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bstract

This study performance is to examine the kinetics over nanoscale copper-cerium bimetallic catalyst under selective catalytic oxidation (SCO)
f ammonia to N2 in a tubular fixed-bed reactor (TFBR) at temperatures from 150 to 400 ◦C in the presence of oxygen. The nanoscale copper-
erium bimetallic catalyst was prepared by co-precipitation with Cu(NO3)2 and Ce(NO3)3 at molar ratio of 6:4. Experimental results showed
hat the catalyst with transmission electron microscopy (TEM) revealed that copper and cerium are well dispersed and catalyst in the form of

anometer-sized particles. Moreover, the kinetic behavior of NH3 oxidation with catalysis can be accounted by using the rate expression of the
angmuir–Hinshelwood type kinetic model. Kinetic parameters are also developed on the basis of the differential reactor data. Also, experimental

esults are compared with those of the model predicted.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Ammonia (NH3) is widely found in industrial processes and
t is a valuable chemical product for using with a variety of
urposes and its can be eliminated in several ways, includ-
ng ammonium nitrate production industry, livestock feedlots,
rea manufacture plants, nitrogen fertilizer application industry,
ossil fuel combustion or petroleum refineries, and refrigera-
ion industry, which are either toxic inorganic gaseous and its
ungent malodorous component under ambient conditions or
ave the potential harmful effects on the public [1–4]. It is
lso one of the control lists of the EPA, Taiwan. Moreover,
onventional biological, physical, and chemical treatment pro-
esses, such as biofilters [5,6], stripping [7], water scrubbing [8],
ost-combustion control technologies [9], microwave-plasma
ischarge [10], electrochemical oxidation [11], and activated
arbon fibers on soot adsorption [12,13], only make a phase

ransformation and may yield a contaminated sludge and/or an
dsorbent, both needing for further disposal, and their mainte-
ance or operation costs are high by physical and/or chemical
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ethods. Therefore, the removal, control, and prevention of
mmonia emission from air and waste streams are important.
his discharge presents a challenging task because environmen-

al laws and regulations regarding safe discharge are becoming
ncreasingly stringent is a major concern.

More recently, catalytic oxidation has been known to enhance
he possibilities of the advanced oxidation processes technology
hrough the use of dedicated catalysts, which can potentially
romote oxidation in shorter reaction times under milder oper-
ting conditions. The selective catalytic oxidation (SCO) for
mmonia-containing stream to molecular nitrogen and water is
ne way to solve ammonia pollution problems [14–19]. There
re some reports about catalytic oxidation of ammonia that can
ccur, and these are as follows:

2 + 3H2 → 2NH3 (1)

NH3 + 3O2 → 2N2 + 6H2O (2)

NH3 + 2O2 → N2O + 3H2O (3)
NH3 + 5O2 → 4NO + 6H2O (4)

There are not many types of catalysts that have been used for
xidation of ammonia in gaseous phase. For example, Amblard
t al. [3] have demonstrated excellent selective conversion of

mailto:hungcm1031@gmail.com
dx.doi.org/10.1016/j.jhazmat.2007.04.044
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mmonia to nitrogen (>90%) by �-Al2O3-supported Ni in selec-
ive catalytic oxidation processes. Furthermore, Wang et al.
15], who developed Ni-based catalysts for fuel gas oxidation
rom biomass gasification, found fresh Ni-based catalysts to be
ore active at lower temperature for the decomposition process

f ammonia, and the partial pressure of hydrogen in the flue
as was a key factor to model ammonia oxidation. Liang [18]
tudied ammonia oxidation in a fixed-bed microreactor in the
emperature range of 600–750 ◦C at GHSV = 1800–3600 h−1.
e observed that the conversion of ammonia reached 98.7 and
9.8% on nitrided MoNx/�-Al2O3 and NiMoNy/�-Al2O3 cata-
ysts, respectively. Olofsson et al. [19] have demonstrated that
xcellent catalytic conversion of ammonia for nitrogen forma-
ion and by �-Al2O3-supported Pt/CuO in selective catalytic
xidation processes. Among these, Schmidt-Szałowski [14] also
ublished a paper covering a hypothetical model to explain the
ffect, the activity, and the selectivity in ammonia oxidation of
he cobalt oxide catalyst’s macrostructure on its properties.

As concerns reaction kinetic model, Lou [20] used a cata-
yst composed of Pt, Ni and Cr alloy of foam type to study
he kinetics of catalytic incineration of butanone and toluene.
e found that the Mars and van Krevelen model was suitable to
escribe the catalytic incineration of those volatile organic com-
ounds (VOCs). Lou [21] used a Pt/Al2O3 alloy catalyst to study
he kinetics of catalytic incineration of trichloromethane. He
dopted power-rate law kinetics and found that the reaction was
rst-order in trichloromethane concentration and the activation
nergy was 16.2 kcal/mol. Lou [22] also used a 0.05% Pt/Ni/Cr
lloy catalyst to study the kinetics of catalytic incineration of
richloromethane. He found that the Mars and van Krevelen

odel was suitable to describe the catalytic incineration of these
OCs. Gangwal [23] used a 0.1% Pt, 3% Ni/�-Al2O3 catalyst to

tudy the kinetics of deep catalytic oxidation with n-hexane and
enzene. They found that the Mars and van Krevelen model was
avorable to explain the catalytic combustion of a binary mixture
t temperature ranging from 160 to 360 ◦C. Nitrogen compounds
ave been shown the similar manner, which were reversible
nhibitors to the catalyst [24]. However, the kinetic studies of
atalytic oxidation of NH3 on metal composite catalysts have
ot been thoroughly investigated.

In this study, we investigate the nature of the adsorbed
pecies formed on the catalyst surface using an interpreta-
ion of the kinetic data. Various kinetic models, including the
ower-rate law, the Mars and van Krevelen model, and the
angmuir–Hinshelwood model were evaluated in driving the

ate expression for NH3 oxidation. Hence, we sought to study
he activity of the nanoscale copper-cerium bimetallic catalyst
n oxidation of ammonia at various parameters and the kinetic
ehavior of ammonia removal in the effluent stream. Our results
an provide valuable information for designing and treating an
mmonia-related system.

. Materials and methods
In the preparation of the nanoscale copper-cerium bimetallic
atalysts used in this study were prepared by co-precipitation of
opper(II) nitrate (GR grade, Merck, Darmstadt, Germany), and

E√
Materials 150 (2008) 53–61

erium(III) nitrate (GR grade, Merck, Darmstadt, Germany) at
olar ratio of 6:4. They were then was calcined at 500 ◦C in an air

tream for 4 h. The resulting powder was made into tablets using
cetic acid as a binder. The tablets were later reheated at 300 ◦C
o burn the binder out of the nanoscale copper-cerium bimetallic
ablets. They were then crushed and sieved into various particle
izes ranging between 0.25 and 0.15 mm for later use.

The experiments were carried out on a tubular fixed-bed flow
uartz reactor (TFBR). Four flowing gases, namely NH3, pre-
ared the feeding mixture and the diluent’s gas, helium, at the
nlet of the reactor, each of them was independently controlled
ith a mass flow regulator. High purity dry air was used as

he carrier gas and controlled with a mass flow meter (Sierra
nstrument Inc., USA) in the range of 8–13 L/min. The weight
f catalysts is 1 g (empty bed volume approximately at 1.2 cm3).
n inert material of �-Al2O3 spheres (a hydrophilic inert mate-

ial) was used to increase the interfacial area in gas phase for
etter mass transfer of ammonia from air. Hence, the limitations
f external mass transfer and inter-particle diffusion were negli-
ible in this reactor. The reaction tube (length 300 mm and inner
iameter 28 mm) was placed inside a split tube furnace; and the
ube containing the catalyst was also placed inside a spilt tube
urnace. Two thermocouples of type K (Omega, USA) and a
iameter of 0.5 mm were mounted and equally spaced along the
atalyst bed. The thermocouples were also connected to a PID
ontroller (FP21, Shimaaen Co Ltd, Japan) to maintain a uniform
emperature in the tube within ±0.5%. The feed gas (GHSV,
2,000 ml/h-g) was controlled at the concentration of 1000 ppm
H3 under a GHSV of 92,000 ml/h-g and a concentration of O2
f 4%. The catalyst’s deactivation was not apparent during the
ests. The reaction rate (r) of NH3 is defined as follows:

= F

V
· (Cin − Cout) =

(
F

V

)
· Cin · X (5)

n which r is the reaction rate of NH3 (mol ml−1 s−1), F/V is the
pace velocity per second, Cin and Cout are the inlet and outlet
oncentration (mol ml−1) of NH3, X is the conversion of NH3
%).

To study the oxidation kinetics expressions involving surface
nteractions and competitive adsorption of NH3 over nanoscale
opper-cerium bimetallic catalyst with highly active, three
inetic models: power-rate law model, Mars and van Kreve-
en model, and Langmuir–Hinshelwood model were examined
25–27]. These approaches will be adopted in the next section
n this paper. The following overall rate equations were found
sing the Langmuir–Hinshelwood model (Eqs (6) and (7)) and
he Mars and van Krevelen model (Eqs (8)–(11)) to describe the
xidation of ammonia, respectively.

ri = kKiCiKoiCoi

(1 + KiCi + KoiCoi)2 (6)
q (6) can be simplified to a linear function:

Ci

−ri
= 1√

K′ + K′′
√

K′ Ci (7)
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here

′
1 = kKiCiKoi

(1 + KiCi)2 , K′′
1 = Koi

1 + KiCi

,

′
2 = kKiCi

√
Koi

(1 + KiCi)2 , K′′
2 =

√
Koi

1 + KiCi

Moreover, the Langmuir–Hinshelwood model represents
eactions in which the NH3 can only adsorb chemically onto
pecific sites of the nanoscale copper-cerium bimetallic cata-
yst, each site can only adsorb unimolecular or atom and the
dsorption is limited to a monolayer. Furthermore, Mars and van
revelen reaction is adopted and shows the following sequences:

H3 + oxidized catalyst
Ki−→reduced catalyst + products (8)

2 + reduced catalyst
Ko−→oxidized catalyst (9)

In this mechanism, the above steps are assumed to be first-
rder in the respective gaseous species and then Mars and van
revelen can derive the following rate expression from a clas-

ical kinetic treatment

ri = KiCiKoiCoi

KiCi + αiKoiCoi

(10)

Eq (10) can be simplified to a linear function:

1

−ri
= αi

KoiCoi

+ 1

KiCi

(11)

here k, Koi, Ki are constants. Ki is the surface reduction rate
onstant (s−1), Koi is the surface reoxidation rate constant (s−1),
i is the oxygen concentration, and Coi is the NH3 inlet concen-

ration. When Koi Coi � Ki Ci in Eq (6) and Ki Ci � αi Koi Coi

n Eq (10) two rate equations can be expressed as the power-rate
aw form; they will be discussed below. Accordingly, the Mars
nd van Krevelen mechanism reaction between adsorbed oxy-
en and an adsorbed reactant of catalytic oxidation over metal
xides is also a redox mechanism involving gas-phase and lattice
xygen as well as gas-phase oxygen.

Samples before and after reaction were injected automati-
ally with a sampling valve into a gas chromatograph (Shimadzu
C-14A) equipped with a thermal conductivity detector. A

tainless-steel column (Porapak Q 80/100 mesh) was used for
eparation and analysis of the concentrations of N2O isother-
ally at 100 ◦C. NH3 was injected automatically before and

fter the reaction with a sampling valve into a gas chromato-
raph (Shimadzu GC-14A) equipped with a TCD (Shimadzu,

yoto, Japan). The signal areas were measured electronically
ith a data integrator (CR-6A, Shimadzu). The concentrations
f NO, NO2 and O2 in the gas samples were measured by a
ortable flue gas analyzer (IMR3000, IMR, Germany), which

t
C
t
c

able 1
xperimental conditions of test gas

eaction type Space velocity
(1/h)

Residence
period (s)

NH3 concentr
(ppm)

ifferential 92,000 0.04 1000
Materials 150 (2008) 53–61 55

as linked to the designed location for continuous monitoring
uring combustion. Gas samples with known concentrations of
H3 were used for the calibration.
Transmission electron microscopy (TEM) (Philips CM-200

win, Netherlands) elucidated the morphology of the catalysts
nd yielded information on the distribution of copper-cerium
pecies on the catalyst surface. UV–vis absorption spectra
ere performed with a photo spectrophotometer (MCPD-3000,
TSUKA Electronics, Osaka, Japan) for the solid sample. The
easured reflectance is relative to a BaSO4 standard.

. Results and discussions

Table 1 lists the test conditions: the concentration of the
ingle compound, the space velocity, and the operating tempera-
ure. The procedures consisted of experiments with a differential
eaction. Differential reaction experiments were performed to
nvestigate the various kinetic models and it was evaluated to
erive the rate expression for the NH3 oxidation.

Fig. 1 presents the surface morphological changes of
anoscale copper-cerium bimetallic catalyst elucidating using
EM to provide information on the fresh/aged catalyst sur-

ace structure. Fig. 1a indicates that nanoscale copper-cerium
imetallic exhibits more aggregation and crystalline than
bserved in Fig. 1b. These crystal phases may explain the high
ctivity of the catalysts. Fig. 1b indicates that disaggregated and
ispersed phases were formed when the surface of the cata-
yst was aged or when poisoning occurred because of plugging,
mplying that the porosity of the particles had changed. These
rystal phases may be responsible for the high activity of the cat-
lysts. These results also confirm that the dispersion phenomena
f the nanoscale copper-cerium bimetallic catalyst increase the
fficiency of removal of NH3.

To gain further information on the state of copper-cerium
pecies in these catalysts, the UV–vis spectroscopic studies
re carried out and the spectra are shown in Fig. 2. Gener-
lly, two bands were observed for these copper-cerium catalysts
t 330 and 600–800 nm. The band at 330 nm is attributed
o the Cu2+–O2− electronic transition species. The band at
00–800 nm is assigned to the octahedrically coordinated Cu2+

n the literature [28]. The formation of these species is in good
ith Carvalho [28], who indicated the reductive effect of NH3
n nanoscale copper-cerium catalyst. The band at 600–900 nm
s also assigned to d–d transitions of Cu2+ situated in an octahe-
ral environment with an Oh symmetry [29]. In addition, bulk
eO2 also shows strong absorption in this region. We thus prefer
o assign the band at 340–350 nm to the bulk-like CeO2 species.
eO2 in a copper-cerium bimetallic catalyst may be assumed

o promote the generation of the active phase of CuO under the
onditions of NH3 oxidation.

ation Temperature
(◦C)

Oxygen
content (%)

Temperature
rises ( DT)

150–400 4 <1
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−1
ig. 1. TEM photograph of (a) fresh and (b) after activity test nanoscale co
HSV = 92,000 ml/h-g.

The measured rates of oxidation of NH3 in air stream were
orrelated first using the empirical power rate law kinetics. Then
he dependence of the rate of NH3 oxidation on the concentration
f NH3 and oxygen was tested using the following power-rate
aw equation:

ri = kCn
i Cm

O2
(12)
n which k is the reaction constant, and m and n are reaction
rders. Since CO2 > Ci in most systems of catalyst incinera-
ion, the term can be assumed as a constant. Table 2 shows the
eaction rates of catalytic incineration of NH3 for the fixed O2

ig. 2. UV–vis absorption spectra of (a) fresh and (b) after activity test
anoscale copper-cerium bimetallic catalyst. Test conditions: 1000 ppm NH3

n He, O2 = 4%, GHSV = 92,000 ml/h-g.

F
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T
T
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2

3

cerium bimetallic catalyst. Test conditions: 1000 ppm NH3 in He, O2 = 4%,

oncentration, which were calculated from Eq (5). Therefore,
ig. 3 plots −ln (−ri) versus −ln Ci for NH3 oxidation at several

emperatures. The reaction order of Ci can be obtained from the
lope of each line in Fig. 4. The linearity of plots results reveals
hypothesis of approximately first-order kinetic with changing

rom 0.55 to 0.94 in the NH3 oxidation. In addition, the reaction
ig. 3. Next, plotting the ln K versus T , as shown in Fig. 4,
ttains a straight line. Via its intercept and its slope, the val-
es of the pre-exponential factor [A = 2.02 × 108 s−1] and the

able 2
he reaction rates of catalytic incineration of ammonia of fixed O2 concentration
t 4%

nlet temperature
◦C)

Inlet NH3 concentration
(10−8 mol/cm3)

Reaction rate
(10−7 mol/cm3/s)

50 2.04 1.17
2.45 1.40
3.27 1.86
4.08 2.31

00 2.04 1.41
2.45 1.64
3.27 2.15
4.08 2.64

50 2.04 2.25
2.45 2.45
3.27 2.88
4.08 3.31

00 2.04 2.69
2.45 3.03
3.27 3.55
4.08 4.07
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Fig. 3. Linear fitting of NH3 kinetic data for the power-rate law.

pparent activation energy of NH3 oxidation (Ea = 62.1 kJ/mol)
ere calculated from Arrhenius relationships. It is suggested

hat the power-rate law model was not feasible for the oxidation
f ammonia over the nanoscale copper-cerium bimetallic cata-
yst since the R2 value (R2 = 0.9285) for the rate constants fitting
s relatively low.

The dependence of the rate of NH3 oxidation on the concen-
ration of NH3 and oxygen was tested using the following Mars
nd van Krevelen classical kinetic model of oxidation reaction
ith competition for surface adsorbed oxygen was assumed. In

his study, Fig. 5 plots r−1
i versus C−1

i for NH3 oxidation at sev-
ral temperatures. The reaction order of C−1

i can be obtained in
his manner from the slope of each line in Fig. 5. The values of

i and Koi can be calculated from Eq (11) and the linearity of
lots results reveals a reaction with changing from 0.50 to 1.65
n the NH3 oxidation. In addition, the reaction constant k can be
btained from the intercept of each line in Fig. 5. Next, plotting
he ln K versus T−1, as shown in Fig. 6, attains a straight line.

ia its intercept and its slope, the values of the pre-exponential

actor [Ai = 24.0 s−1; Aoi = 2 × 102 s−1] and the apparent activa-
ion energy of NH3 oxidation, Ei, 12.2 kJ/mol and the apparent

ig. 4. Arrhenius equation fitting of NH3 kinetic data for the power-rate law.

N
s
a

F
K

ig. 5. Linear fitting of NH3 kinetic data for the Mars and van Krevelen model.

ctivation energy of NH3 oxidation, Eoi, 24.1 kJ/mol were calcu-
ated from Arrhenius relationships, respectively. If the ammonia
eact with the gas phase or adsorbed on different catalyst sites, a

ars and van Krevelen type kinetic model will be observed, and
utual inhibition is through competition for adsorbed oxygen.
onsequently, it is suggested that the Mars and van Krevelen
odel was not feasible for the oxidation of ammonia over the

anoscale copper-cerium bimetallic catalysts since the R2 value
R2 = 0.8213 and 0.9151, respectively) for the rate constants
tting is relatively low.

The dependence of the rate of NH3 oxidation on the con-
entration of NH3 and oxygen was tested using the following
angmuir–Hinshelwood model with reaction between oxygen
nd ammonia adsorbed over the surface sites. In this study,
ig. 7 plots (Ci/−ri)1/2 versus Ci for NH3 oxidation at several

emperatures. The R2 value for various lines shows fairly good
greements. Table 3 shows the reaction rates of oxidation of

H3 for fixed NH3 concentration. In addition, the reaction con-

tant K′
1 and K′′

2 can be obtained from Eq (7) and the results
re also given in Table 4. Fig. 8 plots (Coi/−roi)1/2 versus Coi for

ig. 6. Arrhenius equation fitting of NH3 kinetic data for the Mars and van
revelen model.
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Fig. 7. Calculating K′
1 and K′′

2 by linear fitting of NH3 kinetic data for the
Langmuir–Hinshelwood model.

Table 3
The reaction rates of catalytic incineration of ammonia fixed NH3 concentration
at 1000 ppm

Inlet temperature (◦C) Inlet O2 concentration
(10−6 mol/cm3/s)

Reaction rate
(10−8 mol/cm3/s)

150 1.63 5.55
4.08 5.68
6.94 5.78
8.16 5.79

200 1.63 5.58
4.08 5.67
6.94 5.80
8.16 5.87

250 1.63 6.01
4.08 6.55
6.94 6.71
8.16 7.00

300 1.63 6.13
4.08 6.59
6.94 6.79
8.16 7.27

Table 4
The composite rate constants of the Langmuir–Hinshelwood model for the
reduction of ammonia

Inlet temperature (◦C)

150 200 250 300

(1) Fixed O2 concentration
K′ 5.8 7.9 15.4 18.2
K′′ × 10−2 0.3 1.1 9.5 8.8

(2) Fixed NH3 concentration
(a) Molecular oxygen adsorption

K′
1 0.05 0.05 0.06 0.06

K′′
1 0.23 0.23 0.21 0.20

(b) Atomic oxygen adsorption
K′

2 × 10−5 9.34 10.6 9.91 9.79
K′′

2 0.37 0.45 0.36 0.34
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ig. 8. Calculating K′
1 and K′′

2 by linear fitting of NH3 kinetic data for the
angmuir–Hinshelwood model involving molecular oxygen adsorption.

H3 oxidation at several temperatures and its involving molecu-
ar oxygen adsorption. The reaction order of Coi can be obtained
rom the slope of each line in Fig. 8. The linearity of plots results
eveals an approximately first-order reaction changing from 0.83
o 0.98 in the NH3 oxidation. Via its intercept and its slope, the
alues of the pre-exponential factor [A = 1.2 × 10−7 s−1] and the
pparent activation energy of NH3 oxidation (Ea = 27.8 kJ/mol)
ere calculated from Arrhenius relationships in Fig. 9. Fig. 10
lots ((Coi)1/2/−roi)1/2 versus C

1/2
oi for NH3 oxidation at sev-

ral temperatures and its involving atomic oxygen adsorption.
ccordingly, ammonia reacts from gas phase with adsorption
xygen atomic and molecular oxygen. If the surface reaction
s much slower than the adsorption processes, then equilib-
ium adsorption will occur and a Langmuir–Hinshelwood type is
bserved [30]. The reaction order of Coi can be obtained from the

lope of each line in Fig. 10. Via its intercept and its slope, the val-
es of the pre-exponential factor [A = 0.36 s−1] and the apparent
ctivation energy of NH3 oxidation (Ea = 40.7 kJ/mol) were cal-
ulated from Arrhenius relationships in Fig. 11. The linearity of

ig. 9. Arrhenius equation fitting of NH3 kinetic data for the Langmuir–
inshelwood model involving molecular oxygen adsorption.
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Fig. 10. Calculating K′
1 and K′′

2 by linear fitting of NH3 kinetic data for the
Langmuir–Hinshelwood model involving atomic oxygen adsorption.

Table 5
The reaction rates constants and adsorption equilibrium constants of the
Langmuir–Hinshelwood model for the reduction of ammonia

Inlet temperature
(◦C)

Molecular oxygen
adsorption k
(109 mol/cm3/s)

Atomic oxygen
adsorption k
(108 mol/cm3/s)

150 3.691 12.67
200 1.741 4.731
2
3

p
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Fig. 12 compares predicted and experimental conversions
obtained by and isothermal differential fixed-bed reactor at
temperatures ranging from 150 to 400 ◦C. This figure reveals
that the model accurately predicts the NH3 conversion and
50 0.240 4.125
00 0.289 6.040

lots results reveals an approximately first-order reaction in the
H3 oxidation. Hence, the linearity of plots results suggests the
tness of the Langmuir–Hinshelwood mechanisms for ammo-
ia. Arrhenius relationships and plots for the corresponding k
alues for ammonia are shown in Figs. 9 and 11, respectively.

able 5 shows the reaction rates and adsorption equilibrium of
xidation of NH3 for fixed NH3 concentration. As a result, it is
uggested that the Langmuir–Hinshelwood type kinetic model

ig. 11. Arrhenius equation fitting of NH3 kinetic data for the Langmuir–
inshelwood model involving atomic oxygen adsorption.

F
l
b
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nvolving molecular oxygen and atomic oxygen adsorptive reac-
ivity and competition adsorption surface sites remarkably were
easible for the oxidation of ammonia over the nanoscale copper-
erium bimetallic catalysts since the R2 value (R2 = 0.9574 and
.9769, respectively) for the rate constants fitting is relatively
igh. Thus, the proposed kinetic models proved to predict reac-
ion mechanism and rates satisfactorily. The result is similar to
hat described in relevant literature [31–35].

Results showed that the kinetic behavior of NH3 oxida-
ion with catalysis could be explained by using the rate model
f Langmuir–Hinshelwood. Regarding the rate expressions for
he oxidation of NH3 catalyzed by nanoscale copper-cerium
imetallic catalyst, the kinetic parameters such as K and Ea were
btained by the linear regression method, we can substituted into
rrhenius equation and an equation of the theoretical values of

onversion at various reaction temperatures is

= 1 − exp[−2 × 102 · exp

(−24.13

RT

)
· τ] (13)

n which X is the conversion, R is the gas constant, T is the tem-
erature of the reactor and τ is the residence period. The relation
etween the residence period for actual entering conditions and
t reactor conditions is given by

= τ0 ·
(

T

T0

)
(14)

n which τ0 and T0 are the residence period and the absolute
emperature of the stream entering the reactor, respectively. In

ost cases, our residence period was based on the feed for actual
ntering conditions.
ig. 12. Comparison of experimental data (symbols) and computed values (solid
ines) from conversions of the rate equation at different temperatures of NH3

y Langmuir–Hinshelwood type model. Test conditions: 1000 ppm NH3 in He,

2 = 4%, GHSV = 92,000 ml/h-g.
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he conversion of ammonia increased greatly from 38 to 99%
150–400 ◦C). The removal efficiency increases with increas-
ng temperature and decreasing residence period. The deviation
s enhanced, particularly in the region (250–400 ◦C) of a high
oncentration of NH3 (1000 ppm). In this case, the temper-
ture increase was measured indicating that the temperature
ffects of NH3 in high concentration also slightly promoted the
onversion of NH3 oxidation; thus, conversions were slightly
reater than the predicted values. This model is appropri-
te for oxygen presence conditions and high concentration of
H3.

. Conclusions

The catalytic oxidation of ammonia over the nanoscale
opper-cerium bimetallic catalyst was found to lead to more
ffective ammonia removal containing air stream and selective
atalytic process was found to be more effective at lower tem-
eratures. A kinetic rate expression was developed to describe
he data over the range of conditions investigated. Moreover,
orrelation equations in the form of Arrhenius’s law are derived
rom experimental data to predict the destruction efficiencies
f ammonia from the temperatures and residence period in a
atalytic process. A Langmuir–Hinshelwood model incorporat-
ng a first-order reaction appears to adequately represent the
H3 oxidation, which shows fairly good agreements with exper-

mental data. The apparent activation energy is 27.8 kJ/mol.
his kinetic model is appropriate for oxygen presence and high
oncentrations of NH3. In this work, we use the catalytic oxida-
ion showing a promise in the treatment of highly concentrated
mmonia stream, thereby helping industrial plants meet the dis-
harge regulations.

cknowledgments

The author would like to thank the National Science Council
f the Republic of China, Taiwan for financially supporting this
esearch. The author thanks Mr. S.F. Yang in the Institute of
nvironmental Engineering at National Sun Yat-Sen University

or his support and discussions.

eferences

[1] W. Mojtahedi, J. Abbasian, Catalytic decomposition of ammonia in a fuel
gas at high temperature and pressure, Fuel 74 (1995) 1698–1703.

[2] T. Kurvits, T. Marta, Agricultural NH3 and NOx emissions in Canada,
Environ. Pollut. 102 (1998) 187–194.

[3] M. Amblard, R. Burch, B.W.L. Southward, A study of the mechanism of
selective conversion of ammonia to nitrogen on Ni/�-Al2O3 under strongly
oxidizing conditions, Catal. Today 59 (2000) 365–371.

[4] J.C. Lou, C.M. Hung, S.F. Yang, Selective catalytic oxidation of ammonia
over copper-cerium composite catalyst, J. Air Waste Manage. Assoc. 54
(2004) 68–76.

[5] N.J. Kim, M. Hirai, M. Shoda, Comparison of organic and inorganic pack-

ing materials in the removal of ammonia gas in biofilters, J. Hazard. Mater.
B72 (2000) 77–90.

[6] Y.C. Chung, C. Huang, C.H. Liu, H. Bai, Biotreatment of hydrogen sulfide-
and ammonia-containing waste gases by fluidized bed bioreactor, J. Air
Waste Manage. Assoc. 51 (2001) 163–172.

[

[

Materials 150 (2008) 53–61

[7] T.L. Huang, K.R. Cliffe, J.M. Macinnes, The removal of ammonia
from water by a hydrophobic catalyst, Environ. Sci. Technol. 34 (2000)
4804–4809.

[8] R. Burch, B.W.L. Southward, The nature of the active metal surface of
catalysts for the clean combustion of biogas containing ammonia, J. Catal.
198 (2001) 286–295.

[9] T. Hasegawa, M. Sato, Study of ammonia removal from coal-gasified fuel,
Combust. Flame 114 (1998) 246–258.
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