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a b s t r a c t

Gold used to be considered to have no catalytic activity. In the 1980s, however, Masatake Haruta found that
nano-sized gold particles supported by metal oxides can catalyze the oxidation of carbon monoxide. This
work examines the oxidation of carbon monoxide (CO) and the adsorption/desorption behaviors on nano-
sized gold catalyst at room temperature by diffuse reflectance infrared Fourier transform spectroscopy
vailable online 30 November 2008
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(DRIFTS). Carbonate, bicarbonate and carboxylate were observed. The effects of various factors (relative
humidity, CO gas concentration, and total surface area) on the CO conversion efficiency were studied using
the response surface designs in the Experiment Design Method. The results indicate that the conversion
efficiency of CO was high when the ratio of CO and O2 was close to 1:1. The gas concentration is the most
important factor, followed by the weight of gold catalyst, followed by relative humidity. An appropriate

talyt
arbon monoxide
xperiment design

humidity enhances the ca

. Introduction

Gold (Au), element number 79 in the periodic table has an
lectronic structure of -4f145d106d1. It is the metal with highest
lectronegative and high oxidation potential. Gold used to be con-
idered to have no catalytic activity because its electrons are not
asily transferred [1]. In 1987, however, Masatake Haruta identi-
ed the catalytic oxidation of carbon monoxide by the nano-sized
old particles on metal oxide at −73 ◦C [2]. His work initiated more
nvestigations on gold catalyst [3].

Carbon monoxide (CO) is an odorless, colorless, hazardous gas,
nd generally is formed by the incomplete combustion of any car-
on substance. Materials that oxidize CO to CO2 must be developed
o eliminate the hazard. The use of gold catalyst in carbon monox-
de oxidation is challenging but promising. This study investigates
he factors that affect the conversion efficiency of CO on nano-sized
old catalyst.

. Literature review
Gold effectively catalyzes various reactions, especially with
ppropriate supporting materials. W.A. Bone et al. (1906) discov-
red the oxidation reaction of hydrogen on a golden net. W.A. Bone
nd G.W. Andrew (1925) reported the catalytic oxidation of CO by

∗ Corresponding author at: No. 1, Sec. 3, Chung-Hsiao E. Rd., Taipei 106, Taiwan,
OC. Tel.: +886 2 8218 7282; fax: +886 2 8773 2954.

E-mail address: tsengco@ntut.edu.tw (C.-H. Tseng).

304-3894/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2008.11.080
ic reaction in the long-term.
© 2008 Elsevier B.V. All rights reserved.

gold [4]. B.J. Wood and H. Wise (1970) demonstrated the catalytic
activity of gold film in the hydrogenation of cyclohexene and 1-
butene [5,6]. In the early 1970s, G.C. Bone et al. dispersed gold
particles (0.01–0.05%) on various carriers (MgO, Al2O3, SiO2), and
found that they catalyzed the hydrogenation of linear alkenes at low
temperature (373 K). However, its catalytic ability is weaker than
that of other noble metals (such as platinum and palladium) [4,7].
In 1977, D. McIntosh and G.A. Ozin found that CO2 was formed when
oxygen/carbon monoxide and gold steam were mixed at 30–40 K.
In 1985, G.J. Hutchings proved that gold can catalyze the hydrochlo-
rination of acetylene to vinyl chloride [5,8]. In 1980s, M. Haruta et
al. determined that gold dispersed on the surface of metal oxide
by co-precipitation and deposition–precipitation can catalyze CO
oxidation at room temperature [9]. His research motivated more
research on gold catalyst.

Many debates proceed on the location of the carbon monoxide
oxidation catalyzed by gold, and the adsorption of gases (especially
the adsorption of oxygen). Several possible reaction mechanisms
have been proposed [10–12]. M.M. Schubert, however, proposed
two carbon monoxide oxidation mechanisms based on supporting
materials—active supporting materials (TiO2) and nonactive sup-
porting materials (MgO) [13]. Fig. 1 presents possible mechanisms.

The mechanism by which gold catalyst on a nonactive support is
elucidated using the first model: the Langmuir–Hinsheloow mech-

anism (Fig. 1 mechanism #1). Oxygen is assumed to be directly
adsorbed on gold particles, oxygen atoms are formed by the break-
ing of O–O bonds. On gold sites or metal surface defect sites, oxygen
atoms react with adsorbed carbon monoxide to yield CO2. This
model explains the mechanism of gold catalysts on inert support.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:tsengco@ntut.edu.tw
dx.doi.org/10.1016/j.jhazmat.2008.11.080
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Fig. 1. The mechanisms of carbon monoxide oxidation on gold catalyst [13].

atalytic (capacity OR ability) depends on particle size, and the
dsorption of oxygen is the rate-control step.

Another model indicates that oxygen is adsorbed on the support
or the interface between metal and support) [11,14,15]. This model
orks for semiconductor materials, such as TiO2, Fe2O3, ZnO and

thers. Using ESR, Iwasawa et al. proved that the adsorbed oxygen
s in the form of superoxide oxygen (O2

−) (Fig. 1 mechanism #2).
owever, whether the carbonate-like intermediate is formed from

he Oad, resulting in the separation of O2
− on the interface (Fig. 1

2a), or from a direct reaction with the adsorbed carbon monoxide
Fig. 1 #2b) [12], is unclear.

The last possible mechanism (Fig. 1 mechanism #3) assumes
hat oxygen is separated and adsorbed on the support and a lattice
f oxygen is formed, followed the reaction occurs on the interface,
r the oxygen spills over to gold particles [15]. Despite the fact that
oth Au/TiO2 and Au/Fe3O4 supports are activate materials, they are
ssociated with different catalytic mechanisms in the oxidation of
arbon monoxide. In Au/Fe3O4, Fe3O4 provides the oxygen, and the
old particles promote the motion and supplement of lattice oxy-
en, while also helping to adsorb oxygen [15] (path #3). The free
xygen separated from Oad reacts with adsorbed carbon monoxide
path #2a). In Au/TiO2, however, carbon monoxide and oxygen are
imultaneously adsorbed and reacted on the surface of gold parti-
les [11]. Boccuzzi et al. [16], however, proposed two independent
aths: one reaction rapidly and directly occurs on the surface of
etallic gold particles, another reaction slowly converts gaseous

xygen to the lattice oxygen on the surface of the support or at
he interface of gold particles. Recently, Chen et al. [17] summa-
ized some properties of the Au/oxide system which contribute to
he enhanced bonding energy of CO and O2: the low-coordination
ites and interfaces of the Au atoms; the charge transfer effect of
heir electronic structure; the tensile strain enhances the adsorp-
ion of atomic and molecular oxygen; the effect of metal–insulator
ransitions; and the effect of dynamic structural fluxionality.

Water molecules are important in the oxidation of carbon
onoxide by gold catalyst. Bond et al. [18] noted that the oxi-

ation of carbon monoxide must involve OH. Daté and Haruta
19] demonstrated that Au/TiO2 with the proper amount of water
200 ppm H2O) yields a high reaction rate. Since water-derived
pecies can either activate oxygen or change the status of electrons
n the surface of gold, if the H2O concentration exceeds 200 ppm,
hen the water can block the activation sites, reducing the reaction
ate.
Kung et al. [20] investigated the role of water in carbon monox-
de oxidation: the regeneration of the deactivated catalyst is related
o the OH functional group. The reaction can continue in a steady
tate for 30 min in a humid environment, while convection declines
ith time in a dry environment. In the oxidation of carbon monox-
s Materials 166 (2009) 686–694 687

ide, bicarbonate, the intermediate, is converted to the inactive
carbonate, and occupies the active sites. However, the following
inverse reactions occur if the catalyst is in an environment with
water.

Au (CO3H) + Al OH → Au (CO3) Al + H2Oad

Au (CO3H) + Au OH → Au (CO3) Au + H2Oad

Therefore, the presence of water can prevent deactivation of the
catalyst. Okumura and coworkers [21] tested Au/TiO2, Au/SiO2 and
Au/Al2O3 and found that the conversion of carbon monoxide was
greater in a more humid environment. He proposed two possible
roles of water in the catalytic reaction—the activation of oxygen and
the decomposing of carbonate. Liu et al. [22] explained the oxygen
activation in the presence of water in Au/TiO2 systems in detail. O2
is supplied by O2 adsorption on TiO2 in the presence of OH and can
diffuse to the interface of Au/TiO2 to participate in CO oxidation.
Furthermore, in the presence of OH, a charge is transferred from
TiO2 to O2, and the O2 adsorption energy depends linearly on the
O2 charge.

The catalytic oxidation of carbon monoxide by nano-sized gold
can be applied in [23] controlling auto exhaust gas, fuel cells [24,25],
air cleaners and gas sensors/detectors [26].

3. Methodology

3.1. Properties of gold catalyst

In this work, the composition of the catalyst was analyzed by
an X-ray diffraction (XRD, Rikaku RINT 2000) (voltage 30 kV, cur-
rent 20 mA, X ray source: Cu K�, scan rate 3◦/s, scan angle 20–80◦

2�). The semi-quantitative analysis was conducted using an X-ray
fluorescence spectrometer (XRF, SII SEA1000A), to study the distri-
bution of gold particles to understand the dispersion of nano-sized
gold particles on a support (operating voltage of X-ray tube = 50 kV,
current = 50 �A, measurement period 300 s). A BET surface area
analyzer (CHEMBET 3000) was utilized to calculate the total specific
surface area of the catalyst.

The active site on the surface of nano-sized gold catalyst was
measured by electron spectroscopy for chemical analysis (ESCA, VG
Scientific ESCALAB 250). Transmission electron microscopy (TEM,
Philips Tecnai G2 F20) was used to observe the size of the catalyst
particles.

3.2. Diffuse reflectance infrared Fourier transform spectroscopy,
DRIFTS

DRIFTS (Fig. 2) was adopted to observe directly the interac-
tion between nano-sized gold catalyst and adsorbents (carbon
monoxide and carbon dioxide), to study the chemical reactions and
kinetics of adsorbed molecules on the surface of catalyst. Au/Fe2O3
catalyst was placed in an airtight cell (Fig. 3). Water and other impu-
rities were purged by helium at 120 ◦C for 1 h. The background
spectra of the Au/Fe2O3 catalyst were analyzed after cooling, and
the adsorption/desorption of Au/Fe2O3 catalyst was then tested.

3.3. Experiment design

The model of response surface design was used to set the exper-

imental conditions with 2 factors plus one surface center. The
duplicate tests of the surface center were conducted to estimate
the experimental errors. Primary factors were catalyst surface area,
gas concentration and relative humidity. The effects of these factors
on carbon monoxide oxidation in various conditions were studied.
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Fig. 2. DRIFTS system.

(

(

Table 1
Experiment design of three variables.

Test # Pattern Surface
area (m2)

CO gas concentration
(%)

Relative humidity
(%)

1 0 0 A 18.48 30 100
2 a 0 0 3.36 30 50
3 0 0 0 18.48 30 50
4 0 0 0 18.48 30 50
5 − − + 3.36 10 100
6 A 0 0 33.6 30 50
7 0 0 a 18.48 30 9.0
8 0 a 0 18.48 10 50
9 0 A 0 18.48 50 50

10 − − − 3.36 10 9.0
11 + + + 33.6 50 100
12 + − + 33.6 10 100
13 − + − 3.36 50 9.0
Fig. 3. DRIFTS unit.

1) Surface area of gold catalyst: The weight of catalyst multiplied
by the total specific surface area in the BET isotherm adsorp-
tion test (168 m2/g). The minimum mass is 0.02 g (total surface

2
area 3.36 m ); the maximum mass is 0.2 g (total surface area
33.6 m2).

2) CO gas concentration: The minimum carbon monoxide concen-
tration is set to 10% by mixing 2 sccm (ml/min) pure carbon
monoxide and helium with 20% oxygen. The total flow rate

Fig. 4. Experim
14 − + + 3.36 50 100
15 + + − 33.6 50 9.0
16 + − − 33.6 10 9.0

is 20 sccm. The highest concentration of carbon monoxide is
50%.

(3) Relative humidity: The lowest achievable relative humidity is
approximately 7.5%, so the minimum relative humidity is set to
9%. The maximum relative humidity is 100%.

Table 1 shows the 16 experimental conditions designed by
Experiment Design Method. Fig. 4 displays the experimental setup.

(1) Gas flow and flow rate: The carrier gas was helium with 20%
oxygen to simulate the oxygen ratio in the atmosphere. The
flow rates of the carrier gas and carbon monoxide gas were con-
trolled using mass flow controllers. The inlet gas concentration
was calculated from the flow ratio. The outlet concentration was
measured using a quadruple mass spectrometer, QMS.

(2) Humidification: The gas mixture was passed through the pipe
and merged with liquefied nitrogen, before being humidified
in an aeration bottle. It then flowed into the reactor. Constant-
temperature aeration controlled using a water bath generated
saturated water vapor. The relative humidity was measured
using a humidity sensor at the outlet of the aeration bottle.
(3) Reactor and temperature control: The gas mixture flowed into the
glass reactor of the BET surface area analyzer. The gold catalyst
was carried by quartz wool. The glass reactor was covered with
heat insulation material to make the temperature distribution
uniform. The temperature was measured using thermocouples.

ent setup.
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the reaction is 142 m2/g. During the carbon monoxide oxidation,
either gas molecules or intermediates are adsorbed on the surface
of the catalyst and occupy the activation sites, reducing the total
surface area. This assumption is proven by DRIFTS, which indicate
Fig. 5. Glass reaction tube.

QMS sampling tube was placed at the outlet of the glass reactor
to measure the gas concentration (Fig. 5).

At first, helium (20 sccm) flowed continuously and the reactor
emperature was maintained at 120 ◦C for 1 h as the initial con-
ition. The carbon monoxide oxidation tests were performed. The
arbon monoxide concentrations were recorded. The convection of
arbon monoxide was given by

(%) = Ci − Co

Ci
× 100 (1)

here Ci: inlet carbon monoxide concentration (ppm) and Co: out-
et carbon monoxide concentration (ppm).

. Results and discussion

.1. Catalyst specification

The existence of gold particles on the catalyst is demonstrated
sing X-ray spectroscopy (Fig. 6) with gold (1 1 1) at 2� ∼ 38◦,

� ∼ 44◦, 64◦ and 77◦. A comparison with the JCPDS database
eveals two species of iron oxide. One is 2� ∼ 31◦, 36◦, 43◦, 58◦, 63◦

aghemite or magnetite. The other is 2� ∼ 24◦, 34◦, 41◦, 50◦, 54◦

aematite.

Fig. 6. The X-ray spectroscopy of gold catalyst.
Fig. 7. the electron spectroscopy for chemical analysis (ESCA) spectroscopy of gold
catalyst.

The semi-quantitative analysis based on XRF reveals an atom
ratio of gold particles to iron oxides of 3.6%. From the BET isotherm
adsorption, the total surface area of gold catalyst before the reac-
tion is 168 m2/g, and the total surface area of the gold catalyst after
Fig. 8. Transmission electron microscopy (TEM) image of gold catalyst.
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he functional groups of carbonate, bicarbonate and carboxylate on
he catalyst after the carbon monoxide has been oxidized.

Electron spectroscopy for chemical analysis (ESCA) demon-
trated that the gold catalyst used herein has two types of activation
ites of gold particles (Fig. 7): Au(0) at 83.2 eV, and Au(n+) at 86.6 eV
23]. More gold particles are in the metal form. The transmission
lectron microscopic (TEM) image (Fig. 8) indicates that the gold
articles on gold catalyst are 6–10 nm in size.

.2. Diffuse reflectance infrared Fourier transform spectroscopy

DRIFTS (Fig. 2) was adopted to observe directly the interaction
etween nano-sized gold catalyst and adsorbate (carbon monox-

de) to study the chemical reactions and kinetics of the adsorbed
olecules on the surface of catalyst.

The DRIFTS spectra in Fig. 9 indicate the adsorption of 5 sccm

arbon monoxide on catalyst at room temperature (without
xygen). At the beginning (Fig. 9a), carbon monoxide adsorp-
ion peaks were observed at 2116 cm−1 and 2172 cm−1. The
116 cm−1 peak indicates the adsorption of carbon monoxide by

ig. 9. The DRIFTS spectra of gold catalyst at oxygen-free, 5 sccm carbon monoxide. (a) C
onoxide. (c) 15 min under carbon monoxide. (d) Stopped carbon monoxide, purged by h

topping.
s Materials 166 (2009) 686–694

Au0 [27], and the 2172 cm−1 peak shows the adsorption of car-
bon monoxide by either the support or Aun+. The adsorption
peak of carbon dioxide is found at 2340 cm−1 [10], which indi-
cates that even without oxygen, carbon monoxide is catalytically
oxidized to carbon dioxide at room temperature. The adsorption
peaks at 1667 cm−1, 1616 cm−1, 1541 cm−1, 1507 cm−1, 1417 cm−1,
1405 cm−1 and 1220 cm−1 represent carbon monoxide adsorp-
tion on either gold particles or the support, forming bidentate
carbonate (1667 cm−1, 1616 cm−1) [28]; monodentate carbonate
(1507 cm−1) [10]; bicarbonate (1417 cm−1, 1220 cm−1) [29], and
carboxylate symmetric stretching (1405 cm−1) [30]. The literature
has demonstrated that these intermediates (bicarbonate, carboxy-
late) and inactive products (carbonate) can accumulate and block
the sites required for oxygen chemisorption, finally deactivate the
catalyst [31,32]. A comparison of Fig. 9b and c indicates that the

amount of carbon monoxide adsorption did not increase with time,
which suggests that the adsorption of carbon monoxide saturated
in the first 5 min. At the 15th min (Fig. 9c), however, carbon monox-
ide and Au0 bonding appeared at 2047 cm−1. As adsorbed carbon
monoxide increased, the carbon monoxide and Au0 bonding at

arbon monoxide 5 sccm was introduced at the beginning. (b) 5 min under carbon
elium. (e) 5 min after carbon monoxide stopping. (f) 10 min after carbon monoxide
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Fig. 10. The DRIFTS spectra of gold catalyst at 5 sccm oxygen and 5 sccm carbon monoxide. (a) Carbon monoxide 5 sccm was introduced at the beginning. (b) 10 min under
carbon monoxide. (c) Oxygen 5 sccm was added for 2 min. (d) 5 min after adding oxygen. (e) Stopped carbon monoxide for 5 min. (f) Stopped carbon monoxide for 15 min. (g)
Stopped oxygen and purged by helium for 5 min.
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116 cm−1 saturated and the oxygen molecules were exhausted, so
he carbon monoxide bonded at another Au0 site 2047 cm−1. The
mount of carbon dioxide decreased with time, while amounts of
icarbonate and carbonate remained unchanged. The flow of car-
on monoxide was later stopped and the reactor was purged by
elium (Fig. 9d). Peaks at 2116 cm−1 and 2172 cm−1 decreased with
ime because of the lack of carbon monoxide. The 2038 cm−1 peak
learly decreased more slowly than the others, probably because of
he strong bonding between carbon monoxide and gold particles
Fig. 9d–f).

DRIFTS spectra in Fig. 10 present the reactions with oxygen.
hen 5 sccm carbon monoxide was initially introduced (Fig. 10a

nd b), the signal of the adsorption of carbon monoxide on gold
articles, and the signals of bicarbonate, carboxylate and carbonate

ncreased as time, while the amount of carbon dioxide generated
ecreased as time. 5 sccm oxygen was introduced after 10 min.
he adsorption peaks after purging oxygen for 2 min and 5 min
Fig. 10c and d) indicate that the adsorption of carbon monoxide
ecreased, the signals of carbon dioxide increased, and its peak
hifted from 2340 cm−1 to 2310 cm−1, red-shift phenomenon. Fur-
hermore, the vibration of water molecules at 3400 cm−1 decrease,
nd the higher adsorption peak at 3700–3600 cm−1 (the vibration
f OH) appeared, suggesting that the water molecules participated
n the reactions. After purging oxygen for 5 min, carbon monoxide
as stopped (Fig. 10e). The adsorption peak of carbon monoxide
n gold particles disappeared; the vibration frequency of carbon
ioxide returned to its original position (2310 cm−1 → 2340 cm−1),
nd its peak height adsorption decreased with time (Fig. 10e and f).
fter the 15th min, oxygen was cut off and helium was introduced

Fig. 10f and g) for 5 min. The carbon dioxide signal was weak. How-
ver, the bicarbonate, carboxylate and carbonate signals did not
ecrease.

The possible role of water in the reaction of carbon monoxide
xidation remains unknown. However, water ( OH) was indeed
nvolved in the gold catalytic reaction, as shown in the above DRIFTS
pectra. Furthermore, the adsorption/desorption of carbon monox-
de and carbon dioxide are observed, along with the intermediate

arboxylate, bicarbonate and inactivate carbonate by-products, as
escribed by Okumura [33]. These materials accumulate and deac-
ivate the catalyst. Gold catalysts often lose much of their activity
n hours due to either the formation of stable carbonates or the
intering of metal [34].

ig. 11. The DRIFTS Spectra of the Gold Catalyst after Carbon Monoxide Oxidation, at 10 scc
c) 100 ◦C, 20 min. (d) 150 ◦C, 20 min. (e) 200 ◦C, 20 min. (f) 250 ◦C, 30 min.
s Materials 166 (2009) 686–694

This deactivation is reversible by heating the catalyst surface
[31] or by treatment with water (or H2 + O2) [35]. Therefore, the
DRIFTS spectra of Fig. 11 reveal whether the inactive carbonate
can be removed by increasing the temperature. Intermediates (car-
boxylate 1541 cm−1 and bicarbonate 1219 cm−1) or by-products
(carbonate 1479 cm−1, 1370 cm−1) are present on the gold catalyst
following the carbon monoxide oxidation (Fig. 11a). Purging with
10 sccm helium increased the temperature of the reaction cham-
ber. The bicarbonate peak at 1219 cm−1 clearly disappeared when
it was heated at 50 ◦C for 20 min (Fig. 11b), but the signals of car-
boxylate and carbonate did not change. After it had been heated to
100 ◦C for another 20 min, the signals slightly decreased, but remain
unchanged after heating at 150 ◦C for another 20 min (Fig. 11c). After
it had been heated to 200 ◦C and 250 ◦C for 20 min, the signals were
similar to those after heating at 100 ◦C. Only the bonding of physical
adsorption is assumed to be able to be broken below 250 ◦C. Heating
(<250 ◦C) to remove the intermediates or by-products works only
for bicarbonate, and not for carboxylate or carbonate. The result is
similar to the observation that the poisoning by carbonates, in the
case of Au/TiO2, is reversible by oxidation at 573 K [32], by evacua-
tion at 673 K, but large particle size is not easily reversed [34].

4.3. Experimental design method and analysis of variance

Analysis of variance was performed to study the effects of
three experimental variables (total surface area of gold catalyst:
3.36, 18.48, 33.6 m3; CO gas concentration: 10%, 30%, 50%; rela-
tive humidity: 9%, 50%, 100%) on the experimental CO conversion
(Table 1). Table 2 presents the analysis of variance of the CO con-
version at the 10th and 40th min after the start of the reaction.
A smaller Prob. > |t| value corresponds to a greater effect. Table 2
indicates that the CO gas concentration has the most effect on
the CO conversion, followed by the amount of gold catalyst (total
surface area), and relative humidity. Increasing the amount of cat-
alyst and reducing the gas concentration (or relative humidity can
increase the CO conversion. Additionally, the interaction between
the amount of gold catalyst (total surface area) and concentration of

CO gas, and the amplification of gas concentration may significantly
influence the results.

Table 3 presents the estimated conditions for maximizing
the CO conversion at the 10th and 40th min. The results sug-
gest that a greater surface area results in greater CO conversion.

m Helium. (a) Room temp. (right after carbon monoxide oxidation) (b)50 ◦C 20 min.
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Table 2
The analysis of variance at the 10th and 40th min.

Analysis of variance At the 10th min At the 40th min

Estimate Prob. > |t| Estimate Prob. > |t|
Intercept 88.323685 <0.0001 84.061603 <0.0001
Total surface area & RS 2.373686 0.0137 2.3637872 0.0892
Gas concentration & RS −28.43978 <0.0001 −28.16031 <0.0001
Relative humidity & RS −1.574 0.0624 −0.190 0.8760
Total surface area × gas concentration −0.955 0.02614 −2.8875 0.0688
Total surface area × relative humidity −0.521409 0.5234 −1.830759 0.2097
Gas concentration × relative humidity 0.2131106
Total surface area × total surface area −0.846207
Gas concentration × gas concentration −25.94621
Relative humidity × relative humidity −1.555754

Table 3
The conditions for the best CO conversion at the 10th and 40th min.

Surface area of gold CO concentration Relative

1
4
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2

[

[

catalyst (m2) (%) humidity (%)

0 min 33.69 18.63 22.31
0 min 33.69 17.22 43.28

he best CO gas concentrations were approximately 18.63% and
7.22% at the 10th and 40th min, respectively. In this work, the
arrier gas of carbon monoxide was 20% oxygen balanced with
elium. Therefore, the optimal CO concentration 17.22–18.63% was
btained at a CO:O2 ratio of 1.04–1.14, which is approximately
:1. This ratio differs from the regular ratio of carbon monox-

de oxidation (2CO + O2 → 2CO2) CO:O2 = 2:1. Water molecules (and
ater-derived species) were assumed to be involved in the gold

atalytic process. This assumption must be verified in the future
ecause uncertainty exists regarding the mechanism of the gold-
atalyzed reaction. The optimal relative humidity was 22.31% and
3.28% at the 10th and 40th min, respectively. The effect of water
aries with time. According to the literature [19], excess water
olecules block the activation sites, reducing the reaction rate at

he beginning of the reaction. However, more intermediates are
enerated later, and the appropriate amount of water can promote
he conversion of intermediates to carbon dioxide.

Finally, experiments with the two optimal conditions listed in
able 3 were conducted to confirm the predicted results based on
he Experiment Design Method. The actual CO conversion rates in
hese experiments were very close to the predicted CO conversion
ates, with errors of 6.7% and 1.5% at the 10th and 40th min, respec-
ively. Therefore, catalyst surface area, CO gas concentration and
elative humidity are very important in determining the catalytic
eaction of carbon monoxide on gold catalyst.

. Conclusions

1. Gold particles on the catalyst are identified by X-ray spec-
troscopy. The support is a mixture of maghemite and magnetite.
Semi-quantitative analysis based on XRF indicates that the
atomic ratio of gold particles to iron oxides is 3.6%. The BET spe-
cific surface area tests indicates that that after the oxidation of
carbon monoxide, some gas molecules or intermediates can be
adsorbed on the surface of catalyst and occupy the activate sites,
reducing the total surface area.

. DRIFTS spectra indicate the following.
(1) Carbon monoxide can be adsorbed on gold particles or the

support and form carbonate, bicarbonate and carboxylate.

(2) In the presence of oxygen, the molecular vibration of car-

bon dioxide is red-shifted. The frequency of the vibration
of the water molecule is reduced, and the OH adsorption
peak appeared at 3700–3600 cm−1, suggesting that the water
molecule was involved in reactions.

[

[

0.7912 −0.521233 0.7030
0.5516 −2.1051724 0.3900

<0.0001 −24.14483 <0.0001
0.2953 −3.459879 0.1828

(3) Purging with helium cannot repel the carboxylate and
carbonate after the reaction. Other methods should be con-
sidered.

3. The effects of catalyst surface area, gas concentration and relative
humidity on carbon monoxide oxidation under various condi-
tions were studied.
(1) The variance analysis indicates that the gas concentration is

the most important factor, followed by the mass of the gold
catalyst and the relative humidity. The CO convection rate
increases as the mass of catalyst increases, the gas concen-
tration decreases or the humidity decreases. Furthermore,
the interaction between the amount of gold catalyst, the CO
gas concentration and the amplification of gas concentration
may significantly affect the results.

(2) The results show that the conversion efficiency of CO was
high when the ratio of CO and O2 was close to 1:1. Water was
assumed to participate in the gold-catalyzed process.

(3) In the initial stage of the reaction, excess water molecules
block the activated sites and reduce the oxidation rate of car-
bon monoxide. However, appropriate humidity enhances the
catalytic reaction over the long term by converting interme-
diates into carbon dioxide.

4. The oxidation of carbon monoxide catalyzed by gold catalyst is
an exothermic reaction. Future detailed studies should be per-
formed to understand the reaction mechanisms.
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