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a b s t r a c t

In order to reduce the negative impact of coal utilization for energy generation, the pollutants present
in the flue gas of coal combustion such as sulfur dioxide (SO2) and nitrogen oxide (NO) must be effec-
tively removed before releasing to the atmosphere. Thus in this study, sorbent prepared from rice husk
ash that is impregnated with copper is tested for simultaneous removal of SO2 and NO from simu-
lated flue gas. The effect of various sorbent preparation parameters; copper loading, RHA/CaO ratio,
hydration period and NaOH concentration on the sorbent desulfurization/denitrification capacity was
studied using Design-Expert Version 6.0.6 software. Specifically, Central Composite Design (CCD) cou-
esulfurization
enitrification

pled with Response Surface Method (RSM) was used. Significant individual parameters that affect the
sorbent capacity are copper loading and NaOH concentration. Apart from that, interaction between the
following parameters was also found to have significant effect; copper loading, RHA/CaO ratio and NaOH
concentration. The optimum sorbent preparation condition for this study was found to be 3.06% CuO
loading, RHA/CaO ratio of 1.41, 8.05 h of hydration period and NaOH concentration of 0.80 M. Sorbent

M, X
n the
characterization using SE
preparation parameters o

. Introduction

Increasing world population and rapid economic development
as caused the worlds’ energy consumption to increase annually.

n tandem with this, the quantity of power plants worldwide has
lso been increasing rapidly especially in developing countries like
hina and India to ensure adequate supply of energy. The thought of
enewable energy such as biomass, solar, hydroelectric, geothermal
nd wind energy being an alternative is not forthcoming consider-
ng their uncertainty and instability in ensuring long term energy
ecurity. Therefore, renewable energies could not be treated as sig-
ificant sources of energies yet, at least for the time being. The
ain sources of fuel used for energy production in power plants

re fossil fuels like petroleum, natural gas and coal. Coal, which is
elatively cheaper and in abundance as compared to other fossil
uels is widely used over the world and its consumption rate has
een increasing due to the volatility of oil and natural gas prices.
evertheless, the combustion of coal in power plants emit pollu-
ants to the atmosphere, causing severe air pollution which affects
he ecosystems including human beings; namely global warming
nd acid rain.
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RD and surface area analysis were used to describe the effect of sorbent
desulfurization/denitrification activity.

© 2010 Elsevier B.V. All rights reserved.

Two of the main air pollutants produced are sulfur oxides (SOx)
and nitrogen oxides (NOx). SOx is produced when sulfur compound
in coal reacts with oxygen in the air during combustion and 98%
is released as sulfur dioxide (SO2) [1]. SO2 with the existence of
oxygen in the atmosphere would form sulfur trioxide (SO3) which
would subsequently be hydrated by water in the air to produce
sulfuric acid and finally drop to earth as acid rain. On the other
hand, NOx is formed due to the oxidation of molecular nitrogen in
the combustion air at high temperature, with 90–95% consisting of
nitrogen oxide (NO) [2]. NO could form photochemical smog after
reacting with ozone which can damage human respiratory system
[3]. In addition, nitrogen oxide is also recognized as an acid rain pre-
cursor and one of the greenhouse gases with high global warming
potential. Therefore, there are necessities to develop technologies
to abate the release of these air pollutants to the atmosphere.

For SO2 emission control, wet type flue gas desulfurization (FGD)
technology using calcium based sorbents such as calcium oxide
and calcium hydroxide are commonly adopted in large scale coal-
fired power plants and industrial boilers [4]. However, this wet type
method requires extensive investment cost due to high equipment
cost and requirement to handle corrosive liquid. As an alternative,

dry type FGD which is cheaper and simpler with lower capital cost
would be a better option for developing countries like China and
India which has high energy consumption growth rate but lower
investment ability when it comes to environmental abatement sys-
tem. In addition, dry type FGD generates solid waste that avoids

dx.doi.org/10.1016/j.jhazmat.2010.07.088
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:chktlee@eng.usm.my
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Table 1
Range and levels of sorbent preparation parameters.

Parameters Coding Units Levels
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Copper loading x1 %
RHA/CaO ratio x2 –
Hydration period x3 h
NaOH concentration x4 mol/dm3

he requirement to handle corrosive liquid that is generated in wet
ype FGD. The solid waste generated could also be utilized as fer-
ilizer in order to avoid waste generation [5]. Nevertheless, SO2
emoval efficiency and sorption capacity for sorbents used in dry
ype FGD is not high enough for commercial application. Thus, more
esearch is required to develop sorbents with higher SO2 removal
fficiency and sorption capacity. Recently, research interests are
oncentrated at siliceous calcium based sorbents extracted from
aste material. For instance, Lee et al. and Shi and Xu reported the
se of coal fly ash while Dahlan et al. utilized rice husk ash [1,4–6]. In
nother study, oil palm ash was also used to synthesize the sorbent
7]. On the other hand, for denitrification process (NO removal),
elective catalytic reduction (SCR) is the more popular choice using
atalyst-support type sorbent. Some of the sorbents under research
re Cu–Mn–CeOx/Al2O3/Al Alumite catalyst [8], zirconia-supported
obalt catalyst [9], Rh/Al2O3 catalyst [10] and Co3O4/TiO2 catalyst
11]. On top of that, some catalysts with activated carbon as support
re also investigated by Zhu et al. [12,13]. In that study, copper oxide
nd vanadium oxide were used as active components to reduce NO
y NH3.

The main research interest in this study lies with the utiliza-
ion of rice husk ash, a natural waste material which has no market
alue, by converting it to sorbent capable of absorbing air pollu-
ants. Rice husk ash is mainly composed of amorphous silica which
ould undergo pozzolanic reaction with calcium hydroxide to give
complex calcium silicate hydrate which is capable of adsorbing

ulfur dioxide [14]. However, unlike previous study on the prepara-
ion of sorbent prepared from siliceous material which is only used
o remove SO2, the sorbent prepared in this study will be focus on
imultaneous removal of SO2 and NO. The challenge lies in using
ppropriate additives like sodium hydroxide [15] and metal oxides
16]. The addition of sodium hydroxide could accelerate the hydra-
ion process that forms more reactive silicate species that has high
urface area and good SO2 sorption capacity. On the other hand, the
ddition of metal oxides that are capable to catalyze denitrification
eactions will subsequently lead to simultaneous removal of SO2
nd NO. Although Dahlan et al. has reported various metal oxide
hat can be used for simultaneous removal of NO, however most
f the metal oxides used are derived from expensive metal such as
erium, and thus this devoid the purpose of synthesizing low cost
orbent [16]. Thus in this study, a lower cost metal oxide, copper
ill be used to synthesize sorbent with NaOH/CaO/rice husk ash.

n short, the aim of this study is to analyze the effect of sorbent
reparation parameters towards the CuO/NaOH/CaO/rice husk ash
orbent for simultaneous removal of SO2 and NO. The preparation
arameters studied are copper loading, the ratio between raw rice
usk ash and calcium oxide (RHA/CaO ratio), hydration period and
aOH concentration.

. Experimental
.1. Sorbent preparation

Raw rice husk ash (RHA) was collected directly from Kilang
eras & Minyak Sin Guan Hup Sdn. Bhd., Nibong Tebal, Malaysia
nd utilized without any pretreatment, except it was grinded
3.04 7.50 11.96 15.00
1.41 2.75 4.09 5.00
8.05 14.00 19.95 24.00
0.20 0.50 0.80 1.00

to obtain particle size less than 200 �m. Then, RHA was mixed
with calcium oxide (CaO, BDH Laboratories, England) at specific
ratio and undergoes water hydration process at 70 ◦C for a spe-
cific hydration period in a 250 ml conical flask containing sodium
hydroxide (NaOH) (Sigma–Aldrich) solution at specific concentra-
tion. The slurry formed was filtered and dried completely at 85 ◦C.
After that, appropriate amount of copper nitrate hemipentahy-
drate (Cu(NO3)2·5/2H2O, Sigma–Aldrich) was added to the sorbent
by wet impregnation method. Resulting sorbent was dried and
calcined in static air at 600 ◦C for 4 h. Finally, the sorbent was
pelletized, crushed and sieved to obtain particle size in range of
200–300 �m and stored for experimental use.

2.2. Designs of experiments and statistical analysis

The effect of four sorbent preparation parameters on the result-
ing sorbent’s desulfurization/denitrification activity will be studied
using Central Composite Design (CCD) coupled with Response Sur-
face Method (RSM). This was executed using Design-Expert Version
6.0.6 (Stat-Ease, Inc.) software. The CCD consists of a two level full
factorial design (24 = 16), eight axial points and six center points.
The four parameters are copper loading, RHA/CaO ratio, hydra-
tion period and NaOH concentration. The range and levels of the
parameters is listed in Table 1. The ˛-value in this study was fixed
at 1.68 (rotatable). A mathematical model was then developed in
order to obtain a regression analysis of the experimental data.
The polynomial equation that correlates the sorbent denitrifica-
tion/desulfurization activity to the sorbent preparation parameters
by linear, quadratic, cubic and interaction terms is shown in Eq. (1);

y = ao +
4∑

i=1

aixi +
4∑

i,j=1

aijxixj +
4∑

i=1

aijx
2
i +

4∑

i,j,k=1

aijkxixjxk +
4∑

i=1

aiiix
3
i

(1)

where y is the predicted sorbent sorption capacity (mg pollutant/g
sorbent), a0 is the offset term, ai is the linear effect, aij is the first
order interaction effect, aii is the squared effect, aijk is the second
order interaction effect and aiii is the cubic effect. In addition, every
term in the equation was evaluated for its statistical significance.
Subsequently, the optimum sorbent preparation conditions were
identified using the model developed.

2.3. SO2 and NO sorption activity study

SO2 and NO sorption capacity of the sorbent were tested using
a fixed bed test rig. 0.5 g of sorbent supported by glass wool was
placed in the middle of a heated tubular reactor. Simulated flue
gas containing SO2 (2000 ppm), NO (500 ppm), O2 (10%) and bal-
ance N2 at a flow rate 150 ml/min was then initiated to flow pass
the sorbent. Prior to contact with the sorbent, N2 was passed
through a humidification system which consists of two conical

flasks immersed in water bath at specific temperature in order to
humidify the flue gas. Reaction temperature was held constant at
150 ◦C throughout the experiment for isothermal analysis. The out-
let gas was analyzed continuously by an IMR 6000 flue gas analyzer
to measure the concentration of SO2 and NO. In this study, only the
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Table 2
Experimental design matrix and results.

Sorbent code Experimental parameters SO2 sorption
capacity (mg/g)

NO sorption
capacity (mg/g)

CuO loading, x1 (%) RHA/CaO ratio,
x2 (no unit)

Hydration
period, x3 (h)

NaOH concentration, x4

(mol/dm3)

R1 7.50 5.00 14.00 0.50 7.20 1.73
R2 11.96 4.09 19.95 0.20 4.20 0.98
R3 11.96 1.41 19.95 0.80 5.70 1.43
R4 7.50 2.75 14.00 0.50 6.00 1.50
R5 7.50 2.75 14.00 0.50 5.70 1.35
R6 3.04 4.09 19.95 0.80 8.40 2.10
R7 11.96 1.41 8.05 0.80 7.50 1.88
R8 11.96 4.09 8.05 0.20 3.90 0.98
R9 7.50 2.75 24.00 0.50 6.90 1.73
R10 15.00 2.75 14.00 0.50 5.40 1.50
R11 7.50 2.75 14.00 0.50 5.10 1.28
R12 7.50 2.75 14.00 0.50 6.00 1.58
R13 7.50 2.75 4.00 0.50 6.60 1.65
R14 3.04 1.41 19.95 0.20 7.20 1.80
R15 3.04 4.09 8.05 0.80 6.60 1.58
R16 7.50 2.75 14.00 0.00 3.60 0.90
R17 7.50 2.75 14.00 0.50 6.30 1.58
R18 7.50 2.75 14.00 1.00 4.80 1.20
R19 7.50 0.50 14.00 0.50 6.60 1.80
R20 3.04 1.41 8.05 0.20 4.20 0.98
R21 0.00 2.75 14.00 0.50 5.70 1.65
R22 3.04 1.41 19.95 0.80 11.10 3.38
R23 3.04 1.41 8.05 0.80 12.60 3.15
R24 11.96 4.09 8.05 0.80 7.20 1.73
R25 3.04 4.09 8.05 0.20 7.50 1.95
R26 11.96 1.41 19.95 0.20 3.60 0.90
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R27 3.04 4.09 19.95
R28 11.96 1.41 8.05
R29 11.96 4.09 19.95
R30 7.50 2.75 14.00

mount of time sustained for 100% removal of SO2 and NO was
ecorded for further analysis. Knowing the gas flow rate and con-
entration, the sorbent sorption capacity was calculated based on
he mass balance between the inlet and outlet gas. The schematic
iagram of the experimental rig is shown in Fig. 1 [17].

.4. Characterization of sorbent

Selected sorbents were characterized with scanning elec-
ron microscopy (SEM), X-ray diffractometry (XRD) and nitrogen
dsorption–desorption analysis. These analyses were conducted to
nvestigate the surface morphology, phases composition and spe-
ific surface area (and also average pore size and pore volume)
f the sorbents, respectively. SEM was performed on a Leo Supra
5Vp-24-58 at accelerating voltage of 3 kV while a Siemens Diffrac-
ometer D5000 was used for XRD at a scan rate of 0.05◦/s. On the
ther hand, Autosorb IC Quantachrome analyzer was used for nitro-
en adsorption–desorption analysis.

. Results and discussion

.1. Development of regression model

There are two responses taken into consideration in this study
hich are sorption capacity of sorbents at 100% removal of SO2

nd NO, respectively. The experiment design matrix and results are
hown in Table 2. From Table 2, the sorption capacity of SO2 and
O ranged from 3.60 to 12.60 mg SO2/g sorbent and 0.90 to 3.38 mg

O/g sorbent. Apart from that, six center points (R4, R5, R11, R12,
17 and R30) are included and scattered in the design matrix to

nvestigate the experimental error. The experimental errors were
alculated as 7.0% for SO2 removal and 8.9% for NO removal. Using
esign-Expert 6.0.6 software, the responses of SO2 and NO removal
0.20 6.30 1.65
0.20 4.50 1.20
0.80 5.70 1.50
0.50 6.30 1.65

are correlated with the sorbent preparation parameters and are
shown in Eqs. (2) and (3) respectively.

ySO2 = 16.39 − 5.83x1 − 2.10x2 − 0.17x3 + 5.91x4 + 0.23x2
1

+ 1.60x2
2 + 1.45x2

3 − 1.13x2
4 + 1.07x1x2 − 1.07x1x3

−0.64x1x4 + 0.11x2x3 − 2.04x2x4 − 0.75x3x4 + 1.97x3
1

+ 0.92x3
2 − 1.73x3

4 + 1.93x1x2x4 + 1.18x2x3x4 (2)

yNO = 1.95 − 0.74x1 − 0.28x2 + 0.025x3 + 0.75x4 + 0.098x2
1

+ 0.19x2
2 + 0.15x2

3 − 0.15x2
4 + 0.15x1x2 − 0.19x1x3

− 0.11x1x4 − 0.025x2x3 − 0.30x2x4 − 0.013x3x4 + 0.24x3
1

+ 0.087x3
2 − 0.22x3

4 + 0.11x1x2x3 + 0.31x1x2x4 + 0.11x2x3x4

(3)

where ySO2 and yNO represent predicted SO2 and NO sorption capac-
ity of sorbent, respectively.

The R2 values for Eqs. (2) and (3) are 0.9286 and 0.9605,
respectively. This indicates that only 7.14% and 3.95% of the total
variability is not explained by the regressors in the model for SO2
and NO sorption capacity, respectively. This result therefore verifies
that the developed model could represent and predict the actual
simultaneous desulfurization and denitrification activity within the
range of parameters studied.
3.2. Analysis of regression model

Analysis of variance (ANOVA) was performed to investigate the
significance of the developed model and to study the effect of each
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Table 3
ANOVA of regression model for sorbent desulfurization activity.

Source Sum of squares Degree of freedom Mean square F-value Prob > F

Model 845.92 19 44.52 6.85 0.0018
x1 167.75 1 167.75 25.80 0.0005
x2 21.82 1 21.82 3.36 0.0968
x3 0.63 1 0.63 0.10 0.7615
x4 172.33 1 172.33 26.50 0.0004
x2

1 0.90 1 0.90 0.14 0.7175
x2

2 41.76 1 41.76 6.42 0.0297
x2

3 34.22 1 34.22 5.26 0.0447
x2

4 20.83 1 20.83 3.20 0.1038
x1x2 18.37 1 18.37 2.82 0.1237
x1x3 18.37 1 18.37 2.82 0.1237
x1x4 6.61 1 6.61 1.02 0.3370
x2x3 0.18 1 0.18 0.03 0.8699
x2x4 66.31 1 66.31 10.20 0.0096
x3x4 9.00 1 9.00 1.38 0.2666
x3

1 54.23 1 54.23 8.34 0.0162
x3

2 11.91 1 11.91 1.83 0.2057
3 41.71 6.42 0.0297

59.51 9.15 0.0128
22.22 3.42 0.0942

6.50 – –

p
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t
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b
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x4 41.71 1
x1x2x4 59.51 1
x2x3x4 22.22 1
Residual 65.02 10

arameter towards the sorbent sorption capacity and is shown in
ables 3 and 4, respectively. From the ANOVA result, Fisher Test
alue (F-value) for desulfurization regression model is 6.85, larger
han theoretical F0.05(19,10) value (2.774), while Fisher Test value
F-value) for denitrification regression model is 10.94, larger than
heoretical F0.05(20,9) value (2.936). On top of that, Pareto plots in
igs. 2 and 3 show all the significant terms with corresponding F
alues for Eqs. (2) and (3), respectively. All these findings indicate
hat both regression models are statistically significant and reliable
o predict the sorbent sorption activity at 95% confidence level.

.3. Effect of sorbent preparation parameters

The models will then be utilized to study the effect of sor-
ent preparation parameters on desulfurization and denitrification

apacity. In order to identify the individual sorbent preparation
arameters or interaction between parameters that significantly
ffect the sorbent sorption capacity, the F values for each of the term
n both regression models are compared against the theoretical F-
alue. F-value larger than theoretical value indicates significance.

Fig. 1. Schematic diagram of the desulfurization/denitrification test rig.

able 4
NOVA of regression model for sorbent denitrification activity.

Source Sum of squares Degree of freedom Mean square F-value Prob > F

Model 15.23 20 0.76 10.94 0.0004
x1 2.74 1 2.74 39.33 0.0001
x2 0.37 1 0.37 5.37 0.0457
x3 0.02 1 0.02 0.22 0.6530
x4 2.78 1 2.78 39.98 0.0001
x2

1 0.16 1 0.16 2.25 0.1681
x2

2 0.57 1 0.57 8.18 0.0188
x2

3 0.37 1 0.37 5.36 0.0458
x2

4 0.37 1 0.37 5.34 0.0462
x1x2 0.36 1 0.36 5.22 0.0482
x1x3 0.57 1 0.57 8.16 0.0189
x1x4 0.20 1 0.20 2.94 0.1207
x2x3 0.01 1 0.01 0.15 0.7122
x2x4 1.45 1 1.45 20.88 0.0013
x3x4 0.00 1 0.00 0.04 0.8532
x3

1 0.82 1 0.82 11.76 0.0075
x3

2 0.10 1 0.10 1.51 0.2505
x3

4 0.70 1 0.70 9.99 0.0115
x1x2x3 0.20 1 0.20 2.94 0.1207
x1x2x4 1.58 1 1.58 22.66 0.0010
x2x3x4 0.20 1 0.20 2.94 0.1207
Residual 0.63 9 0.07 – –
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Table 5
BET surface area, average pore size and pore volume of selected sorbents.

Sorbent Code BET surface
area (m2/g)

Average pore
size (Å)

Pore volume
(cm3/g)

R10 14.12 89.00 0.0314
Fig. 2. Pareto plot of every term in Eq. (2) and corresponding F values.

n this study, only the terms with Prob > F value less than 0.01 will
e discussed.

For the desulfurization regression model, significant terms are
1, x4 and x2x4. On the other hand, significant terms for denitrifica-
ion regression model are x1, x4, x2x4, x3

1 and x1x2x4. It can be seen
n Eqs. (2) and (3) that the significant terms that affect the desulfu-
ization model is almost similar to the denitrification model, with
xception of x3

1 and x1x2x4. According to the F-value computed in
he analysis, CuO loading (x1) and NaOH concentration (x4) have the
ame level of significance for both desulfurization and denitrifica-
ion activity. For CuO loading, a minus sign indicates that it has an
ntagonistic effect on the sorbent sorption capacity. Increasing CuO
oading would reduce the sorbent sorption capacity of SO2 and NO.
he main reason for impregnating copper species on the sorbent is
o enhance NO sorption by siliceous sorbent. Thus the antagonistic
ffect of higher copper loading on sorbent denitrification capacity
s rather un-expected as copper can easily react with NO to form
opper nitrate and facilitate NO removal as shown in the work of
iu et al. [18]. Therefore, one possible explanation for the antago-
istic effect of copper loading is due to the agglomeration of copper
hat subsequently reduced the dispersion of copper on the sorbent
urface. Without good dispersion of copper, this will reduced the
ontact between copper and NO molecules. Furthermore, agglom-
ration of copper on the sorbent surface would also block the pores
nd reduces the surface area for reactive species of the sorbent to
eact with SO2. Therefore, effectiveness of SO2 and NO sorption are
educed with higher copper loading. However, sorption capacity
f sorbent could not be directly related to surface area. Referring

o Table 5, R16 with highest surface area has the lowest sorption
apacity of SO2 and NO. This result agrees well with the work of
ahlan et al. [4] which stated that desulfurization activity did not
orrelate well with surface area of the sorbent derived from rice
usk ash.

Fig. 3. Pareto plot of every term in Eq. (3) and corresponding F values.
R16 24.55 174.53 0.1071
R23A (raw R23) 17.31 118.71 0.0514
R23B (spent R23) 7.98 168.61 0.0336

In contrast to copper loading, NaOH concentration used dur-
ing sorbent preparation process has a synergistic affect towards
the desulfurization and denitrification process as seen by the pos-
itive sign of term x4 in the model equation. This can also be easily
verified by visually comparing the data obtained in Table 2. When
comparing the activity between sorbents R20 and R23, R7 and R28,
R8 and R24, R3 and R26, it is clearly seen that increasing NaOH
concentration from 0.20 M to 0.80 M significantly increases the
desulfurization/denitrification activity. The effect of NaOH found
in this study agrees well with Liu et al. [19] that synthesize sorbent
with iron blast furnace slag and hydrated lime. However, this find-
ing is not in well agreement with the report of Dahlan et al. [1] in
which it was found that addition of NaOH in the range 0–0.25 M
improves desulfurization activity but higher NaOH concentration
(0.25–0.5 M) in hydration process have adverse effect towards the
desulfurization activity for sorbent derived with cerium oxide. In
order to explain this, the role of NaOH must first be understood. The
main reason for adding NaOH as additive during the sorbent prepa-
ration step is to increase the dissolution of silica from the siliceous
material so that it can react with CaO to form the reactive species
required for good desulfurization/denitrification activity [19]. Thus
with higher concentration of NaOH used, this will promote higher
dissolution rate of silica to form more reactive species that will
further enhances the sorbent activity. In this study, since copper
is used instead of cerium, derived sorbent may have larger toler-
ance towards NaOH concentration, at least in the range of NaOH
concentration used in this study.

On the other hand, RHA/CaO ratio and hydration period
were found to have insignificant affect on the desulfuriza-
tion/denitrification. It was well reported in the literature that the
preparation of sorbents from siliceous materials is a very slow
process due to the slow dissolution rate of silica from siliceous
material. Therefore, conventional method of increasing the process
is either by using a very long hydration period or increasing the
amount of siliceous material used (higher RHA/CaO ratio). How-
ever, in this study, it was clearly shown that the slow rate of silica
dissolution can be easily overcome by the addition of NaOH up to
a point that increasing the hydration period and RHA/CaO ratio no
longer affect the desulfurization/denitrification activity. However,
at this point although the individual parameters, hydration period
and RHA/CaO ratio do not affect the desulfurization/denitrification
activity, but it should be noted that RHA/CaO interacts with other
parameters to give a significant effect on the sorbent desulfuriza-
tion/denitrification activity. RHA/CaO gives a first order interaction
with NaOH concentration and second order interaction with copper
loading and NaOH concentration. The interaction between param-
eters will be presented in the following section.

Figs. 4 and 5 show the surface plot on the effect of interaction
between RHA/CaO ratio and NaOH concentration on desulfur-
ization and denitrification activity, respectively. At low NaOH
concentration (0.20 M), increasing RHA/CaO ratio could improve
the desulfurization and denitrification activity. However, adverse

effect on desulfurization and denitrification activity will occur if
RHA/CaO ratio is increased at high NaOH concentration (0.80 M).
The following explains this phenomenon. At low NaOH concen-
tration, it is not sufficient to increase the dissolution of silica out
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ig. 4. Surface plot of desulfurization activity: x2x4 interaction at x1 = 7.5, x3 = 14.

rom the ash material and therefore limits the reaction between
ilica and CaO to form the reactive species such as calcium silicate
ydrates compound. Therefore, higher RHA/CaO ratio would allow
ore silica to react with CaO which subsequently form more reac-

ive species to increase the desulfurization/denitrification activity.
evertheless, at higher concentration of NaOH, silica can be easily
xtracted out from the siliceous compound and therefore, the pos-
tive effect of higher RHA/CaO ratio is no longer significant. On the
ontrary, the high ratio of RHA/CaO could instead interfere with
he formation of reactive species reaction due to the presence of
oo much inert material from the ash.

From the regression model, it was found that interaction
etween parameters x1, x2 and x4 is significant for denitrification

ctivity and is shown in Fig. 6. The F value for term x1x2x4 is 22.66.
rom the cubic plot, at low level of copper loading, it was found
hat the interaction effect toward denitrification activity is similar
ith term x2x4. However, at high copper loading, varying RHA/CaO

ig. 5. Surface plot of denitrification activity: x2x4 interaction at x1 = 7.5, x3 = 14.
Fig. 6. Cubic plot of denitrification activity: x1x2x4 interaction at x3 = 14.

ratio has no significant effect on denitrification activity regardless
if NaOH is either fixed at high or low level. This phenomenon is
predictable as RHA/CaO was found to have low significance effect
on denitrification activity. Agglomeration of copper on sorbent sur-
face and pore blockage at high level of copper loading could be the
main reason why interaction of x2x4 is insignificant at high level
copper loading.

3.4. Sorbent characterization

In order to understand how the chemical and physical proper-
ties of the sorbents affect its desulfurization/denitrification activity,
selected sorbents were subjected to various characterization anal-
yses.

3.4.1. XRD
XRD analyses were carried out for R10, R16, R23A (sorbent

R23 before reaction) and R23B (spent R23 sorbent) as shown in
Fig. 7(a–d), respectively. In the XRD pattern of R23A, identified
silicate compounds were sodium calcium silicates (Na2CaSiO4,
Na2Ca3Si6O16 and combeite high (Na5·27Ca3(Si6O18))) and cal-
cium silicate (Ca3SiO5 and CaSi2O5). These silicate compounds are
believed to be the active species that could reduce SO2 from flue
gas through complex reactions. The identification of silicate com-
pounds agrees well with the result of the activity study in which
R23A is the sorbent with highest sorption capacity in this study.
Nevertheless, the only copper species detected in low intensity
in R23A is tenorite (CuO). This could be due to highly dispersed
CuO on the sorbent surface. Therefore, not much crystalline CuO
could be detected by the XRD method. From XRD patterns of R10
and R16, CuO in the form of tenorite is identified at high intensity
at 2� = 36◦ and 39◦ especially for R10 that was impregnated with
highest CuO loading in this study (15%). Apart from tenorite, cop-
per oxide nitrate (Cu8O8(NO3)) is also detected as another copper
species in R10 and R16. Cu8O8(NO3) could originate from copper
nitrate hemipentahydrate (Cu(NO3)2·5/2H2O) that was impreg-
nated before calcinations of the sorbents and subsequently did not

completely reduced to CuO. On the other hand, calcite is detected
in all the XRD patterns of the selected sorbents. Calcite is identified
as one of the products of pozzolanic reaction as it is also formed in
the reaction of coal fly ash and lime [20,21].
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Fig. 7. XRD spectrums: (a) R10, (b) R16, (c) R23A, and (d) R23B. XRD label:
(A) CuO tenorite; (B) Na2CaSiO4 sodium calcium silicate; (C) SiO2 stishovite; (D)
Cu8O8(NO3) copper oxide nitrate; (E) CaCO3 calcite; (F) SiO2 cristobalite; (G)
N
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the XRD.

3.4.2. SEM
The surface morphology of R23A and R23B is shown in

Figs. 8 and 9, respectively. By comparing the micrographs of R23A
a5.27Ca3(Si6O18) combeite high; (H) CaSi2O5 calcium silicate; (I) Ca3SiO5 calcium
ilicate; (J) Na2Ca3Si6O16 sodium calcium silicate; (K) Ca3(SO3)2·12(SO4)0.88 cal-
ium sulfate sulfite; (L) Na2Cu2(SO4)2·2H2O krohnkite; (M) CaSO4·2H2O gypsum;
N) Na3NO3 sodium nitrate; (O) NaNO2 sodium nitrite.

Apart from that, sodium calcium silicate (Na2CaSiO4) is the only
alcium silicate compound detected in R10. By comparing the sorp-

ion activity of R10 with R16, which no calcium silicate compound
as detected, sorption capacity of R10 is found to be better than R16

ut not as good as R23A in which many types of silicate compounds
re formed. This further proves that silicate compounds are the key
Fig. 8. SEM micrograph of R23A.

components for the formation of sorbent with high sorption capac-
ity of SO2 and NO. As for R16 which undergoes hydration process
without NaOH, cristobalite (SiO2) was detected. This indicates that
the pozzolanic reaction for R16 is incomplete and could be most
probably due to the absence of NaOH during hydration process. In
addition to that, SiO2 in the form of stishovite was also detected
in R10. Since R10 (15% copper loading) is the only sorbent that
stishovite was detected, addition of high amount of copper could be
related to the formation of stishovite, a rare form of SiO2. In the XRD
of R23B which undergoes desulfurization/denitrification process,
sulfate compounds such as krohnkite (Na2Cu(SO4)2·2H2O), calcium
sulfate sulfite (Ca3(SO3)2·12(SO4)0.88) and gypsum (CaSO4·2H2O)
are detected. On top of that, products of denitrification activity are
identified as sodium nitrate (Na3NO3) and sodium nitrite (NaNO2).
Formation of sodium based denitrification products shows that
addition of sodium hydroxide in the hydration process plays an
important role not only in formation of silicate compounds, but
also takes part in the denitrification activity. Addition of copper, on
the other hand, probably only acted as catalyst instead of the main
reactant. Therefore, detection of copper product was not found in
Fig. 9. SEM micrograph of R23B.
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nd R23B, structure transformation could be seen clearly after the
orbent was subjected to desulfurization/denitrification activity.
23A shows a porous structure with CuO well dispersed on the sur-

ace. However, after the activity study, it was found that irregular
od like structure covered the sorbent surface, possibility by the
roduct of desulfurization/denitrification activity. This structure
ould be caused by the combination of several products detected
y XRD such as calcium sulfate sulfite (Ca3(SO3)2·12(SO4)0.88),
rohnkite (Na2Cu2(SO4)2·2H2O), gypsum (CaSO4·2H2O), sodium
itrate (Na3NO3) and sodium nitrite (NaNO2).

.5. Optimization

From the developed models for desulfurization and denitrifi-
ation activity, optimization were carried out over the range of
orbent preparation parameters in this study to obtain sorbent
ith the optimum sorption capacity and least extreme sorbent
reparation process conditions (mild process conditions). By using
esign-Expert Version 6.0.6 (Stat-Ease, Inc.), solutions were gen-
rated by maximizing SO2/NO sorption capacity and setting all the
orbent preparation parameters within the range of this study.

The most desirable optimized condition predicted by the soft-
are is 3.04% CuO loading, RHA/CaO ratio of 1.43, 19.94 h of
ydration period and NaOH concentration of 0.80 M with predicted
orption capacity of 11.27 mg SO2/g and 3.39 mg NO/g. However,
hen the solutions were carefully investigated, it was found

hat another solution gave milder sorbent preparation condi-
ion as the hydration period is only 8.05 h compare to 19.94 h.
herefore, the optimum condition was selected as 3.06% CuO load-
ng, RHAraw/CaO ratio of 1.41, 8.05 h of hydration period and
aOH concentration of 0.80 M with predicted sorption capacity of
2.10 mg SO2/g and 3.06 mg NO/g. In order to validate the selec-
ion, three experiments were carried out with sorbent prepared
sing the optimum conditions. The result shows that the range of
O2 and NO sorption are 11.10–13.50 mg/g and 2.40–3.08 mg/g,
espectively. Thus, it can be concluded that the selected condi-
ion is optimum within the range of sorbent preparation conditions
nvestigated in this study.

. Conclusion

In this study, the sorbent prepared from rice husk ash and
mpregnated with copper oxide were found effective in removing
O2 and NO simultaneously. The sorbent preparation parame-
er that are found to significantly affect both desulfurization and
enitrification activity are CuO loading and NaOH concentration.
owever, RHA/CaO ratio is found to be significant in denitrification
ctivity but not in desulfurization activity. Contrary, effect of hydra-
ion period was found to be insignificant for both processes. From
he XRD analysis, several types of calcium silicate compounds were
etected and believed to play an important role in the high sorption

apacity of the sorbent. On top of that, CuO in the form of tenorite
as also detected. The conditions to prepare sorbent with optimum
esulfurization and denitrification capacity are 3.06% CuO load-

ng, RHA/CaO ratio of 1.41, 8.05 h of hydration period and NaOH
oncentration of 0.80 M.
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