not related
to the mesopore volume. Fig. 4b also presents the
www.asianjae.org
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(a)

Fig. 5. Barrett-Joyner-Halenda (BJH) pore size distribution curves
for the adsorbents.

adsorption capacity and the desorption efficiency with
respect to the micropore volume of the adsorbent,
respectively. A trend line was added for the relationship
between the adsorption capacity and the micropore volume. Different from the mesopore volume, the adsorption capacity was not closely related to the micropore
volume. This indicates that the mesopore volume is
more responsible for the adsorption of decane than the
micropore volume of the adsorbent.
Fig. 5 presents Barrett-Joyner-Halenda (BJH) pore size
distribution curves for the adsorbents. MCM-41 shows
the BJH pore size distribution peak at 2.44 nm whereas
KIT-6 does that at 6.3 nm. Fig. 6 shows the adsorption
capacity and the desorption efficiency with respect to
the peak value of the BJH pore size distribution curve,
respectively. As shown in the figure, the adsorption
capacity was not related to the peak pore diameter. However, the desorption efficiency was closely related to the
peak pore diameter with the coefficient of determination
(R2) of 0.89. This indicates that the mesopore with a
larger pore diameter is favorable for the efficient desorption of decane.

3. 3 E
 ffects of Water Vapor Injection on
Adsorption and Desorption
KIT-6, SBA-15, MCM-41, and activated alumina,
which demonstrated good performance in decane
adsorption or desorption without the injection of water
vapor, were further tested with the injection of water
vapor. Fig. 7 shows outlet decane concentrations from
the tests of KIT-6, SBA-15, MCM-41, and activated alumina with and without the injection of water vapor,
respectively. As shown in the figure, KIT-6 and MCM-41
showed similar adsorption and desorption performance
6
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(b)

Fig. 6. Adsorption capacity (a) and desorption efficiency (b) with
respect to the peak pore diameter (Dp, peak) of the adsorbent.

regardless of the injection of water vapor (Fig. 7a, 7c),
though those adsorbents showed significant decreases in
adsorption capacities for benzene under a 13% humidity
condition (Dou et al., 2011). However, SBA-15 showed
an earlier break point when water vapor was injected
(Fig. 7b). In addition, SBA-15 showed a significant
decrease in the desorption concentration of decane
when water vapor was injected. Activated alumina also
showed a significant decrease in the desorption concentration of decane when water vapor was injected (Fig.
7d).
Using the outlet decane concentrations shown in Fig. 7,
the adsorption capacity and the desorption efficiency
with the injection of water vapor (20% rh) are determined
and presented in Fig. 8. With the injection of water vapor
(20% rh), only KIT-6 showed the desorption efficiency of
more than 60%. Comparing Fig. 3 and 8, KIT-6 and
MCM-41 showed similar adsorption capacity and desorption efficiency between the cases with and without the
injection of water vapor. However, SBA-15 showed a significant decrease in both adsorption capacity and desorption efficiency when water vapor was injected. Activated

Adsorption and Desorption of Decane

(a)

(b)

(c)

(d)

Fig. 7. Outlet decane concentrations with respect to the test time for (a) KIT-6, (b) SBA-15, (c) MCM-41, and (d) activated alumina with
and without the injection of water vapor.
www.asianjae.org
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Fig. 8. Adsorption capacity and desorption efficiency of the adsorbents with the injection of water vapor (20% rh).

alumina showed a similar adsorption capacity but a significant decrease in desorption efficiency with the injection
of water vapor. Therefore, KIT-6 also showed good performance in the adsorption and desorption of decane with
the injection of water vapor, whereas SBA-15, MCM-41,
and activated alumina showed low desorption efficiencies
of decane. In particular, the decane desorption efficiency
of activated alumina, which was the highest among the
adsorbents without the injection of water vapor, significantly decreased when water vapor was injected.

4. CONCLUSIONS
In order to find a non-carbon adsorbent for the adsorption of decane, seven non-carbon adsorbents were tested
for the adsorption and desorption of decane. Without the
injection of water vapor, mesoporous silica adsorbents
showed high adsorption capacities. Judging from the
adsorption capacities and desorption efficiencies of the
adsorbents, KIT-6 was the most promising adsorbent for
the adsorption of decane in the absence of water vapor.
Activated alumina showed the highest desorption efficiency. X-type zeolite, Y-type zeolite, and aluminum silicate may not be acceptable for the adsorbents to control
decane emissions. The mesopore volume of the adsorbent was found to be more closely related to its decane
adsorption capacity than was the micropore volume of
the adsorbent. However, the desorption efficiency was
related to neither the mesopore volume nor the micropore volume of the adsorbent. The desorption efficiency
was closely related to the peak pore diameter of the adsorbent with the coefficient of determination of 0.89. This
suggests that the mesopore volume of the adsorbent may
8
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be responsible for the adsorption of decane. The
adsorbed decane may be more easily desorbed from the
adsorbent with a higher peak pore diameter. Further tests
were conducted for KIT-6, SBA-15, MCM-41, and activated alumina with the injection of water vapor (20% rh).
KIT-6 and MCM-41 showed similar decane adsorption
and desorption performance between the cases with and
without the injection of water vapor. However, the
adsorption capacity of SBA-15 and the desorption efficiency of activated alumina significantly decrease when
water vapor was injected. Therefore, KIT-6 showed
promising performance in the adsorption and desorption
of decane in both cases with and without the injection of
water vapor. In addition, activated alumina may be used
as an auxiliary adsorbent for controlling decane emissions
when water vapor is removed from the inlet gas.
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