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a b s t r a c t

Carbon nanotubes (CNTs) are relatively potential materials for catalyst supports. CNT-supported Cu cata-
lysts were prepared by an impregnation method and a polyol process. The catalytic activity was examined
under different reaction atmospheres, Cu contents, and sizes of supports for CO oxidation. The experimen-
eywords:
arbon nanotube
atalyst
olyol process
mpregnation

tal results showed that the active phase on the catalyst prepared by the impregnation method (10–20 nm)
was smaller than that on the catalyst prepared by the polyol process (30–50 nm). Furthermore, the smaller
active phase showed better performance for CO oxidation. Therefore, catalysts prepared by the impreg-
nation method had a lower activation energy (57.47 kJ mol−1) than those prepared by the polyol process.
The optimum CNT-supported Cu catalyst prepared by the impregnation method using 10–20 nm CNTs
had a Cu content of 13.4 wt.%, and a CO conversion of 33% achieved at 125 ◦C with a total space velocity of
1.56 × 105 h−1.
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. Introduction

The principal factor that causes air pollution is the incomplete
ombustion of petroleum fuels, which discharges pollutants such
s hydrocarbons and carbon monoxide (CO) into the air. Among
ll the air pollutants, carbon monoxide is by far the most abundant
nd harmful pollutant affecting both the human body and the envi-
onment. Currently, the catalytic oxidation of CO to carbon dioxide
CO2) is known as the most effective post-treatment for reducing
O emissions.

Many researchers have conducted CO oxidation using various
etals (Pt, Au, Cu, Ce, Co) as catalysts and found that the type,

ispersion, and particle size of metals on the support material
ave significant impact on catalytic activity [1–5]. Numerous metal-
upported catalysts investigated to date showed that the support is
lso an important factor that influences the catalytic activity in the
eaction. Various material supports such as activated carbon (AC),
lumina, silica, clay, zeolite and carbon nanotubes (CNTs) [1–11]

ave been studied. The characteristics of a good support mate-
ial include large specific surface area, unique pore structure, large
dsorption capacity, good mechanical strength, high chemical and
hermal stability, and hydrophobicity. Since CNTs have such char-

∗ Corresponding author. Tel.: +886 4 22852455; fax: +886 4 22862587.
E-mail address: mywey@dragon.nchu.edu.tw (M.-Y. Wey).
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cteristics, they have attracted considerable attention as potential
upports [9–11].

In previous studies [11], we used CNTs as supports to prepare
o catalysts with impregnation method and compared their activ-

ty with AC-supported Co catalysts in CO oxidation. The results
ndicated that CNTs had better thermal stability and mass tran-
ition efficiency than AC, and the active sites could be highly
ispersed on CNTs with nanosized particles. Moreover, we studied
he polyol process to prepare catalysts for the removal of pollu-
ants [12], and the results indicated that this process can generate
ell-dispersed metal nanoparticles on the support AC. The polyol
rocess, a method used for monodisperse metal powders, involves
redox reaction between a metallic compound and a liquid polyol

13]. In comparison to earlier studies [11,12], our results indicated
hat both support (CNT) and preparation (polyol process) could
nhance the catalytic activity as a good prepared catalyst. Thus, it is
ossible to prepare the high activity catalyst by combining CNT sup-
ort and polyol process. In order to study the effect of polyol process
n CNT-supported catalyst preparation, the impregnation method
as also employed. Considering the cost of catalyst preparation and

ctivity, Cu with low price and good CO conversion efficiency [4,5]

as chosen as active site in this study.

This study mainly focuses on the preparation of CNT-supported
u catalysts by using polyol process and impregnation method
o evaluate the catalytic activity for CO oxidation using different
iameters of CNTs and different weights of Cu loading. To throw

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:mywey@dragon.nchu.edu.tw
dx.doi.org/10.1016/j.cej.2008.04.033


4 eering Journal 145 (2009) 461–467

s
s
M
b
a

2

2

c
(
s
l
F
a

w
i
i
w
c
p
a
m
a
t
T
e
s
f
H

2

t
S
t
s
T
w

m
o
s
d
c

u
a
2
p
T
o
J

2

d
m
w
fl

F
r
4

B
c
t
P
b
t

3

3
i

P
r
C
U
t
p
t
t
C
w
o
t
c
l
o
s
f
S
t
a

C
c
C

62 C.-Y. Lu et al. / Chemical Engin

ome light on this matter, the characterization of the catalysts was
tudied by inductively coupled plasma-mass spectrometer (ICP-
S), field emission scanning electron microscopy (FESEM) with

ackscattered electrons, transmission electron microscopy (TEM),
nd X-ray powder diffractometry (XRD).

. Experimental

.1. Preparation of catalysts

The CNTs were grown from the Fe nanoparticles produced by
hemical vapor deposition (CVD) method at 650 ◦C with C2H2
H2:C2H2 = 6:1) for 1 h. The CNTs were then soaked in the acid
olution (H2SO4:HNO3 = 1:3) for 24 h to remove the Fe particles, fol-
owed by the steps of washing, filtering and drying at 110 ◦C for 24 h.
inally, the Cu/CNT catalysts were prepared by the polyol process
nd impregnation method.

In this experiment, the nominal Cu loading weight on the CNT
as 10 wt.%. Cu/CNT-I catalyst was prepared with excess-solution

mpregnation using Cu(NO3)2·2.5H2O as precursor. During the
mpregnation, the solutions (9.0 g CNT and 3.66 g Cu(NO3)2·2.5H2O

ere dissolved in the distilled water) were heated at 70 ◦C and
onstantly stirred until totally evaporated. Cu/CNT-P catalyst was
repared with polyol process as follows: A given amount of CNT was
dded to an ethylene glycol–PVP–copper precursor solution, and
ixed with a magnetic stirrer. Then, the suspension was heated to
given temperature. At the end of the reaction time, the prepara-

ion was rapidly cooled to room temperature with ice-water bath.
he catalyst was obtained by filtration and repeated washing of
thanol in order to remove the organic phase. Afterwards, the CNT-
upported Cu catalysts, Cu/CNT-I and Cu-CNT-P were dried at 110 ◦C
or 2 h and calcined at 500 ◦C for 4h in the presence of hydrogen (5%

2 and 95% He) to get the catalysts.

.2. Characterization of catalysts

The loading weight of Copper on CNT was determined by induc-
ively coupled plasma-mass spectrometer (ICP-MS, PerkinElmer,
CIEX ELAN 5000). Particle size, powder morphologies and elemen-
al structure of the loadings were investigated using field emission
canning electron microscopy (FESEM; Model JSM-6700F, JEOL,
okyo, Japan) operated at 5 kV accelerating voltage and equipped
ith backscattered electrons.

Transmission electron microscopy (TEM) observations were
ade with a Philips 400T microscope operated at 120 keV to

bserve the dispersion of active site on the support surface. The
amples were suspended in ethanol. After ultrasonic dispersion, a
roplet was deposited on a copper grid supporting a perforated
arbon film.

An X-ray powder diffractometry (XRD) (SIEMENS D5000) was
sed to identify the crystalline species of CNT-supported Cu cat-
lysts. A Cu tube with a working voltage of 30 V and a current of
0 A was employed as an X-ray source to estimate the active site
hase. The powdered samples were pressed onto suitable holders.
he scanning range of 2� was from 20◦ to 80◦ with a scanning speed
f 4◦ min−1. Diffraction patterns were manually analyzed with the
oint Committee of Powder Diffraction Standard (JCPDS) card.

.3. Activity test
Catalytic activity measurements for the CO oxidation were con-
ucted at atmospheric pressure in a micro-catalytic reactor of 9
m ID quartz tube under a steady-state condition. The catalysts
ere placed on quartz filter board. Sample weight of ca. 0.2 mg and
ow rates of 400 ml min−1 of the feed gas (CO/N2/O2) governed by

t
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p

ig. 1. CO conversion over CNT-supported 7.5 wt.% Cu catalysts as a function of the
eaction temperature by different catalyst preparation method (feed composition:
00 ppm CO, SV = 1.56 × 105 h−1, and 6% O2 in N2).

rooks mass flow controller were used for the activity test. The
oncentrations of CO, CO2, and O2 at inlet and outlet of the reac-
or were both monitored by an online flue gas analyzer (Horiba,
G-250). Before we carried out the experiments, we tested the sta-
ility of the system by repeating it three times in order to improve
he accuracy of the measured data.

. Results and discussion

.1. Comparison between the polyol process and the
mpregnation method

Fig. 1 shows the CO conversion over the Cu/CNT-I and Cu/CNT-
catalysts with 10 wt.% nominal Cu content as a function of the

eaction temperature. The inlet feed stream contained 400 ppm of
O and 6% O2 in N2 with a total space velocity of 1.56 × 105 h−1.
nder the reaction temperature of 100–300 ◦C, we observed that

he activity of Cu/CNT-I is better than that of Cu/CNT-P. At 150 ◦C, the
erformance of the CO conversion for Cu/CNT-I is 26.9%, whereas
here is no activity for Cu/CNT-P. At temperature up to 175 ◦C,
he Cu/CNT-P catalyst shows 12.5% CO conversion. Although both
u/CNT-I and Cu/CNT-P catalysts exhibited same reaction tendency
ith increasing temperature, Cu/CNT-I shows better performance

n CO conversion at temperature between 150 and 200 ◦C. In order
o understand the reason for the high activity of Cu/CNT-I, the
atalysts were analyzed with ICP-MS to determine the actual Cu
oading weight. The results indicated that the actual Cu contents
n Cu/CNT-I and Cu/CNT-P were 7.5 and 7.2 wt.%, respectively. This
hows that the Cu loading weights on the catalysts prepared by dif-
erent methods were similar when CNTs were chosen as supports.
ince Cu/CNT-I and Cu/CNT-P had the same amount of active phase,
he difference in catalytic activity must be due to other factors such
s size, shape, crystal structure, and dispersion of the active phase.

Fig. 2(a and d) shows the FESEM images of the CNT-supported
u catalysts prepared by the impregnation method and polyol pro-
ess. Although the active phase is spherical in both Cu/CNT-I and
u/CNT-P, the size of the Cu particles of Cu/CNT-I is smaller than

hat of the Cu particles on Cu/CNT-P. As a result, Cu/CNT-I shows
better dispersion of Cu particles. The size of the Cu particles on
u/CNT-I is 10–20 nm, whereas that of the Cu particles on Cu/CNT-P

s 30–50 nm. In order to determine the crystal structure of the active
hase on CNT-supported Cu catalysts, their XRPD patterns were
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F ed 7.5 wt.% Cu catalysts with different preparation: (a–c) for impregnation method; (d–f)
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ig. 2. FESEM-SEI, FESEM-BEI, and TEM-cross-sectional area images of CNT-support
or polyol process.

easured. Fig. 3 shows the XRPD patterns of the CNTs, Cu/CNT-I,
nd Cu/CNT-P with 2� scanning from 20◦ to 80◦.

The peak at 2� = 27.2◦ can be attributed to the typical graphite
tructure (0 0 2) of the CNT support. After Cu was loaded on the CNT,
dditional peaks appeared at 2� = 37.6◦, 41.7◦, 43.3◦, 57.2◦, 67.8◦, and
7.1◦, which were attributed to the major zero-valent copper phase
Cu(1 1 1)), whereas the intensity of Cu2O, CuO, and Cu4O3 were
ll lower than that of Cu. Therefore, Cu metal was the major active
ite for the reaction, followed by Cu2O, CuO, and Cu4O3. By com-
aring the intensities of patterns between Cu/CNT-I and Cu/CNT-P,
he intensity of Cu/CNT-P was found to be stronger than that of
u/CNT-I. This revealed that the bigger the Cu particles (30–50 nm)
upported on Cu/CNT-P (as shown in Fig. 2), the stronger the XRPD
atterns. Furthermore, the mean Cu particle size D can be deter-
ined from the Cu(1 1 1) peaks by Scherrer equation. The mean

u particle size of catalyst for Cu/CNT-I and Cu/CNT-P is 19.2 and
0.7 nm, respectively. When comparing the calculated sizes of Cu
ctive phases with the measured size from the SEM images (Fig. 2),
he Cu particle sizes were almost the same size as in the experiment.

In this study, the actual Cu loading weight on the CNT was
.5 wt.%. Therefore, the high loading weight of the metal leads to the
igh intensity of the XRPD patterns. On the other hand, because the

ispersion of the active phase cannot be determined by XRD anal-
sis, this study employed FESEM and TEM images to determine
he dispersion quality of Cu particles. To observe the dispersion
f the active phase clearly, the backscattered electrons were used
o form an electron backscatter diffraction (EBSD) image with the

Fig. 3. Measured XRPD patterns of the CNT-supported 7.5 wt.% catalysts with dif-
ferent preparation method.
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2CO → C + CO2 (2)

As show in Fig. 5, CO oxidation commenced at 150 ◦C in the
presence of O2. Two possible reaction mechanisms are involved
in CO oxidation. In the first mechanism according to the Mars–Van
ig. 4. Arrhenius plots for CO oxidation at (100–300 ◦C) over Cu/CNT-I and Cu/CNT-P.

ESEM analysis. Backscattered electrons are high-energy electrons
hat rebound from the sample surface [14]. The quantity of elec-
rons backscattered from a given surface is proportional to the

ean atomic number (Z) of the sample material. As a result, a
aterial with a high mean Z will produce more backscattered elec-

rons than a material with a low mean Z. Fig. 2 shows the FESEM
mages of Cu/CNT-I and Cu/CNT-P, including the scanning electron
mages (SEI) and backscattered electron images (BEI). Since the cat-
lyst comprises carbon and copper, as shown by the XRPD patterns
Fig. 3), it is observed that the light area corresponds to copper,
hereas the dark area mostly corresponds to carbon as shown in

ig. 2(b and e). Therefore, the dispersion of the Cu particles can be
learly observed. Fig. 2(b and e) shows that the size of the Cu par-
icles on Cu/CNT-I at high dispersion is smaller than that of the Cu
articles on Cu/CNT-P. In addition, the cross-sectional TEM images
f Cu/CNT-I and Cu/CNT-P catalysts have been analyzed using the
icrotome technique, as shown in Fig. 2(c and f). According to

he analysis, the shape of carbon nanotubes could not be observed
learly as opposed to the shape of Cu particles which could be seen
learly. This proved that the dispersion and particle size of Cu on
he Cu/CNT-I were better and smaller than that of the Cu particles
n Cu/CNT-P.

In order to calculate the activation energy, the reaction order
f carbon monoxide and oxygen were both measured at 175 ◦C.
or CO test, the feed contained 0.05% to 2% CO and 12% O2 in N2;
or O2 test, the feed contained 0.5% CO and 1% to 6% O2 in N2.
he experiment results indicated that the reaction orders for CO
nd O2 are first and zero, respectively. Thus, the overall CO oxida-
ion over Cu/CNT catalyst is a first-order reaction, and the Eq. (1)
as used to calculate the activation energy of the CO conversion

15,16]:

n[−ln(1 − x)] = lnA + ln
(

v

u

)
−

(
Ea

RT

)
(1)

here u is the flow rate in ml s−1; v is the total volume of the catalyst
n ml; A is the pre-exponential factor in s−1; Ea, the apparent acti-
ation energy in kJ mol−1; R, the gas constant is 8.314 J mol−1 K−1;
, the absolute temperature in K; and x, the CO to CO2 conversion
ate.

As shown in Fig. 4, the value of the activation energy can be

ead from the slope by plotting ln[−ln(1 − x)] against 1/T. The
re-exponential factor A can be calculated from the intercept.
or Cu/CNT-I and Cu/CNT-P, the activation energies are 57.47 and
7.45 kJ mol−1, respectively. We observed that Cu/CNT-I has a lower
ctivation energy than Cu/CNT-P. This reconfirms that the CO con-
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ersion increases when nano-copper particles are small and when
ispersion on Cu/CNT-I is excellent.

From the above discussion, it is evident that impregnation is a
imple and cheap method to prepare a good catalyst under specific
onditions, where a nanoscaled material such as CNT was chosen as
support for catalyst preparation. CNTs can enhance the diffusion
f active sites in the catalyst preparation process, producing good
ispersion and nanoscaled Cu particles on the catalyst, whereas the
olyol process showed no notable modification in the preparation
f CNT-supported catalyst. In the following experiment, impreg-
ation method was chosen to prepare different CNT-supported
atalysts under different operating conditions.

.2. Effect of oxygen

In this step, we chose the high-activity Cu/CNT-I catalyst to study
he effect of oxygen on CO oxidation. The inlet feed stream com-
rised 400 ppm CO in N2 at a space velocity of 1.56 × 105 h−1 with
% and 6% O2. Fig. 5(a and b) shows the CO conversion and CO2
electivity over Cu/CNT-I for different reaction atmospheres. The
O2 selectivity is defined as the ratio of CO2 formation from CO.

In the absence of O2, as shown in Fig. 5(a), the CO conversion
as carried out when the reaction temperature was above 200 ◦C.

he Boudouard reaction occurred for CO conversion when:
ig. 5. (a) CO conversion and (b) CO2 selectivity over Cu/CNT-I in the different reac-
ion atmosphere: (�) in the absence of O2 (feed composition: 400 ppm CO in N2),
©) in the presence of O2 (feed composition: 400 ppm CO and 6% O2 in N2), and (�)
n the H2-rich atmosphere (feed composition: 77% H2, 5000 ppm CO, and 0.5% O2 in

2).
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revelen model [17], the reaction occurs as follows:

u + 1
2 O2 → CuO (3)

uO + CO → Cu + CO2 (4)

In the first step (reaction (3)), Cu reacts with O2 to form an oxi-
ized catalyst; subsequently, CO reacts with the oxidized catalyst to
orm CO2, which is later replenished by a reaction with O2 to form
redox cycle reaction.

In the second conversion mechanism [18], CO is adsorbed on the
NT supported Cu catalyst, while O2 is cleaved to form O–O bonds.
O then quickly reacts with an O atom to form CO2:

O(gas) → Cu–CO(ads) (5)

2 → 2O(ads) (6)

u–CO(ads) + O(ads) → Cu–CO2(ads) (7)

O2(ads) → CO2(gas) (8)

From the above discussion, it is evident that CO may com-
letely convert to CO2 under ideal conditions, confirmed by the CO2
electivity shown in Fig. 5. Furthermore, this experiment also inves-
igated the effect of hydrogen by conducting the CO conversion in a
2-rich atmosphere. Fig. 5(a and b) shows the evolution of CO con-
ersions and CO2 selectivity obtained over Cu/CNT-I as a function
f temperature. The feed contained 5000 ppm CO, 0.5% O2, and 77%
2 in N2 with a space velocity of 1.56 × 105 h−1. The experimen-

al observations of the CO conversion in the H2-rich atmosphere
an be separated into three reaction zones on the basis of temper-
ture. First, when the CO conversion increases with temperature,
maximum CO conversion of 93% is achieved at 225 ◦C. The CO2

electivity also shows a similar trend when the temperature was
et between 100 and 225 ◦C. In this step, the CO conversion is not
ffected by H2. Finally, the CO conversion and CO2 selectivity are
ecreased at reaction temperatures above 225 ◦C, resulting the CO
onversion to decrease to a minimum of 26% at 250 ◦C. In the previ-
us study [8,11], in addition to the main reaction (CO + O2 → CO2),
he following side reactions also occurred:

2 + 1
2 O2 → H2O (9)

O2 + H2 → CO + H2O (10)

O + 3H2 → CH4 + H2O (11)

In the excess H2-rich atmosphere, CO and CO2 could react with
2 to produce CO, CH4, and H2O, which decrease the CO conversion
fficiency. It can be observed that the CO conversion and CO2 selec-
ivity are increased at temperatures above 250 ◦C. These results are
btained from the Boudouard reaction (1) which occurred due to
he consumption of oxygen by hydrogen. CO is then dissociated to
orm carbon and CO2.

.3. Effect of Cu content

In this study, we initially chose 10 wt.% nominal Cu content
o prepare catalysts for CO oxidation. The experimental results
howed that the CNT-supported Cu catalysts exhibited good cat-
lytic activity with highly dispersed Cu active sites. In order to
tudy the effect of Cu content on CO oxidation and maximum
etal loading weight on the nanoscaled material-CNT, we pre-

ared different nominal Cu loading weights from 5 to 20 wt.%.

he actual Cu content of catalysts was analyzed by ICP-MS. Fig. 6
hows the CO conversion on 4.0–18.1 wt.% (actual Cu content)
u/CNT-I catalysts as a function of the reaction temperature. The

nlet feed stream comprised 400 ppm CO and 6% O2 in N2 with
total space velocity of 1.56 × 105 h−1. In theory, the catalytic

C
p
b
d
l

ig. 6. CO conversion over Cu/CNT-I catalysts with 4.0–18.1 wt.% Cu as a function of
he reaction temperature (feed composition: 400 ppm CO, SV = 1.56 × 105 h−1, and
% O2 in N2).

ctivity increases with the metal content on the catalyst. More
ctive sites may increase the probability of reaction between the
O molecules and the Cu particles. Therefore, the CO conversion

ncreases with the Cu content in the Cu/CNT-I catalysts, as shown
n Fig. 6. However, the CO conversion efficiency did not increase,

hile the Cu content increased to 18 wt.%. The catalytic activity
f catalysts with different Cu loading weights is in the following
rder: 13.4 wt.% > 18.1 wt.% = 7.5 wt.% > 4.0 wt.%. These results can
e explained by TEM images, as shown in Fig. 7. The TEM images
how the Cu/CNT-I catalysts with different loading weights, and
llustrate that larger Cu particles with a low dispersion are aggre-
ated on the CNT when the loading weight increases to 18.1 wt.%. Cu
articles of size greater than 200 nm appeared at 18.1 wt.% actual
u content catalyst, as shown in Fig. 7(d). Therefore, the optimum
etal loading weight for the CNT catalyst prepared by the impreg-

ation method is 13.4 wt.%.

.4. Effect of CNTs with different diameters

It is well known that CNTs are available with various diameters.
n this study, we chose a 20–40 nm CNT as a support to prepare a cat-
lyst by impregnation and polyol processes (Fig. 2). In this section,
e chose 10–20 nm and 60–100 nm CNTs as supports to prepare
u/CNT-I catalysts for CO oxidation. The actual Cu content on the
atalyst was chosen as 7.5 wt.%. Fig. 8 shows the CO conversion over
he Cu/CNT-I catalysts prepared with the 10–20 nm and 60–100 nm
NTs. By comparing Fig. 1 with Fig. 8, we observed that the
0–20 nm CNT-supported Cu catalyst shows the best catalytic activ-
ty for 33% CO conversion at 125 ◦C. The CO conversion activity of
atalysts containing CNTs of different diameters is in the following
rder: 10–20 nm > 20–40 nm > 60–100 nm. In order to confirm the
ffect of CNT diameter on CO oxidation, FESEM image of 60–100 nm
u/CNT-I and the test results of O2–temperature-programmed oxi-
ation (TPO) were shown in Figs. 8 and 9. The inlet feed stream
omprised 6% O2 in N2 with a total space velocity of 1.56 × 105 h−1.
he heating rate was operated at 10 ◦C min−1. Fig. 9 indicates that
0–100 nm Cu/CNT reacts with O2 at a relatively lower temperature
f 380 ◦C, followed by 20–40 nm Cu/CNT (430 ◦C) and 10–20 nm

◦
NT (460 C). The TPO experiment results showed that catalysts
repared with smaller diameters may enhance the thermo sta-
ilization of CNT-supported catalyst. This suggested that no good
ispersion and bigger size of Cu particles were prepared with the

arge diameters of CNT (as shown in Fig. 8). Rather, the large amount
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t of Cu/CNT-I: (a) 4.0 wt. %, (b) 7.5 wt. %, (c) 13.4 wt.%, (d) 18.1 wt.%.
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Fig. 7. TEM images showing the various copper loading weigh

f O2 was taken by aggregated Cu particles at low temperature
n the TPO test. In contrast, a good dispersion and smaller size
f Cu particles were prepared with the smaller diameters of CNT.
onsequently, the efficiency of O2 removal was not obvious when
eaction temperature was below 460 ◦C. From the point of catalytic
xidation, the oxygen may be consumed during the CO catalytic

xidation, producing CO2 and heat energy. When O2-Cu-CNT reac-
ion was excited, in the case of O2 and 60–40 nm Cu/CNT reaction,
he exothermic reaction released a large amount of heat, which
urned off the CNT support and decreased the catalytic activity.

ig. 8. CO conversion over Cu/CNT-I catalysts prepared with different diameter CNTs
s a function of the reaction temperature: (�) 10–20 nm CNT and (©) 60–100 nm
NT (feed composition: 400 ppm CO, SV = 1.56 × 105 h−1, and 6% O2 in N2).
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ig. 9. O2–TPO patterns over Cu/CNT catalysts with different diameters of CNTs.

hen O2-Cu-CNT reaction was not significant, the CNT support
f catalyst would not burn off over the smaller diameter of CNT
atalyst, resulting in good performance of CO conversion.

This suggests that CNTs with smaller diameters may be potential
aterials for increasing catalyst preparation efficiency, such as dis-

ersion and crystalline size of the active phase, in order to enhance
he performance of the catalytic reaction.
. Conclusion

The objective of this work is to study the effect of catalyst prepa-
ation efficiency using the impregnation method and polyol process
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ith CNTs as catalyst supports. The effects of oxygen, hydrogen,
etal loading weight, size of CNT, and catalyst preparation method

n the CO conversion were also studied for CO conversion over
NT-supported catalysts.

A comparison of the impregnation method with the polyol pro-
ess showed that the impregnation method is relatively simple for
he fabrication of CNT-supported nanoscale Cu catalysts, whereas
he polyol process showed no significant modification in the prepa-
ation of CNT-supported catalysts. The low activation energies of
u/CNT-I and Cu/CNT-P were 57.47 and 77.45 kJ mol−1, respec-
ively. The experimental observations of the CO conversion in the
2-rich atmosphere can be separated into the following three reac-

ion zones depending on the temperature: (1) CO + 1/2O2 → CO2
<225 ◦C); (2) H2 + 1/2O2 → H2O, CO2 + H2 → CO + H2O, which were
dded into the reaction (>225 ◦C); and (3) 2CO → C + CO2 was also
bserved in addition to the previous reactions (>250 ◦C).

In addition, the CO conversion is enhanced by increasing the Cu
ontent on the CNT support with impregnation. The experimen-
al results indicate that the optimum metal loading weight on the
NT for CO oxidation is 13.4 wt.%. Moreover, the catalytic activity of
he Cu/CNT-I catalyst increases when CNTs with smaller diameters
10–20 nm) are chosen as supports for catalyst preparation.

eferences
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