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a b s t r a c t

In this study film typed carbons (FTC) are chemically modified to effectively adsorb SO2 with an excellent
capacity, even at very high temperatures (200–300 ◦C). The FTC has an adsorption capacity of around
eywords:
ilm typed carbon
hemisorption
igh adsorption capacity

1.4 mmol/g at 300 ◦C, which is 460% more than the commercial activated carbons (0.25 mmol/g). The
morphology, surface properties, and porous structure of the FTC were characterized using TEM, FTIR and
physisorption analyses, correspondingly. From the interpretation of FTIR spectra of FTC before and after
SO2 adsorption, it is believed that the carboxylate group plays an important role in the adsorption affinity
of SO2 molecules. It is also found that the porous structure is kept intact after the SO2 adsorption. The

ing ad

igh temperature adsorption
arboxylated FTC is therefore a promis

. Introduction

Sulfur dioxide discharged as a combustion product of fossil fuels
s a major air pollutant causing ecological damages and health prob-
ems to humans. Over the last decades, scientists have devoted lots
f efforts in the control of SOx emission by a conventional method
alled flue gas desulfurization [1–3]. However, it is a costly pro-
ess particularly involving complex unit operations and designs
nd “throw-away sorbents”. Catalytic reduction of SOx is another
lternative way, where active reducing agents like carbon monox-
de, methane, and syn-gas will be used [4–6]. This method is not
ubstantially used in the industrial practice because of its evolved
oxic byproducts in the effluent. At a high reduction temperature,
aseous sulfur (S2) produced after the reduction process will react
ith the carbon monoxide to form carbonyl sulfide (COS) which is
ore toxic than SO2. Adsorption is a cheaper process that can be

imply applied in industry. Activated carbon is a well-known adsor-
ent, which is not only efficient for volatile organic compounds but
lso suitable for capturing acidic gases like SO2, CO2, CO and NOx

7–11]. However, there are drawbacks to use activated carbon as
n adsorbent. Since most exhausts after combustion process are
t high temperatures (higher than 373 K), activated carbon has a
omparatively lower adsorption affinity at this temperature. Even

cooling system has been installed in the exhaust, some secondary
rganic pollutants will still be condensed at such temperature and
urther separation process will be necessary. Here, we address a
ovel adsorbent that highly favors the SO2 adsorption, demonstrat-
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ing an extraordinary high adsorption capacity even at a relatively
high adsorption temperature.

2. Experimental

The film typed carbon (FTC) was fabricated using a templating
method which can be found elsewhere in the literature [12]. Briefly,
a colloidal silica (Ludox AS-40) of spherical shape with an average
diameter of around 40 nm was used as the template, whereas the
crotonaldehyde was used as the carbon source. Followed by dry-
ing and carbonization, the carbon–silica composite was treated in
a mixture of sodium hydroxide and ethanol in a ratio of 1:1 for
2 h at 100 ◦C. This step was repeated for 6 times and the samples
were dried again at 70 ◦C. Such a critical step is different from the
literature. It is believed that this modifying step can dissolve the
templated silica and at the same time chemically modify the surface
of the carbon.

The blank and chemically modified FTCs were characterized
using TEM, FTIR, and physisorption techniques in order to study
their morphology, surface properties, and porous structure, cor-
respondingly. To further understand the changes after the SO2
adsorption, the used FTC was regenerated at 350 ◦C under vacuum
for overnight and then it was used again for the SO2 adsorption to
study the change in the corresponding adsorption capacity.

3. Results and discussion
Fig. 1 shows the TEM images of the developed FTC. The over-
all view of FTC-1 is shown in Fig. 1a. It can be seen that the FTC
is structured with a stack of round-shaped carbon. In a magnified
image as displayed in Fig. 1b, the FTC has a diameter of around

dx.doi.org/10.1016/j.cattod.2010.03.047
http://www.sciencedirect.com/science/journal/09205861
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Fig. 1. TEM images of blank FTC-1

0–40 nm in average. This particle size is comparable to the Ludox
S40 which has an average silica particle size of around 40 nm, as
hown in Fig. 1c. Such a little difference in dimensions between the
bserved TEM image and the original silica particle could be due to
oth carbonization and silica dissolution processes during the FTC
reparation. In the carbonization step, the carbon atom which is
oated on the silica particle is carbonized and finally polymerized
o form a carbon shell on the silica particle. In the silica dissolution
tep, not only the silica particle is dissolved to form the hydroxyl
omplex ions but also the carbonized carbon is chemically modified
o form the carboxylated surface. Therefore, by using this dissolu-
ion method, the FTC can be chemically modified and used as an
dsorbent.

The synthesized film typed carbon, together with a commercial

orit activated carbon, and a commercial ZSM-5 zeolite, were ana-

yzed by N2 adsorption measurement to characterize their surface
rea, pore size and volume. The results were shown in Table 1.

able 1
hysical properties of FTC, Norit carbon and ZSM-5 zeolite.

BET surface area (m2/g) Pore size (nm) Pore volume (cm3/g)

Norit AC 1052 1.1 0.62
ZSM-5 330 0.8 0.25
FTC-1 775 3.6 1.16
b) and Ludox AS-40 template (c).

The Norit carbon and ZSM-5 mainly contain micropores (1.1 and
0.8 nm) with pore volumes of around 0.65 and 0.25 cm3/g, respec-
tively, while the developed FTC-1 adsorbent has a larger pore size
and a larger pore volume of around 3.6 nm and 1.16 cm3/g, respec-
tively.

The three adsorbents were then evaluated for the SO2 adsorp-
tion using a volumetric measurement rig [11].

Fig. 2a shows the adsorption isotherms of SO2 at different tem-
peratures ranging from 100 to 300 ◦C. At an adsorption temperature
of 100 ◦C, FTC (solid circle) has the highest adsorption capacity of
about 1.6 mmol/g at a SO2 pressure of 10 kPa. This is followed by
ZSM5 (solid diamond). The Norit AC (blank inverted triangle) has
the least adsorption capacity. As temperature increases to 200 ◦C,
FTC (blank circle) demonstrates a similar adsorption capacity as
that at 100 ◦C of about 1.5 mmol SO2/g at a pressure of 10 kPa.
While for the other two adsorbents at this temperature, the adsorp-
tion capacities significantly drop for 50% to 0.49 and 0.5 mmol/g
for Norit AC and ZSM5, respectively. At an even higher adsorp-
tion temperature of 300 ◦C, FTC (solid inverted triangle) performs
much better (460%) than Norit AC (blank square), achieving capac-
ity of around 1.4 mmol SO2/g at a pressure of 10 kPa, compared with

0.25 mmol/g for Norit AC. The adsorption capacity of SO2 on film
typed carbon is not sensitive to the temperature change in the range
of 100–300 ◦C, which suggests that this is a chemisorption process.
Such a good adsorption efficiency of FTC-1 may be due to its chem-
ically modified surface. It is important to retain a high adsorption
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ig. 2. (a) Adsorption isotherms of SO2 on FTC-1, Norit AC, and ZSM5 at different
emperatures; (b) repeatabilities of adsorption isotherms of SO2 on FTC-1 and Norit
C.

apacity at the temperature range of 200–300 ◦C, because most SO2
enerated from the industry, especially that from the combustion
rocess, is emitted within this temperature range.

To test the reliability of the synthesis technique of FTC, the SO2
dsorption measurement was done under the same condition with
nother batch of synthesized adsorbent. The result is illustrated
n Fig. 2b as open circle and denoted with (-1st-repeat), which is
lmost superimposed to that of the first batch. This means that
sing the methodology developed here, we are able to produce
table FTC products.

To further investigate the adsorption nature of FTC, the used FTC
dsorbent is regenerated under vacuum overnight at 350 ◦C and
hen used again for SO2 adsorption. The result is shown in Fig. 2b
s solid inverted triangle. It is noted that the adsorption capacity
f the regenerated FTC is significantly lower than the fresh devel-
ped FTC. The main reason for this phenomenon is that some SO2
olecules have been chemically bonded to the FTC surface during

he first time adsorption, which is irreversible and cannot be regen-
rated. Therefore, the new adsorption can only happen through
he physisorption mechanism. This leads to a huge difference in
he adsorption capacity of FTC between the first and second time
dsorption processes.

Since the developed FTC behaves as a chemisorption process, the

urface group of FTC could have a change before and after the SO2
dsorption. Fig. 3a shows the FTIR spectra of freshly developed FTC
solid line), FTC after the first adsorption (dotted line), FTC after
he second adsorption (dashed line), and Norit AC (dash dotted
Fig. 3. (a) FTIR spectroscopy and (b) full sorption isotherm of N2 of FTC-1 before and
after SO2 adsorption.

line). In view of the freshly developed FTC, there is an indicative
peak at 1530 cm−1, indicating the presence of carboxylate group
(COO−). The carboxylate group mainly comes from the modification
of oxidizing agent. As mentioned, the final step of FTC fabrica-
tion involved the ethanolic NaOH solution. It not only dissolves
the silica but also modifies the interfacial carbon surface which
may be oxidized to be carboxylate group. After the first adsorption
process, the peak of 1530 cm−1 slightly shifts to 1535–1540 cm−1

with a smaller intensity and at the same time a peak at 1100 cm−1

appears with a little shoulder at 1150 cm−1. The peak at 1100 cm−1

indicates the presence of surface group of (CH3)2S O, while the
peak at 1150 cm−1 indicates the surface group of CH3–S O. After
the second adsorption process, the surface group of CH3–S O has
increased in intensity from a shape of shoulder to be a peak. From
this information, it is believed that the SO2 molecules are chemi-
cally bonded to the FTC surface and most likely on the carboxylated
surface group. The adsorbed SO2 on the carboxylated group may
slightly change the FTIR pattern. Therefore there is a little shift for
the peak at 1550 cm−1. For the second time adsorption process, the
peak generation of 1150 cm−1 may be due to the further adsorption
of SO2 molecules which may change the bond type from geminal
posture ((CH3)2S O) to CH3S O. In the case of Norit AC, there is no

peak indicating the presence of carboxylate group. It means that
the Norit AC mainly performs the physisorption for SO2 molecules.
Therefore, at a high adsorption temperature, its adsorption capacity
is significantly reduced.
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The role of carboxylate group may provide an electron-rich sur-
ace for the adsorption of SO2. Since SO2 is a polar molecule, it

ay have a dipole–dipole interaction on the carboxylated surface.
t is critically important to this adsorption process by build-
ng a strong interaction between SO2 molecule and carboxylated
urface.

Fig. 3b illustrates the N2 adsorption isotherms of FTC before
nd after SO2 adsorption. It is seen that there is no significant
hange in the porous structure which forms similar hysteresis
oops. Only a slight decrease in total adsorption volume of nitro-
en is observed, suggesting that the adsorption of SO2 on FTC is a
onolayer chemisorption.

. Conclusions

The chemically modified film typed carbon demonstrates a
uch superior adsorption capacity of SO2 compared to those con-

entional commercial adsorbents. It has an adsorption capacity of
.4–1.6 mmol/g at high adsorption temperatures between 100 and
00 ◦C. From the FTIR spectra, the chemically modified FTC has a
arboxylated surface. It is believed that the carboxylate group is

ainly responsible for the SO2 adsorption. From the adsorption

sotherm of the regenerated FTC, it implies that the SO2 adsorp-
ion on FTC follows the chemisorption mechanism. Therefore, it can
ave a high adsorption capacity of SO2 at 300 ◦C, which is about
60% more than that of commercial activated carbon. Until now,

[

[
[

ay 158 (2010) 269–272

there are no carbonaceous materials that can have such a high
adsorption capacity at that temperature. Therefore, it is promis-
ing to use the chemically modified FTC for the abatement of SO2
from combustion emissions.
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