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Abstract The activities in NO ? CO reaction of CuO-

loaded TiO2/c-Al2O3 catalysts prepared by precipitation

(P), co-precipitation (C-P), or sol-gel (S-G) were examined

using a micro-reactor-gas chromatography (GC) system.

The study showed higher catalytic activity of 12%CuO/

15%TiO2/c-Al2O3 (P) than that of 12%CuO/15%TiO2/

c-Al2O3 (S-G) or 12%CuO/15%TiO2/c-Al2O3 (C-P) in

air condition, compared with higher activity of 12%

CuO/15%TiO2/c-Al2O3 (P) or 12%CuO/15%TiO2/c-Al2O3

(S-G) than that of 12%CuO/15%TiO2/c-Al2O3 (C-P) in H2

condition. The specific surface area and crystallite forma-

tion had little effect on catalytic activities. H2-temperature

programmed reduction (TPR) revealed four reduction

peaks of 12%CuO/15%TiO2/c-Al2O3 (P), three reduction

peaks of 12%CuO/15%TiO2/c-Al2O3 (S-G), but only one

reduction peak of 12%CuO/15%TiO2/c-Al2O3 (C-P). CuO

diffraction peaks were detected only in 12%CuO/

15%TiO2/c-Al2O3 (P), indicating that CuO was highly

dispersed on the other two TiO2/c-Al2O3 catalysts. As a

result, 12%CuO/15%TiO2/c-Al2O3 (P) had the highest

activity of reducing NO. During NO ? CO reaction, the

absorption peaks of intermediate product N2O were shown

at 150 �C by 12%CuO/15%TiO2/c-Al2O3 (P), at 200 �C by

12%CuO/15%TiO2/c-Al2O3 (S-G), and at 100 �C by

12%CuO/15%TiO2/c-Al2O3 (C-P) after H2 pretreatment at

400 �C for 1 h.

Introduction

NOx is one of major air pollutants due to both natural and man-

made sources, and controlling NOx pollution is an urgent task

worldwide [1–5]. Since Iwamoto et al. [6] reported selective

reduction of NOx with hydrocarbon in an oxygen-enriched

atmosphere by Cu-ZSM-5 and other ionic-exchanged cata-

lysts, many studies on NO reduction have been carried out,

e.g. non-selective reduction of NO with CO or selective

reduction process of NO with hydrocarbon, transforming NO

into harmless N2. Non-selective reduction of NO with CO is

an important method of abating nitrogen oxides, especially in

controlling automotive pollutants [7–11].

Recent studies have reported outstanding resistance of

TiO2 to sulfur poisoning and high catalytic activity and

selectivity for NOx abatement. TiO2 possesses not only low

specific surface area but also poor thermal stability, and

thus easily transforms from anatase to rutile phase when

TiO2 is heated at 600–800 �C. c-Al2O3 is one of the most

common support materials for catalytic purposes, and

usually has specific surface areas greater than 200 m2 g-1,

excellent texture, mechanic and thermal properties. TiO2/

Al2O3 binary system is regarded as very promising support

for DeNOx catalysts and in many other applications

[12–16]. Jason et al. [17] found Au/TiO2 had higher

activity in CO oxidation than Au/Al2O3. According to

Tamás [18] and Lesage [19], H2 greatly abated NO, and

N2O was an intermediate product in NOx ? CO ? H2

reaction by Pt/BaO/Al2O3 catalyst. Tatsuo [20] investi-

gated the selective reduction of NOx with ethanol by Ag/

Al2O3 and CuSO4/TiO2, and found that CuSO4/TiO2 was

most effective at removing NH3, CH3CN, and HCN simul-

taneously and reducing NOx to N2. It was reported that after

addition of TiO2 to Al2O3 the phase-transforming temper-

ature was increased [21], and TiO2/Al2O3 as photo catalyst
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greatly degraded 4-nitrobenzene [22]. Macleod et al. [23]

found that Pd/TiO2/Al2O3 delivered 100% NOx conversion

in H2/CO/NO/O2 reaction with high oxygen at 100 �C and

suggested the synergy between the titania and alumina

components caused NOx conversion. Huang et al. [24] used

Pd–Rh/TiO2/Al2O3 as a NOx storage-reduction catalyst in

lean-rich cycles, and reported it was highly effective for

NOx reduction and highly resistant to SO2 and H2O.

To characterize mixed oxides of titania and alumina,

attention should be paid to surface area, pore size distri-

bution, and chemical and physical properties such as

morphology, TiO2 dispersion, and phase distribution. To

date, there has been little information about titania-modi-

fied aluminas prepared by precipitation, co-precipitation,

and sol-gel methods. In the present study, we used a mic-

roreactor-GC NO ? CO reaction system to examine the

catalytic activities of CuO/TiO2/c-Al2O3 prepared by the

three methods. The analyses were conducted with the BET,

H2-TPR, XRD, Raman, and FT-IR techniques.

Experimental

Preparation of TiO2/c-Al2O3

TiO2/c-Al2O3 containing 15% (w/w) of TiO2 was prepared

by precipitation, co-precipitation, or sol-gel methods. In the

precipitation method, TiCl4 was dissolved in HCl solution

(pH = 5–6), and then added with c-Al2O3 (173 m2 g-1).

Dilute ammonia was dropped into the solution with vig-

orous stirring until pH = 8.5. The precipitation was kept in

the solution at room temperature for 24 h, noted as TiO2/

c-Al2O3 (P). In the co-precipitation method, an aqueous

solution of TiCl4 was mixed with Al(NO3)3 � 9H2O

reagent. Dilute NH3 � H2O was dropped into the mixed

solution with magnetic force stirring until pH = 10.5. The

Cl-1 ions were detected in the two samples after being

washed with distilled water. The resulting solid materials

were dried at 110 �C in air overnight, and then calcined at

500 �C in air for 2 h, noted as TiO2/c-Al2O3 (C-P). In the

sol-gel method, titanium oxide [Ti(OC4H9)4], ethanol,

water, and diethanolamine [NH(C2H5OH)2] were mixed at

a molar ratio of 1:26.5:1:1. Al2O3 was obtained from the

precipitation of Al(NO3)3 � 9H2O with ammonia at

pH = 8. After washing with distilled water, the catalysts

were dried at 110 �C in air overnight, calcined at 500 �C in

air for 2 h, and then added with Al2O3 powder to produce

TiO2 sol-gel, noted as TiO2/c-Al2O3 (S-G).

Preparation of catalysts

Calculated amount of Cu(NO3)2 solution was soaked with

TiO2/c-Al2O3 prepared as above, and rested for 12 h. After

drying in an electric stove, the mixture was calcined at

500 �C in air for 2 h to obtain CuO/TiO2/c-Al2O3 catalysts,

which had 12%CuO and 15%TiO2 (w/w).

Measurements of catalytic activity in NO ? CO

reaction

Catalytic activities were measured using a micro-reactor

gas chromatography (GC) reaction system. The system had

5 mm (inside diameter) reaction tube and 30 mL/min of

flow velocity of reaction gas, composed of 6%NO, 6%CO,

and 88%He (v/v). The amount of catalyst used was

120 mg, and air velocity was set at 5000 h-1. Products of

N2, NO, and CO were detected by a 139 molecular sieve

column, and CO2 and N2O detected by a Porapak Q

column.

Measurements of catalytic properties

Surface areas of catalysts were measured by the BET

method based on N2 adsorption at the liquid-nitrogen

temperature using Coulter OMNISORP-100 instrument.

Catalysts were degassed at 200 �C in vacuum (10-5 Pa) for

2 h.

H2-temperature programmed reduction (TPR) was done

by GC using a thermal conductivity detector. Reduction

gases were the mixture of 95%N2 and 5%H2 (v/v). TPR

was performed with 6 mg of catalysts in temperature range

of 80–700 �C at a linear increment of 15 �C/min.

X-ray diffraction (XRD) was measured at 25 �C using a

horizontal Rigaku B/Max IIIB powder diffractometer with

CuKa radiation at a power of 40 9 40 mA. The diffraction

angle was 2h (�), and the source wavelength was Cu

Ka = 0.15418 nm 0.15� receiving slit, goniometer range at

20–80�, scan speed at 0.2 s/step.

The Raman spectra were taken using a Jobin Yvon

Labram HR800 at k = 514.53 nm, scanning range from 20

to 2000 cm-1 and scanning time of 10 s. The lens was

50 9 10.5 with a hole of 250 lm in diameter.

FT-IR spectra were obtained using a Nicolet 560 spec-

trometer with a MCT detector and a high-pressure, high-

temperature DRIFTS cell (Thermo Spectra-Tech) fitted

with ZnSe windows. Spectra were acquired from 100 scans

at a resolution of 4 cm-1. The sample was treated in

hydrogen at 400 �C for 1 h, and then cooled down to room

temperature in the same gas to get a background level.

After hydrogen was pumped off, the absorbed gas was lead

to the IR cell. All spectra were taken at the relevant tem-

perature. The flow rate through the IR cell was 15 mL/min.

The absorbed gases contained 10.0%NO ? 90%He,

10%CO ? 90%He, or 6%NO ? 6%CO ? 88%He (v/v).
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Results and discussion

Textural and structural properties of TiO2/c-Al2O3

Pore size distributions of TiO2/c-Al2O3 prepared by pre-

cipitation, co-precipitation, or sol-gel methods belonged to

micro-pore and meso-pore (Fig. 1). An earlier study

reported that meso-pores were formed during the prepara-

tion process and micro-pores became present during the

calcining period [25]. It was likely that most of micro-

pores existed inside the catalyst, providing the largest

portion of specific surface area. The preparation methods

had a big effect on specific surface area, which was

265.7 m2 g-1 in TiO2/c-Al2O3 (C-P), 171.4 m2 g-1 in

TiO2/c-Al2O3 (P), and 179.8 m2 g-1 in TiO2/c-Al2O3 (S-G)

(Table 1). After 12%CuO was loaded onto TiO2/c-Al2O3,

specific surface areas were 131.07 m2 g-1 by precipitation,

179.10 m2 g-1 by precipitation, and 142.19 m2 g-1 by sol-

gel. The adsorption–desorption isotherm and pore-size

distribution curve of TiO2/c-Al2O3 were type IV of the

BDDT system and typical micro-pore and meso-pore.

TG-DTA measurement

TiO2/c-Al2O3 prepared by precipitation showed an

absorption heat peak at 90 �C, together with an obvious

weight-lose step in the TG curve (Fig. 2a). This absorption

heat peak could be due to the removal of physical adsorbed

H2O on the sample surface. Moreover, another absorption

heat peak occurred at 280 �C, probably due to the

decomposition of Al(OH)3 to c-Al2O3 [15, 26]. By

comparison, TiO2/c-Al2O3 prepared by co-precipitation

had absorption heat peaks at 440, 600 �C (Fig. 2b). The

absorption heat peak at 440 �C might be caused by the

transformation of boehmite into c-Al2O3, whereas the peak

at 600 �C was likely due to the transformation of anatase

into rutile [7]. Preparation by the sol-gel method showed

an absorption heat peak at around 500 �C, as a result of

the removal of organic substance from the sample surface

[15, 25].

Catalytic activities of CuO/TiO2/c-Al2O3

The catalytic activities of 12%CuO/15%TiO2/c-Al2O3 in

NO ? CO reaction increased with increasing reaction

temperatures and also depended upon pretreatment condi-

tions (Fig. 3). With air pretreatment, 100% NO conversion

was obtained at 300 �C by 12%CuO/15%TiO2/c-Al2O3 (P)

and at 350 �C by other two catalysts. Pretreatment with H2

at 400 �C for 1 h markedly increased catalytic activities,

and 100% NO conversion occurred at 275 �C for 12%CuO/

15%TiO2/c-Al2O3 (S-G) and 12%CuO/15%TiO2/c-Al2O3

(P), compared with 300 �C for 12%CuO/15%TiO2/c-Al2O3

(C-P). The increased activities after H2 pretreatment were

probably due to, (1) adsorbed H2 by the catalysts directly

involved in NO ? CO reaction, as previously reported by

Isabella [27]; 2) H2 reduction caused changes in active

phase species. After H2 pretreatment, the copper species

mostly existed as Cu0 and Cu?, and Cu? was the catalytic

activity center in NO ? CO reaction [28, 29].

H2-TPR measurement

Compared with one single peak at 350 �C by pure CuO,

there were four reduction peaks (namely a, b, c, and d) at

177.6, 190.4, 218.9, and 262.2 �C by 12%CuO/15%TiO2/

c-Al2O3 (P); one reduction peak at 223 �C by 12%CuO/

15%TiO2/c-Al2O3 (C-P);and three reduction peaks at

295.5, 392.4, and 430 �C by 12%CuO/15%TiO2/c-Al2O3

(S-G) (Fig. 4). According to Hu et al [30, 31], when the

amount of TiO2 was less than 0.56 mmol Ti4?/100 m2

c-Al2O3, the dispersion of CuO on TiO2/c-Al2O3 was lar-

gely affected by surface Ti4?. Since the interaction of CuO

with TiO2 was greater than with c-Al2O3, some of the

dispersed Cu2? ions might occupy the vacant sites of TiO2.

In Xu’s model [32], anatase surface (001) was filled with

highly dispersed CuO. When CuO loadings were in the
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Fig. 1 Adsorption–desorption isotherm and pore size distribution of

three types of TiO2/c-Al2O3. (a) Pore size distribution; (b) Adsorp-

tion–desorption isotherm; (1) TiO2/c-Al2O3 (P), (2) TiO2/c-Al2O3

(C-P), (3) TiO2/c-Al2O3 (S-G)

Table 1 Specific surface areas

and pore volumes of TiO2/

c-Al2O3 prepared by three

methods

TiO2/c-Al2O3 (P) TiO2/c-Al2O3 (C-P) TiO2/c-Al2O3 (S-G)

Specific surface area (m2 g-1) 171.4 265.7 179.8

Pore volume (mL g-1) 0.497 0.352 0.199

Average pore size (nm) 12.00 9.42 6.42
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range of 1.81–17.82Cu2? nm2- (equal to 1.13–11.13 wt%),

CuO existed in two phases, i.e. dispersed CuO and crys-

talline CuO [33].

The a and c peaks of 12%CuO/15%TiO2/c-Al2O3 (P)

were the reductions of crystalline CuO and highly

dispersed CuO on naked TiO2 of TiO2/c-Al2O3, respec-

tively. The b and d peaks were the reductions of crystal

CuO and highly dispersed CuO on TiO2/c-Al2O3, respec-

tively. The only one peak of 12%CuO/15%TiO2/c-Al2O3
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(C-P) was attributed to highly dispersed CuO at the surface

of naked c-Al2O3. The a peak of 12%CuO/15%TiO2/

c-Al2O3 (S-G) was the reduction of dispersed CuO on the

anatase surface of TiO2/c-Al2O3, whereas the b and c peaks

were the reduction of TiO2/c-Al2O3. The a peaks of

12%CuO/15%TiO2/c-Al2O3 (C-P) and 12%CuO/15%TiO2/

c-Al2O3 (S-G) were large and likely had covered other

reduction peaks. XRD results also showed diffraction

peaks of both TiO2 and c-Al2O3 by TiO2/c-Al2O3 (P), but

only c-Al2O3 peak by TiO2/c-Al2O3 (C-P) and intensive

TiO2 peak and weak c-Al2O3 peak by TiO2/c-Al2O3 (S-G).

The Raman peak of CuO was detected in 12%CuO/

15%TiO2/c-Al2O3 (P) only, indicating crystalline CuO on

catalyst surface. CuO was highly dispersed on the surfaces

of TiO2/c-Al2O3 (C-P) and TiO2/c-Al2O3 (S-G). The

Raman peak of TiO2 by 12%CuO/15%TiO2/c-Al2O3 (S-G)

was much more intensive than that by 12%CuO/15%TiO2/

c-Al2O3 (P), suggesting massive crystalline TiO2 on CuO/

TiO2/c-Al2O3 (S-G), massive c-Al2O3 on TiO2/c-Al2O3

(P), and highly dispersed TiO2.

XRD measurement

TiO2/c-Al2O3 (P) clearly showed the anatase and c-Al2O3

phase (Fig. 5). Wei et al. [34] found that TiO2 covered less

than 50% of c-Al2O3 surface area in TiO2/c-Al2O3 (P) and

the uncovered c-Al2O3 could be detected by XRD. In this

study, TiO2/c-Al2O3 (C-P) had no obvious diffraction

peaks of the anatase, indicating that titania was highly

dispersed on the alumina support. Vargas et al. [35]

reported that anatase was highly dispersed on TiO2/c-Al2O3

or formed undetectable crystalline (d \ 4 nm). In the

present study, TiO2/c-Al2O3 (S-G) showed obvious dif-

fraction peak of anatase but weak diffraction peak of

c-Al2O3. This may indicate that amorphous Al2O3 was

highly dispersed on TiO2, and c-Al2O3 had not yet formed.

Similarly, Pt-Rh/TiO2/Al2O3 was highly effective in NOx

reduction and highly resistant to SO2 and H2O [24].

According to Hernadez and Bautista [15], TiO2 modified

the structure of c-Al2O3 at \450 �C, and weak c-Al2O3

crystalline diffraction peaks and obvious anatase phase

were detected. It was suggested that TiO2/c-Al2O3 prepared

by sol-gel mostly formed amorphous Al2O3 but not

c-Al2O3 phase at low temperature.

Obvious CuO diffraction peaks were detected in

12%CuO/15%TiO2/c-Al2O3 (P), compared with highly

dispersed CuO on the catalysts prepared by the co-pre-

cipitation or sol-gel method. Moreover, 12%CuO/15%

TiO2/c-Al2O3 (P) had the highest activities in NO ? CO

reaction. Luo et al. [36] found that the activity of CuO/

Al2O3 in CO oxidation also increased with increasing CuO

loading, probably as a result of highly dispersed CuO and

bulk CuO species. Jiang et al. [37] also reported highly

dispersed CuO and fine grain CuO species in NO ? CO

reaction by CuO–ZrO2/TiO2. It may be concluded that

highly dispersed CuO was the main active center and

crystalline CuO enhanced the catalytic activity.

Raman measurement

Since most of laser light entering into samples is absorbed,

the Raman spectra can be used to analyze the surface of the

samples [36, 37]. Compared with a combined signal given

by XRD, the Raman peaks provide both surface and bulk

phase information. When samples strongly absorb laser

light, the signals of bulk phase will be weakened and the

Raman spectra mainly show the surface phase information.

In this study, CuO had four peaks at 284, 345, 620, and

1106 cm-1 (Fig. 6). No crystalline CuO Raman peaks were

detected in CuO-loaded TiO2/c-Al2O3 prepared by co-

precipitation or sol-gel method, indicating that CuO was

highly dispersed on TiO2/c-Al2O3. While 12%CuO/

15%TiO2/c-Al2O3 (S-G) and 12%CuO/15%TiO2/c-Al2O3

(P) had intensive TiO2 Raman peaks, 12%CuO/15%TiO2/

c-Al2O3 (C-P) had a very weak peak probably due to its

large surface area and highly dispersed CuO and TiO2.

FT-IR measurement

At low temperatures, 12%CuO/15%TiO2/c-Al2O3 (P)

absorbed CO and NO independently (Fig. 7a). Two strong

peaks of NO adsorption occurred at 1840, 1907 cm-1 and

increased with increasing temperatures, but faded away at

[200 �C. The CO absorption peaks occurred at 2115 and
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2174 cm-1 and decreased gradually with increasing tem-

peratures. The adsorption peaks at 2337 and 2362 cm-1

were attributed to CO2 adsorption. This may relate to the

release of CO2 during NO ? CO reaction. Higher temper-

ature produced more CO2, and thus stronger CO2 adsorption

bands [38]. At 200 �C, the adsorption band was shifted from

2174 to 2190 cm-1, plus new adsorption band at

2210 cm-1. At 150 �C the N2O adsorption band appeared at

2337 cm-1, and increased with increasing temperature until

250 �C, and then weakened quickly and disappeared at

about 400 �C. It was likely that in the reactions N2O was

produced at low temperature but turned into final product

N2 at high temperature. This was consistent with the

activities of 12%CuO/15%TiO2/c-Al2O3 (P) measured by

microreactor-GC in NO ? CO reaction. N2O formation

was due to NO decomposition and combination of N and

NO on the catalyst surface. Similarly, combination of O and

NO produced NO2 or NOx(x = 2–3). Bands at 1394 and

1450 cm-1 belonged to nitrate adsorption [39] and the two

peaks fade away with rising temperature. Small bands of

carbonate and bicarbonate were also observed in the region

of 1500–1750 cm-1 but disappeared with rising tempera-

ture, indicating that CO2 released in NO ? CO reaction

might have reacted with Cu2? and other metal oxides.

Carbonate and bicarbonate are considered as the interme-

diate of CO oxidation [40, 41].

Catalysts 12%CuO/15%TiO2/c-Al2O3 (C-P) and 12%

CuO/15%TiO2/c-Al2O3 (S-G) had similar peaks of

absorption (Fig. 7b, c), and their NO and CO adsorption

bands were the same as that of 12%CuO/15%TiO2/c-Al2O3

(P). The bands at 1604 and 1630 cm-1 were due to NO2

adsorption and decreased with increasing temperature. The

peak at 1300 cm-1 was of nitrate adsorption on the catalyst

surface. At low temperature, some of absorbed NO reacted

with O2 to form NO2 and the remaining NO reacted with

the species on the catalyst surface to form carbonate and

bicarbonate. At 150 �C, 12%CuO/15%TiO2/c-Al2O3 (C-P)

had a weak adsorption of N2O at 2235 cm-1. The band

became large with increasing temperature and reached

maximum at 250 �C, but disappeared at 400 �C. In

contrast, 12%CuO/15%TiO2/c-Al2O3 (S-G) showed an

obvious absorption peak of N2O at 100 �C.

Numerous studies have been conducted to clarify the

absorption band at 2210 cm-1. Novak et al. [42] examined

NO ? CO reaction by Rh-loaded catalyst and assigned the

bands at 2175–2180 cm-1 as Rh-NCO- adsorption. London

[43] considered the band at 2200 cm-1 as the Cu0-NCO-

species, while other researchers [8, 44–46] assumed the

peaks at 2150–2200 cm-1 as M-NCO(M denotes the metal

ion)species. It may be suggested that NCO structure always

appeared in NO ? CO reaction by the catalysts loaded with

transition metal oxides at high temperature. In this study,

the absorption peak occurred at 2210 cm-1 only when

catalysts were pretreated with H2, and Cu0 and Cu? species

were formed on the catalyst surface. We assigned the band

at 2210 cm-1 as the absorption of Cu0-NCO-. Different

FT-IR spectra of absorbed NO ? CO gases were shown

between the CuO-loaded TiO2/c-Al2O3 catalysts prepared

by different methods with H2 pretreatment. N2O absorption

peak was detected at 100 �C for 12%CuO/15%TiO2/

c-Al2O3 (S-G), at 150 �C for 12%CuO/15%TiO2/c-Al2O3

(P), and at 200 �C for 12%CuO/15%TiO2/c-Al2O3 (C-P).

As N2O is the key intermediate product in NO ? CO

reaction, its appearance and disappearance directly affect

the rate of reaction and NO conversion. Therefore, it is very

important to detect the N2O appearance temperature.

Conclusions

(1) 12%CuO/15%TiO2/c-Al2O3 (P) had high activity in

NO ? CO reaction, and achieved 100% NO conver-

sion at 300 �C. When the catalyst was pretreated with

H2, the NO conversion reached 100% at 275 �C.

(2) There were four reduction peaks (a, b, c, and d) by

12%CuO/15%TiO2/c-Al2O3 (P). The a and c reduc-

tion peaks belonged to highly dispersed CuO and

crystalline CuO on the exposed TiO2, respectively.

The b and d peaks were the reductions of highly

dispersed CuO and crystalline CuO on TiO2/c-Al2O3,

respectively. 12%CuO/TiO2/c-Al2O3 (C-P) had only

one reduction peak of CuO on the exposed c-Al2O3.

Three reduction peaks (a, b, and c) were shown by

12%CuO/15%TiO2/c-Al2O3 (S-G). The a peak was

0

(3)

(4)

(2)
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ns
ity

 / 
a.
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Raman shift / cm-1
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15001200900600300

Fig. 6 Raman spectra of CuO and CuO-loaded TiO2/c-Al2O3 cata-

lysts; s TiO2 d CuO; (1) CuO, (2) 12%CuO/15%TiO2/c-Al2O3

(C-P), (3) 12%CuO/15%TiO2/c-Al2O3 (S-G), (4) 12%CuO/15%TiO2/

c-Al2O3 (P)
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the reduction of CuO on the exposed TiO2, and the b
and c peaks were the reductions of TiO2/c-Al2O3.

(3) CuO diffraction and Raman peaks were detected in

12%CuO/15%TiO2/c-Al2O3 (P) but not in 12%CuO/

TiO2/c-Al2O3 (C-P) and 12%CuO/15%TiO2/c-Al2O3

(S-G), indicating that CuO phase was highly dis-

persed on the latter two catalysts.

(4) In NO ? CO reaction, the absorption peaks of

intermediate product N2O were shown at 150 �C by

12%CuO/15%TiO2/c-Al2O3 (P), at 200 �C by 12%

CuO/15%TiO2/c-Al2O3 (S-G), and at 100 �C by 12%

CuO/15%TiO2/c-Al2O3 (C-P) after H2 pretreatment at

400 �C for 1 h.
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