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bstract

The Cu/TiO2 catalysts with different Cu loadings were prepared, and their performance in the selective catalytic oxidation of ammonia (SCO of
H3) was compared with 10% Cu/Al2O3. The 10% Cu/TiO2 has the best performance among its series for NH3 conversion and N2 selectivity. At
50 ◦C, the 100% conversion of ammonia was achieved and the selectivity to N came to 95%. The 10% Cu/TiO catalyst has a much higher activity
2 2

or the SCO of ammonia and a slightly lower N2 selectivity than 10% Cu/Al2O3 because of the higher oxygen mobility and lower oxygen bonding
trength, which demonstrated that TiO2 is a more suitable support than Al2O3 for copper-based catalyst in the SCO of NH3. The mechanisms
nvolved in the SCO of NH3 reaction on the 10% Cu/TiO2 catalyst have also been investigated using TPD, TPR as well as in situ DRIFTS methods.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Formation of magnesium ammonium phosphate (MAP) has
een considered to be an effective method for the removal of
mmonium from landfill leachate because of its high reaction
ate and low residual ammonium concentration [1–3]. However,
he high operating cost, due to the continual addition of fresh
hosphate and magnesium, is the main obstacle to widespread
pplication of the MAP process. This problem can be effectively
olved by repeated use of the MAP decomposition residues
ormed at the conditions of NH4

+:OH− molar ratio, 1:1; tem-
erature, 90 ◦C; heating time, 2 h, and the chemical costs can
e saved for about 50% by reuse of MAP for 3 cycles [4]. The
igh ammonia emission in the process of MAP decomposition,
owever, should be controlled properly to prevent serious air
ollution.

Among the methods to abate ammonia emission, low temper-
ture selective catalytic oxidation (SCO) of ammonia to nitrogen
s potentially seen as an ideal technology [5,6]. Previous studies
how that noble metals such as Pt is active for this reaction at low
emperature but deactivate rapidly with time [7]. Silver based

atalysts have a high activity for ammonia conversion, but the
2 selectivity is relatively low at the temperature range investi-
ated [8]. Al2O3-supported metal oxide catalysts such as Cr3O4,
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e2O3, CuO and MoO3 have been widely studied, but ammonia
onversion levels are not high enough at low temperatures to be
f practical use [9–12].

In our previous study, we found that alumina supported
opper-silver catalyst had a good conversion and selectivity to
2, and the complete ammonia conversion could be achieved

t 320 ◦C [13]. However, the conversion temperature is still
oo high for the oxidation of ammonia produced during MAP
ecomposition. Sazonova et al. [14] had reported that the
u/TiO2 catalyst possessed a good activity for the SCO of
mmonia to N2 at the temperature around 300 ◦C. However, the
eaction mechanism, limitative conditions and characterization
f this catalyst were not detailed in this report.

In this study, we prepared Cu/TiO2 catalysts with different
u loadings, and evaluated the activity of Cu/TiO2 catalysts for

he SCO of ammonia to N2 in detail. X-ray diffraction anal-
sis (XRD), temperature programmed desorption (TPD) and
eduction (TPR) as well as in situ diffuse reflectance infrared
ourier transform spectroscopy (DRIFTS) were used for a better
nderstanding of the SCO of ammonia on Cu/TiO2 catalyst.

. Experimental

.1. Catalyst preparation
The TiO2 and Al2O3 supported copper catalysts were pre-
ared by an impregnation method with an anatase type TiO2
Shanghai, China) and an aqueous solution of Cu(NO3)2. After

mailto:honghe@rcees.ac.cn
dx.doi.org/10.1016/j.seppur.2007.07.015


1 cation Technology  58 (2007) 173–178

i
o
t

2

p
a
t
(
w
w
h
p
w

2

i
(
m
R
o
r

b
q
o
b
5

2

F
M
g
g
w
1
s

3

3

3

d
(
r
s
a
o
1

Fig. 1. NH3 conversion during the SCO of NH3 over Cu/TiO2 with different
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catalyst, the 10% Cu/TiO2 catalyst demonstrated a similar N2
selectivity but a much high catalytic activity for ammonia oxi-
dation. This indicates that TiO2 is a more suitable support than
Al2O3 for copper-based catalyst in the SCO of NH3.
74 S. He et al. / Separation and Purifi

mpregnation, the excessive water was removed in a rotary evap-
rator at 80 ◦C. The samples were dried at 110 ◦C for 12 h and
hen calcined at 450 ◦C for 3 h.

.2. Activity test of catalyst

The activity tests for the SCO of NH3 over catalysts were
erformed with a fixed-bed quartz flow reactor by passing
gas mixture of NH3/O2/He = 400 ppm/10 vol%/balance at a

otal flow rate of 500 cm3 min−1 (gas hourly space velocities
GHSV): 50,000 h−1). Ammonia, oxygen and helium flow rates
ere controlled by mass flow controllers. Water was supplied
ith a micro-pump into the gas steam and vaporized by a coiled
eater at the inlet of the reactor. The inlet and outlet gas com-
ositions were analyzed by an on-line NEXUS 670-FTIR fitted
ith a gas cell of volume 2 dm3.

.3. Characterization of catalyst

BET surface areas were obtained from N2 adsorption
sotherms measured at 77 K using an ASAP 2000 instrument
Micromeritics Co. USA). Powder X-ray diffraction (XRD)
easurements of catalysts were carried out on a Rigaku D/max-
B X-ray diffractometer (Japan) with a Cu K� radiation and
perated at 40 kV and 40 mA. The patterns were taken in the 2θ

ange of 10–70◦ at a scan speed of 6◦ min−1.
NH3-TPD or TPR experiments were performed using a fixed-

ed flow reactor system equipped with a computer-interfaced
uadruple mass spectrometer (Hiden HPR 20). After adsorption
f NH3 at room temperature the TPD or TPR data were recorded
y mass spectrometer while the temperature was increased from
0 to 500 ◦C at a heating rate of 20 ◦C/min.

.4. In situ DRIFTS

In situ DRIFT spectra were recorded in a NEXUS 670-
TIR equipped with a smart collector and a liquid N2 cooled
CT detector. The sample (about 30 mg) for study was finely

rounded and placed in a ceramic crucible. A flow of feed
as mixture was controlled by mass flow meters. All spectra
ere recorded with a resolution of 4 cm−1 and accumulating
00 scans. The background spectrum was subtracted from each
pectrum, respectively.

. Results and discussion

.1. Catalytic test

.1.1. Ammonia oxidation on copper-based catalysts
The NH3 conversion performance of Cu/TiO2 catalysts with

ifferent Cu loadings was compared with that of 10% Cu/Al2O3
weight percent, hereinafter) at various temperatures, and the
esults are shown in Figs. 1 and 2. The NH3 conversion increased

ignificantly with the increase of copper loading from 1 to 10%,
nd then remained almost unchanged with the further increase
f copper loading from 10 to 20%. It is clear that activity of
0%Cu/TiO2 for the NH3 conversion was far higher than that

F
C
[
G

u loadings and 10% Cu/Al2O3 catalysts. Reaction conditions: 0.2 g catalyst,
NH3] = 400 ppm, [O2] = 10%, He = balance, total flow rate = 500 ml min−1 and
HSV = 50,000 h−1.

f 10% Cu/Al2O3 (100% ammonia conversion was achieved at
bout 350 ◦C), which was developed in the previous study [15].
he selectivity of NH3 to N2, on the other hand, decreased with

he increase of copper content. Chmielarz et al. [16] found that
he increase of copper loading favors the formation of surface

etal oxide clusters and decreases the oxygen bonding strength,
eading to the decrease of N2 selectivity of Cu/Mg/Al catalysts.
herefore, considering NH3 conversion and N2 selectivity, the
0% Cu/TiO2 is the best one among its series catalysts, over
hich complete conversion of NH3 and an N2 selectivity of 95%
ere obtained at 250 ◦C. In comparison with the 10% Cu/Al2O3
ig. 2. N2 selectivity during the SCO of NH3 over Cu/TiO2 with different
u loadings and 10% Cu/Al2O3 catalysts. Reaction conditions: 0.2 g catalyst,

NH3] = 400 ppm, [O2] = 10%, He = balance, total flow rate = 500 ml min−1 and
HSV = 50,000 h−1.
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ig. 3. Effect of H2O on NH3 conversion for 10% Cu/TiO2 catalyst. Reac-
ion conditions: 0.2 g catalyst, [NH3] = 400 ppm, [O2] = 10%, 3% water vapor,
e = balance, total flow rate = 500 ml min−1 and GHSV = 50,000 h−1.

.1.2. Effect of water on catalytic activity
It is known that waste streams sometimes contain water

apour, so the effect of water on the catalytic performance of the
0% Cu/TiO2 was investigated. As shown in Fig. 3, the temper-
ture for complete NH3 conversion increased for about 100 ◦C
hen 3% H2O existed in the waste stream, indicating the exis-

ence of adverse effects by water composition. It is likely that
ater competes with ammonia for the absorption sites [17]. As

hown in Fig. 4, the N2 selectivity was hardly influenced by the
xistence of water in the waste stream. Therefore, it is impor-
ant that the content of water should be checked in utilizing the
atalyst for the removal of NH3.

.2. XRD and BET results
Fig. 5 shows the XRD patterns of Cu/TiO2 catalysts with
ifferent Cu loadings. All the catalysts exhibited the typical pat-
erns of anatase TiO2, and the XRD intensity of TiO2 did not
hange with the changes of Cu loading. Perceptible XRD pat-

ig. 4. Effect of H2O on N2 selectivity for 10% Cu/TiO2 catalyst. Reac-
ion conditions: 0.2 g catalyst, [NH3] = 400 ppm, [O2] = 10%, 3% water vapor,
e = balance, total flow rate = 500 ml min−1 and GHSV = 50,000 h−1.

t
p
s
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T

Fig. 5. XRD patterns of Cu/TiO2 catalysts with different Cu loadings.

ern (35.5, 38.6, 48.9 and 58.3) attributable to crystallized CuO
as observed with the loading of Cu increased. It means that the
articles of CuO well dispersed on the surface of TiO2 at low
opper loadings, and the increase of copper loading caused the
ggregation of CuO on the TiO2 surface. As shown in Fig. 6,
he XRD spectrum of 10% Cu/TiO2 only exhibited very weak
iffractive pattern attributable to crystallized CuO, and the XRD
pectrum of 10% Cu/Al2O3 did not show any CuO pattern. This
ndicates that particle size of CuO deposited on TiO2 is larger
han that on Al2O3, and the CuO phase is much higher dispersed
n Al2O3 than TiO2. Combining the XRD results with the results
n Figs. 1 and 2, it is indicated that the N2 selectivity related with
uO particle size [16].

BET surface areas of Cu/TiO2 catalysts with different Cu
oadings are shown in Table 1 together with that of 10%
u/Al2O3. Table 1 shows that the loading of copper did not affect

he structure of TiO2 except for the case of 20% Cu/TiO2. Com-

ared with 10% Cu/TiO2, 10% Cu/Al2O3 has a much higher
urface area, which may be the reason that the dispersion of
uO on 10% Cu/Al2O3 was better than that of 10% Cu/TiO2.
hese results also indicate that BET surface area was not the

Fig. 6. XRD patterns of 10% Cu/TiO2 and 10% Cu/Al2O3 catalysts.
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Table 1
BET surface areas of Cu/TiO2 catalysts with different Cu loadings and 10%
Cu/Al2O3

Sample BET surface area (m2/g)

TiO2 119.8
1 wt.% Cu/TiO2 112.3
5 wt.% Cu/TiO2 124.6
10 wt.% Cu/TiO2 122.8
15 wt.% Cu/TiO2 108.8
20 wt.% Cu/TiO2 82.7
10 wt.% Cu/Al2O3 171.9
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Fig. 7. Schematic mechanism of the SCO of NH3 on Cu/TiO2.

ain factor for the great difference of the activity between the
wo catalysts, and the synergetic effect between active CuO and
he support might play an important role. We supposed that the
CO of ammonia on Cu/TiO2 followed the oxidation–reduction
echanism shown in Fig. 7. Free ammonia was firstly adsorbed

n the surface of TiO2, and then the adsorbed ammonia was
xidized through the redox cycle of CuO and Cu2O at certain
emperature. Therefore, the catalytic activity of Cu/TiO2 should
e closely related to the NH3 adsorption on support and the redox
bility of active component.

.3. TPR of ammonia
The strength of oxygen bonding in 10% Cu/TiO2 and 10%
u/Al2O3 was determined by the TPR method. The TPR profiles
f ammonia are shown in Fig. 8a and b, respectively. Forma-

3

a

Fig. 8. Ammonia TPR profile on the catalysts of 10
Technology  58 (2007) 173–178

ion of N2 on the 10% Cu/TiO2 starts at temperature 200 ◦C
nd reaches the maximum at about 250 ◦C, while that on the
u/Al2O3 starts from 275 ◦C, and reaches the maximum at
70 ◦C. These results indicate that reduction of CuO on TiO2
s easier than that on Al2O3 by NH3. The oxygen mobility on
0% Cu/TiO2 is higher than that on Cu/Al2O3, which is probably
esponsible for the much higher SCO activity of Cu/TiO2 than
hat of Cu/Al2O3 [16]. Apart from nitrogen production, trace
mount of N2O was also produced on the Cu/TiO2 during the
H3-TPR, but no NOx was detected, even at higher temperature.

.4. TPD of adsorbed ammonia

The surface acidity of the catalysts was measured by TPD
f ammonia (NH3-TPD), and the TPD profiles of ammonia on
0% Cu/TiO2 and Cu/Al2O3 are shown in Fig. 9. NH3 desorp-
ion occurs from room temperatures up to 350 ◦C. Three peaks
f ammonia desorption appeared, indicating that three major
mmonia species differing in thermal stability exist on catalyst
urface. The first two peaks should correspond to the physi-
al desorption, and the last peak should be attributable to the
hemical desorption. N2 and trace amount of N2O were also
ound around 270 ◦C from the reaction of chemisorbed NH3.
owever, no formation of NO was observed within the inves-

igated temperatures. As shown in Fig. 9b, the 10% Cu/Al2O3
atalyst has a similar TPD profile of ammonia to 10% Cu/TiO2.
he desorption peaks of ammonia, N2 and trace amount of N2O
ere observed, whereas NO desorption was not detected. The
ifference is that the chemical desorption occurred at different
emperatures: 250 ◦C for 10% Cu/TiO2, and 350 ◦C for 10%
u/Al2O3, which is consistent with the experimental results of
utieı̌rrez–Alejandre’s study that the temperature of ammonia

hemical desorption decreased when the alumina support was
ixed with titania [18]. It should be noted that no major change
as observed when ammonia was co-adsorbed with oxygen.
.5. DRIFT results

Fig. 10 shows the in situ DRIFT spectra of 10% Cu/TiO2 in
flow of NH3 + O2 at various temperatures. The bands found

wt.% Cu/TiO2 (a) and 10 wt.% Cu/Al2O3 (b).
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Fig. 9. Ammonia TPD profile on the catalyst

t 1608 and 1223 cm−1 can be assigned to the asymmetric and
ymmetric deformation modes of ammonia, respectively, coor-
inated on Lewis acid sites. The bands at 3390, 3356, 3250 and
149 cm−1 could be assigned to the N–H stretching modes [19].
he bands at 1699 and 1460 cm−1 were due to the asymmetric
nd symmetric deformation modes of ammonia coordinated on
ronsted acid sites. The band at 1365 cm−1 can be assigned to
NH2 wagging deformation modes [20]. The intensities of these
ands gradually decrease with the increasing of sample temper-
ture. Compared with the TPD of NH3 (Fig. 9), the desorption
f unreacted NH3 and the activation of NH3 are responsible for

hese decreases. In addition, it was worthy of note that no nitrate
pecies appear over the temperature range investigated.

For the route of the SCO of ammonia to N2, two pathways
ave been proposed in the literature. The first is the in situ or

N

N

2

ig. 10. In situ DRIFT spectra of 10% Cu/TiO2 catalyst in a flow of NH3 + O2 at
O2] = 10%, He = balance, total flow rate = 500 ml min−1 and GHSV = 50,000 h−1.
0% Cu/TiO2 (a) and 10 wt.% Cu/Al2O3 (b).

internal” selective catalytic reduction (iSCR). It is a two-step
echanism involving the oxidation of a significant percentage

f the NH3 into NOx species as follows [6]:

H3 + O2 → NOx + H2O (1)

Ox + NH3 + O2 → N2 + H2O (2)

The second is a direct route based on the recombination
f 2NHx species giving rise to a hydrazinium intermediate
xN–NHx [20,21], and the reactions are as follows:
H3(g) → NH3 (ads) (3)

H3 (ads) → NH2 (ads) + H+ + e (4)

NH2 (ads) → N2H4 (ads) (5)

various temperatures. Reaction conditions: 0.2 g catalyst, [NH3] = 400 ppm,
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2H4 (ads) → N2 + 4H+ + 4e (6)

According to our results of TPR, TPD and DRIFTS of
u/TiO2, the first hypothesis was apparently ruled out, because

here did not appear NOx species in the experimental process.
herefore, the direct path way was suitable for the SCO of
mmonia to N2 on Cu/TiO2 catalyst, i.e., the oxidation of NHx

pecies directly to atomic nitrogen and then the recombination
f two nitrogen atoms forming N2, or the recombination of NHx

pecies giving rise to an hydrazinium intermediate N2H4 and
hen oxidizing to N2.

. Conclusions

The TiO2 supported copper catalyst was found to be active for
mmonia oxidation. The Cu/TiO2 with 10% Cu loading shows
he best performance in its series in terms of NH3 conversion
nd N2 selectivity. Compared with Al2O3, TiO2 demonstrate a
uch higher activity for the SCO of ammonia as the supporting
aterial because of the higher oxygen mobility in the system.
he results of TPR, TPD and DRIFTS show that the SCO of
H3 follows the direct route, not the two-step mechanism.
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