Chemical Engineering Journal 156 (2010) 321-327

journal homepage: www.elsevier.com/locate/cej

Contents lists available at ScienceDirect

Chemical Engineering Journal

The low-temperature SCR of NO over rice straw and sewage sludge derived char

Jin Sun Cha?, Jong-Cheol Choi?, Jeong Huy Ko?, Young-Kwon Park®*, Sung Hoon ParkP,

Kwang-Eun Jeong¢, Seung-Soo Kim4, Jong-Ki Jeon&**

2 Faculty of Environmental Engineering, University of Seoul, 90 Jeonnong-dong, Dongdaemun-gu, Seoul 130-743, Republic of Korea
b Department of Environmental Engineering, Sunchon National University, Suncheon 540-742, Republic of Korea

¢ Green Chemistry Research Division, Korea Research Institute of Chemical Technology, Daejeon 305-600, Republic of Korea

d Department of Chemical Engineering, Kangwon National University, Samcheok 245-711, Republic of Korea

¢ Department of Chemical Engineering, Kongju National University, Gongju 314-701, Republic of Korea

ARTICLE INFO ABSTRACT

Article history:

Received 6 April 2009

Received in revised form 7 October 2009
Accepted 9 October 2009

Keywords:

Selective catalytic reduction (SCR)
Manganese

Chemical activation

Rice straw char

Sewage sludge char

Rice straw char and sewage sludge char were applied as catalysts for selective catalytic reduction between
50 and 250°C using ammonia as the reducing agent. Each char was activated physically, using water
vapor, or chemically, using KOH. The characteristics of the prepared catalysts were analyzed through
elemental analysis, N, adsorption-desorption, FT-IR, NO-TPD, NH;-TPD, and NO, removal efficiency. The
physically activated chars showed characteristics similar to those of the non-activated chars, whereas the
chemically activated chars exhibited increased specific surface areas, pore volumes, NO adsorption capac-
ities, NH3 adsorption capacities, and oxygen functional group amounts, leading to higher NO, removal
efficiency. When the catalysts were impregnated with 3 wt% manganese, NO, removal efficiency signif-
icantly increased. In particular, the NO, removal efficiency was highest when the chemically activated
chars were impregnated with manganese.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Nitrogen oxides (NOy) are toxic air pollutants that cause res-
piratory diseases in humans and animals through respiratory cell
damage. They are also the primary causes of acid rain, photochem-
ical smog, and ozone destruction [1]. Among the various measures
employed to reduce NOy emissions, selective catalytic reduction
(SCR) is the most widely used worldwide. A number of inves-
tigations into catalysts for SCR processes have been undertaken
[2]. The catalysts most frequently used to reduce NOy emissions
from stationary sources such as incinerators and power plants
are V,05/TiO, (anatase) catalysts mixed with WO3 or MoOs [3].
Generally, V505 catalysts are resistant to SO,, and their catalytic
efficiencies are high. Nevertheless, they have the drawback of a
narrow temperature window (300-400 °C). Moreover, within such
a temperature range, the exhaust contains particulate matter that
may cause catalyst deactivation and poisoning, as well as other pol-
lutants such as SO, and As. Therefore, much attention has been paid
to the development of low-temperature SCR catalysts, capable of
activation under 300°C [4-8].
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Investigations of SCR using carbon (carbon-selective catalytic
reduction, or CSCR) have been recently carried out, mainly by Ger-
man and Japanese research groups. Carbon that is typically used
for CSCR processes, such as activated carbon (AC), carbon fiber, and
activated coke, show high NO, removal efficiency at low tempera-
tures (100-250°C) and can be easily produced as pellets, resulting
in a lower manufacturing cost compared to production in a honey-
comb shape [5,6]. The activated carbon widely used in the CSCR
processes is typically produced by carbonizing nut shells, wood
[9], coal [10], lignin [11], coconut shells [12,13], or fruit pits [14],
followed by activation with steam at high temperature. During
the carbonizing process, the burning of biomass material creates
numerous micropores, thus increasing the specific surface area
and adsorption capacity. Heavy metal adsorption is thus possi-
ble, and the atomic bonds of the adsorbed nitrogen oxides and
ammonia are weakened, allowing them to be more easily converted
into nitrogen and water [15]. Low-temperature NOx removal effi-
ciency of these carbon catalysts can be further enhanced through a
simple treatment that creates oxygen functional groups on their
surface, which assisting the chemical adsorption/degradation of
NOy [16]. Activated carbon impregnated with metals like V, Cr,
Cu, Fe, Mn, and Ni can also serve as an SCR catalyst with high
NO, removal efficiency [8,17]. Their large specific surface areas and
metal impregnation capabilities, as well as their large numbers of
surface functional groups, enable their use for physical and chem-
ical adsorption in various applications. Carbon catalysts are also


http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:catalica@uos.ac.kr
mailto:jkjeon@kongju.ac.kr
dx.doi.org/10.1016/j.cej.2009.10.027

322 J.S. Cha et al. / Chemical Engineering Journal 156 (2010) 321-327

manufactured in different forms (activated carbon, activated car-
bon fiber, carbon nanotube, and carbon black). With the exception
of activated carbon, however, recently developed carbon materials
are too expensive for use in CSCR processes.

Several efforts to produce carbon catalysts have been made
recently, using a new carbon material, biomass char. Through pyrol-
ysis or gasification, biomass can be used to produce bio-oil and
bio-gas, both of which are drawing attention as renewable energy.
Biomass char is the residual carbon formed during these processes
that is usually disposed in landfills. As the use of biomass char is
advantageous in terms of waste recycling and cost savings, many
relevant investigations into it are under way [17].

In this study, carbon catalysts were produced using rice straw
char (RC) and sludge char (SC), both obtained as residues from bio-
energy generation processes using rice straw and sewage sludge.
The chars were activated physically or chemically and impreg-
nated with Mn, which bear a high NOyx removal efficiency at
low temperatures [18]. To characterize the prepared catalysts
and evaluate their NO, removal efficiency, elemental analysis, Ny
adsorption—-desorption, FT-IR, NO-TPD, and NH3-TPD were carried
out.

2. Experimental materials and method
2.1. Experimental materials

2.1.1. Raw materials

The rice straw of the most widely grown variety of rice in Korea
was chosen for this study. The rice straws were cut in uniform
lengths of <5 mm and then dried. Sewage sludge was obtained from
Jungnang Sewage Treatment Plant in Seoul, Korea, where munic-
ipal wastewater is treated using the standard activated sludge
method. The sludge was dried and sieved with a 150-200 mesh.
To characterize the samples, approximate (moisture, combustible
component, and ash), ultimate (C, H, O, N, and S), and metal com-
ponent analyses were carried out for each sample. To produce the
char, 5.0 g of pretreated rice straw and sewage sludge, respectively,
were pyrolyzed in a reactor for 1h, at 500°C, under a N, flow of
50 mL/min.

2.1.2. Biomass char activation

The RC and SC produced in the previous step were activated
physically or chemically. For physical activation, the 5.0g chars
were put into a reactor through which 50 mL/min of nitrogen gas,
containing 40% water vapor, flowed. The reactor temperature was
increased by 5°C/min from room temperature to 700 °C, and then
maintained for 1h at 700°C. The physically activated RC and SC
will hereafter be referred to as “RCW” and “SCW,” respectively. A
KOH solution was used for the chemical activation as it had been
reported to be a good activation agent[19]. The KOH and chars were
mixed at a 1:1 ratio for 2 h, at 60°C, and dried for 24h in a 110°C
oven. Then 5.0 g of the samples, respectively, was taken from the
dried chars and treated with nitrogen gas in the same way as in
the physical activation. To remove the remaining K*, the samples
were washed with a 5.0 M HCI and then distilled water to remove
the Cl~. The washed samples were dried in a 110°C oven for 24 h.
The chemically activated RC and SC will hereafter be referred to as
“RCK” and “SCK,” respectively.

2.1.3. Mn loading

To investigate the effect of metal incorporation, the activated
chars were impregnated with Mn, which had been reported to
have a good low-temperature activity [18,20]. An Mn(NOs); solu-
tion was used as the Mn precursor and was controlled to 3 wt%
loading using the incipient wetness method. The impregnated

chars were then thermally treated with a 50 mL/min N, flow at
350°C.

2.2. Experimental methods

2.2.1. Characterization

2.2.1.1. N, adsorption-desorption. The N, adsorption-desorption
method was used to determine pore volume, pore size distribution,
and specific surface area of the prepared catalysts. Prior to measure-
ment, the catalysts were degassed for 10 h under a 200 °C vacuum
atmosphere to remove other impurities therein (BEL Japan).

2.2.1.2. FT-IR. The FT-IR (Thermo Nicolet 380) analysis was per-
formed from 4000 to 400cm™! to identify the oxygen functional
groups (-COOH, -OH, —COO0, and C=0) on the catalyst surface.

2.2.1.3. NO-TPD. The prepared catalysts were pretreated with N,
gas for 1 h at 250°C, in a quartz tubular reactor with an inner diam-
eter of 10 mm and a height of 300 mm. Then, 0.5 g of the pretreated
catalyst, respectively, was maintained in a reactor for 1 h to adsorb
500 ppm NO/N; at 125 °C. The amount of NO desorbed from the cat-
alyst was then measured using a NOx analyzer (42C, Thermo Ins.),
while increasing the temperature by 5°C/min from 125 to 550°C.

2.2.1.4. NH3-TPD. The acidity was examined using the NHj-
temperature-programmed desorption (TPD) method with a
TPD/TPR 2900 analyzer (Micromeritics Instrument Co.). Prior to the
measurements, the samples were first treated in a He stream at
400°C and then cooled to 100°C. The NH3 adsorption was then
carried out at 100°C. After purging the samples in a He stream for
2h to completely remove the physically adsorbed NH3, the cata-
lysts were heated to 400 °C at a heating rate of 10 °C/min. Desorbed
NH3 was detected using a thermal conductivity detector (TCD).

2.2.2. Catalytic activity

The NOy removal efficiency was measured in a quartz tubu-
lar fixed-bed reactor with an inner diameter of 10 mm and a
height of 300 mm. The inlet gas consisted of NO (1000 ppm), NH3
(1000 ppm), O, (5%), and balance N,. The flow rate was controlled
using a mass flow controller (Sierra Instruments, Inc. and Hi-Tec
Co.). A bypass line was installed to measure the inlet NO concen-
tration. The NO concentrations of the inlet and outlet streams were
measured using a NOy analyzer (42C, Thermo Ins.) (Fig. 1). The
WI/F (catalyst weight/feed flow rate) ratio was 5.0 g min/L. The NOy
removal efficiency was calculated as follows:

[Nox]in - [NOX]OUt

x 100
[Nox]in

NO, removal efficiency =
where [NOy |, is the inlet concentration of NOy and [NOy oyt is the
outlet concentration of NOy.

3. Results and discussion
3.1. Raw materials

Table 1 shows the results of the approximate (moisture, ash,
and combustible component), elemental (C, H, O, N, and S), and
metal component analyses of the rice straw and sewage sludge.
Both the rice straw and the sewage sludge possessed low moisture
and high combustible-component contents, which is favorable as
these would lead to low energy consumption and a high production
yield. The sewage sludge had a higher ash content compared to the
rice straw, which could be ascribed to the abundant heavy metals
of the soil component inflow from the grit chamber of the sewage
treatment plant and the sewage itself.
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Fig. 1. Schematic diagram of experimental apparatus.

The ultimate analysis conducted in this study showed that the
rice straw had a higher carbon and oxygen content compared to the
sewage sludge. In particular, the oxygen content of the rice straw
was more than twice that of the sewage straw, indicating that more
oxygen functional groups (-COOH, -OH, -COO, and C=0) could
be created from the activation of char, leading to higher catalytic
activity.

The metal component analysis conducted in this study showed
that the alkali metal contents (e.g., Na and K) in the rice straw were
high. It is assumed that these alkali metals were absorbed from the
soil together with the nutrients. The sewage sludge showed high
Al, Ca, and Fe contents due to their abundance in the sewage.

3.2. Catalyst characterization

3.2.1. Rice straw char

Fig. 2 shows the N, adsorption-desorption isotherms of the car-
bon catalysts produced from RC. The isotherms show the type I
shape of the BDDT classification, in which nitrogen adsorption is
active at a very low p/po (p/po~0), indicating micropore abun-
dance. The adsorption capacity was shown to be higher in the
order of RCK>RCW >RC, indicating that activation of the char
creates more micropores and that chemical activation is more effi-

Table 1
Physical characteristics of rice straw and sewage sludge.

Item Unit Rice straw Sewage sludge
Moisture wt% 6.8 5.56
Combustible wt% 84.3 67.63
Ash wt% 8.9 26.81
C wt% 4325 37.50
H wt% 5.62 5.55
(0} wt% 2.11 5.02
N wt% 48.8 22.94
S wt% 0.22 0.75
Al ppm 295 23260
Ca ppm 1599 19950

Cr ppm 1460 66
Cu ppm 562 622

Fe ppm 5600 13090

K ppm 9237 3498
Mg ppm 1430 3289
Mn ppm 2000 1208
Na ppm 10702 5291

Ti ppm - 1022
Zn ppm 80 3000
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Fig. 2. Nitrogen adsorption and desorption isotherms of rice straw char based cat-
alysts.

cient in creating micropores than physical activation. In addition,
the RCK showed an increase in adsorption within the ranges of
mesopore and micropore, as well as in the hysteresis character-
istics, which were not observed in RC and RCW, suggesting that
chemical activation can also create mesopores. When the carbon
catalysts were impregnated with manganese, the changes in the
adsorption-desorption characteristics of MnOx/RC and MnOx/RCW
were not large. In the case of MnO/RCK, the decrease in the initial
adsorption compared with RCK itself suggested that the micropores
were reduced by Mn impregnation.

The specific surface area, pore volume, and pore size distribution
of RC are shown in Table 2. When RC was activated (RCW and RCK),

Table 2

Characterization of the rice straw char based catalysts.
Sample BET surface Pore volume Ave. pore

area (m?/g) (cm3/g) diameter (nm)

RC 139.5 0.092 2.642
RCW 363.0 0.164 1.809
RCK 772.3 0.422 2.185
MnOy/RC 1574 0.096 2431
MnO,/RCW 353.3 0.159 1.801

MnO,/RCK 700.1 0.363 2.074
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Fig. 3. BJH pore size distribution of rice straw char based catalysts.

its specific surface area increased considerably (139.5 m?2/g for RC,
363.0m?/g for RCW, and 772.3 m?/g for RCK). Its pore volume was
also considerably increased by activation. The RCK showed the
highest pore volume corresponding to its highest specific surface
area. The effect of Mn impregnation was different for the various
substrates and the changes in specific surface area and pore volume
due to Mn impregnation were not substantial.

Fig. 3 shows the pore size distribution obtained through use of
the N, adsorption-desorption method for RC based catalysts and
that the 3.7 nm pores were selectively extended, especially after
activation. These pores were formed when the volatile organic mat-
ters in the samples were cracked and vaporized during pyrolysis.
In the case of RCW and RCK, high-temperature activation led to
formation of more pores. In particular, RCK exhibited a broad pore
size distribution across larger micropore and mesopore ranges. The
pore size distribution curve of Mn-impregnated RCK indicated that
the number of pores was reduced during impregnation.

The FT-IR spectra of the RC based catalysts are shown in Fig. 4
for the identification of the functional groups developed on the sur-
face. The RC, RCW, and RCK exhibited broad peaks within the range
of 3500-3300cm™!, indicating the presence of hydroxyl groups
therein [21-25]. The peaks that appeared at 1612cm~! appeared
due to the stretching vibration of quinone and C=0 [26], while the
peaks at 1200 and 1110cm~! appeared due to the C-O stretching
vibration [27]. The magnitudes of these peaks were in the order
of RC<RCW <RCK, indicating that chemical activation of the char

Absorbance

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cn)

Fig. 4. FT-IR spectra of rice straw char based catalysts.
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Fig. 5. NO-TPD profiles on rice char based catalysts.

increased the C=0 and C-0 functional groups more than the other
treatments.

As shown in Fig. 5, the NO-TPD was performed from 125 to
400°C to investigate the role of chemisorbed NO. Marban et al.
[15] also performed NO-TPD from 125 to 400 °C over Mn/Activated
carbon fiber. There, the authors suggested that the NO peak cen-
tered at 190°C might correspond to desorption of the coordinated
and monodentate nitrites and bridged nitrites, which can proba-
bly react with contiguously adsorbed NH3 under SCR conditions
and therefore maintain catalytic activity. As shown in Fig. 5, all
of the NO-TPD peaks were centered in a range of 190-220°C.
The amounts of NO desorbed in this study were in the order
of MnOx/RCK>MnOyx/RCW >MnOy/RC, indicating that MnOx/RCK
could produce higher amounts of active nitrites.

Fig. 6 shows that the amount of NH3 adsorbed increased in the
order of RCK>RCW ~ RC. This seemed to be due to the high amount
of oxygen functional groups and surface area of the RCK. Addition of
Mn also increased the amount of NH3 adsorbed as Mn could provide
Lewis acid sites.

3.2.2. Sludge char (SC)

Fig. 7 shows the N, adsorption-desorption isotherms of the car-
bon catalysts produced from the sewage sludge char (SC). Prior to
activation, the SC exhibited a non-porous type Il shaped isotherm

RCW
e e e
- -
< S ~~<_MnOXIRCK
© ”/ \'-“'h...___
T e ——
21 e
@ R . ¢ SO
al T T R
&)
'—
M
150 200 250 300 350 400

Temp. (°C)

Fig. 6. NH3-TPD profiles on rice char based catalysts.
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Fig.7. Nitrogen adsorption and desorption isotherms of sludge char based catalysts.

in which the initial adsorption was extremely low, whereas RC
showed active adsorption within the micropore range (type I
isotherm). This result is ascribed to the high ash and heavy metal
contents of the sludge, which hinder pore formation through crack-
ing of the organic matter during slow pyrolysis. After physical
activation (SCW), the adsorption performance increased within the
micropore range, but the change was lesser than that in the case
of RCW. Nevertheless, adsorption performance was dramatically
improved, showing a type I shaped isotherm at p/pg ~0, similar
to the activated carbon and type IV shaped isotherm with hys-
teresis, within the micropore and mesopore ranges. This result
can be explained as follows: the gas produced during the chem-
ical activation is discharged quickly through the fine holes under
high temperature and pressure, leaving the pores with an ink bottle
shape, causing a bottleneck phenomenon during desorption after
nitrogen adsorption leading to hysteresis. The Mn-impregnated-
SC based catalysts showed adsorption-desorption characteristics
similar to the non-impregnated, as shown in Fig. 7.

Table 3 compares the specific surface areas, pore volumes, and
average pore diameters of the different kinds of SC based cata-
lysts. Activation, especially chemical, was shown to significantly
increase the specific surface areas. The specific surface areas were
increased from 17.9 to 63.9m?2/g by physical activation, and to
764.7 m?/g by chemical activation. The order of the pore volumes
was SC < SCW < SCK, corresponding to the order of the specific sur-
face areas in the case of the RC based catalysts. Impregnation with
manganese did not considerably change the characteristics shown
in Table 3.

Fig. 8 shows the pore size distribution obtained through use of
the N, adsorption-desorption method for SCbased catalysts. The SC
based catalysts showed pore size distributions similar to those of RC
based catalysts, with the 3.7 nm pores being selectively extended,
especially after activation.

Fig. 9 shows the FT-IR identification of the functional groups
developed on the surface of the SC based catalysts. Generally,

Table 3

Characterization of the sludge char based catalysts.
Sample BET surface Pore volume Ave. pore

area (m?/g) (cm3/g) diameter (nm)

SC 17.9 0.018 4.060
SCW 63.9 0.039 2.450
SCK 782.6 0.606 3.096
MnOy/SC 354 0.036 4.033
MnO,/SCW 53.8 0.045 3.348
MnO,/SCK 645.3 0.496 3.078
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Fig. 8. BJH pore size distribution of sludge char based catalysts.

Absorbance

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cn1)

Fig. 9. FT-IR spectra of sewage sludge char based catalysts.

the SC based catalysts showed FT-IR spectra similar to those of
the RC based catalysts. After chemical activation, the C=0 and
C-0 functional groups showed the largest increase, not unlike
RC.

Fig. 10 shows the NO-TPD on SC based catalysts. These
catalysts showed NO-TPD similar to those of the RC based cat-

MnOx/SC
MnOx/SCK
—_——— MnOx/SCW
=]
<
100 150 200 250 300 350 400

Temp. (°C)

Fig. 10. NO-TPD profiles on sludge char based catalysts.
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Fig. 11. NH;5-TPD profiles on sludge char based catalysts.

alysts. The amounts of NO desorbed were in the order of:
MnOy/SCK > MnOy/SCW > MnOx/SC.

Fig. 11 shows the NH3-TPD of the SC based catalysts. In addition,
the SC based catalysts showed NH3-TPD similar to those of the RC
based catalysts. The amounts of NH; adsorption were in the order
of: MnOy/SCK >SCK>SCW ~ SC.

3.3. De-NOy activity

3.3.1. Rice straw char (RC)

The de-NOy performances of the RC based catalysts are shown
in Fig. 12(a) as a function of temperature. At a low tempera-
ture of 50°C, RC, RCW, and RCK exhibited 50, 71, and 86% NOyx

(a) 100
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100

—_
=
~

80 1

60 -

40

No Conversion (%)

20 1

0 50 100 150 200 250 300
Temperature (°C)

Fig. 12. NO Conversions as a function of reaction temperature: (a) RC (H), RCW (A),
and RCK (®); (b) MnOy/RC (W), MnO,/RCW (A), MnOyx/RCK (@), and MnOy/AC (3r).

removal efficiencies, respectively. As the temperature increased
to 200°C, respective NO, removal efficiency was reduced to 10,
5, and 41% for RC, RCW, and RCK. At an even higher temper-
ature of 250°C, however, the NOy removal efficiency increased
again, making the efficiency curve V-shaped. It has been reported
that in the presence of carbon catalysts, two different mecha-
nisms may be operative in this process: adsorption of NOy at
low temperature (T<150°C) and reaction at higher temperature
(T>150°C) [28]. The RCK showed the highest efficiency given
its large specific surface area and abundant oxygen functional
groups.

The MnOx/RC and MnOx/RCW, obtained by impregnating RC and
RCW with manganese, showed a similar temperature dependence
on de-NOy efficiency to those of RC and RCW, as shown in Fig. 12(b).
The MnOy/RCK, however, showed significantly higher NO, removal
efficiency than the RCK at high temperatures (>150°C), while less
than 100°C, the NOy removal efficiencies of MnOx/RCK and RCK
were similar. As previously stated in Section 3.2.1, the existence
of highly active coordinated and monodentate nitrites and bridged
nitrites produced on MnOx/RCK can increase catalytic activity with
the reacting NHs3. Additionally, increased adsorption of NH; on
MnOy/RCK has a high possibility of reacting with NO to result in
high catalytic activity.

Furthermore, the catalytic activity of MnOx/AC was compared
with those of MnOx/RC, MnOx/RCW, and MnOx/RCK catalysts. The
activity of MnOx/AC was slightly higher than that of MnO,/RCKin a
range of 150-200 °C, while the catalytic activity of MnOx/RCK was
higher than that of MnOy/AC at a range of 50-100°C, as well as at
250°C. Considering the benefit of RCK as a recycled material from
waste, MnOyx/RCK could be a candidate for low-temperature de-NOy
catalysts.

3.3.2. Sludge char (SC)
The de-NOy performances of the catalysts produced from SC
are shown in Fig. 13(a) as a function of temperature. At a low

(a) 100
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Fig. 13. NO Conversions as a function of reaction temperature: (a) SC (), SCW (A),
and SCK (@); (b) MnO,/SC (W), MnOx/SCW (A ), MnO,/SCK (®), and MnOy/AC (+).
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Table 4
Metal impurities of SC and SCK.
Metal SC (wt%) SCK (wt%)
Al 5.9 1.6
Ca 5.1 04
Fe 4.8 1.9
Zn 0.3 0.1
Na 04 0.2
K 1.1 0.4

temperature of 50°C, SC, SCW, and SCK exhibited 10, 30, and
46% NOx removal efficiency, respectively. By increasing temper-
ature to 150°C, the NOy reduction reaction activity was reduced
to 4, 16, and 12% for SC, SCW, and SCK, respectively. At an even
higher temperature of >200°C, however, the NOy removal effi-
ciency increased again, making the efficiency curve V-shaped, as
was the case for the RC based catalysts, and most likely for the
same reason. The chemically activated catalyst (SCK) showed the
highest efficiency due to its large specific surface area and large
number of oxygen functional groups, as shown in Table 3 and
Fig. 9.

The MnOy/SC and MnOx/SCW, obtained by impregnating SC and
SCW with manganese, showed de-NOy performances similar to
those of SC and SCW at 100 °C. At temperatures over 100°C, how-
ever, their de-NOy efficiencies significantly increased, along with
the temperature, compared to those of SC and SCW, becoming 64
and 61%, respectively, at 250 °C (Fig. 13(b)). The MnOy/SCK showed
the highest NOy removal efficiency throughout the entire temper-
ature range tested, which is held, as in the case of RCK, to be due
to the highly active nitrites and high amounts of adsorbed NH3 of
SCK. In addition, the activity of MnOy/SCK was similar to MnOx/AC
at 50 and 250°C.

Although the amounts of metal impurities (e.g., K, Na, and Fe) of
SCK were lower than those of SC (Table 4), the catalytic activity of
SCK was higher than that of SC. This implied that the effect of metal
impurities could be negligible.

4. Conclusions

Carbon catalysts were prepared using rice straw char and
sewage sludge char and their NO, removal performances evaluated.
For both kinds of chars, the chemically activated catalysts exhib-
ited higher de-NOy efficiencies than the physically activated, which
can be attributed to the larger specific surface areas, pore volumes,
NO adsorption capacities, NH3 adsorption capacities, and oxygen
functional group amounts. When the catalysts were impregnated
with manganese, the NOy removal efficiencies were shown to
increase throughout the entire temperature range tested. In par-
ticular, when the chemically activated chars with large specific
surface areas and large numbers of oxygen functional groups were
impregnated with manganese, the rice straw char exhibited 84
and 85% NOy removal efficiency at 50 and 250°C, respectively,
and the sewage sludge char showed 55 and 85% NOy removal
efficiency at 50 and 250 °C, respectively. This study demonstrated
that rice straw char and sewage sludge char could be used as raw
materials of low-temperature de-NOy carbon catalysts. Chemical
activation and impregnation with transition metals such as MnOy
can be applied for even higher and more stable NOy removal per-
formance.
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