
Applied Catalysis A: General 232 (2002) 203–217

Single step sol–gel made gold on alumina catalyst for selective
reduction of NOx under oxidizing conditions: effect of gold

precursor and reaction conditions

Erol Seker, Erdogan Gulari∗
Chemical Engineering Department, University of Michigan, Ann Arbor, MI 48109-2136, USA

Received 12 April 2001; received in revised form 12 February 2002; accepted 18 February 2002

Abstract

We report the effect of gold precursor and reaction conditions on the catalytic activity of gold-alumina catalysts prepared by
the sol–gel process. Gold catalysts prepared by the sol–gel method were found to be the most active catalysts ever reported in
the literature. We found out that the final activity of Au on alumina was a strong function of the gold loading, the gold precursor
and an activation procedure. The Au on alumina catalyst, prepared with 0.8 wt.% gold loading and gold acetate, showed the
highest activity. Increasing the feed oxygen concentration had many beneficial effects on the activity and also resulted in the
broadening of the temperature window of activity for the 0.8 wt.% Au(acetate) on alumina catalyst. Interestingly, we found
out that N2 selectivity of the catalyst was a strong function of water in the feed. The 100% N2 selectivity at peak conversion,
obtained under the dry reaction conditions, decreased to∼58% when there was∼2% water in the feed. © 2002 Elsevier
Science B.V. All rights reserved.

Keywords:Selective NO reduction; Gold on alumina; Sol–gel preparation; Propene; N2 selectivity; Gold acetate; Hydrogen tetranitratoaurate;
Hydrogen tetrachloroaurate

1. Introduction

Since Held et al.[1] and Iwamato et al.[2] reported
that NOx could be reduced with hydrocarbons under
oxidizing conditions, there have been many reports on
possible catalyst formulations. However, there is no
unique catalyst formulation that appears to work un-
der exhaust conditions of diesel vehicles or high air
to fuel ratio operated gasoline engine vehicles. For
example, Misono et al.[3] reported that the activity
of cerium doped ZSM-5 zeolite was comparable to
Cu-ZSM-5 catalyst. Also, they found that if cerium
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doped ZSM-5 was mechanically mixed with Mn2O3 or
CeO2, the NOx conversion activity of the mixed cata-
lyst under a dry reaction condition was higher than in-
dividual oxide catalysts. However, they observed that
the addition of water to the feed stream decreased the
catalytic activity dramatically. In contrast to cerium
doped ZSM-5 catalyst, Misono et al.[3] found that the
activity of tin doped ZSM-5 mixed with Mn2O3 me-
chanically improved in the presence of water. Deeba
et al. [4] also investigated the durability and activity
of platinum doped H-ZSM-5. They found that this cat-
alyst suffered from short-term reversible hydrocarbon
poisoning and also irreversible activity loss due to the
presence of water at high temperatures. In addition
to ZSM-5 zeolite support, Matsumoto and Tanabe[5]
studied the activity of Pd doped Y zeolite catalysts for
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the reduction of NO with propane in the absence of wa-
ter as a function of oxygen concentration. For a given
propane concentration in the feed, the activity of this
catalyst declined sharply with oxygen concentration in
the feed. They explained the negative effect of oxygen
on the activity as being due to the faster oxidation rate
of propane than the rate of reduction of NO. In gen-
eral, zeolite supported transition metal catalysts are ac-
tive, but are not stable under hydrothermal conditions
of an automobile exhaust gas stream. On the other
hand, alumina among metal oxide supported catalysts
is the only durable and active support for dispersing
active metal components. Inaba et al.[6] reported that
Co/SiO2 was the most active catalyst among Cu/SiO2,
Ni/SiO2 and Mn/SiO2 catalysts. Yan et al.[7] showed
that Co/Al2O3 was very active and also hydrother-
mally stable even in the presence of SO2 in the feed.
For alumina supported noble metal catalysts, Pt/Al2O3
catalyst has been found to be active at low tempera-
tures. Its low temperature activity is desirable. But its
narrow activity window in temperature and its large
amount of N2O production (∼70% of reduced NOx)
during catalytic reduction makes Pt/Al2O3 catalysts
questionable for automobile exhaust emission control
[8–10] because N2O is known to be approximately
200 times worse than CO2 as a green house gas. For
supported non-noble metal catalysts, Ag/Al2O3 is the
most active catalyst reported in the literature. Even
though it is much more active than Pt/Al2O3 catalyst,
its maximum NOx conversion occurs around 400◦C,
and it also starts producing N2O and losing activity at
high Ag loadings[11–17].

Another important but less studied catalyst for NOx

reduction by hydrocarbons under oxidizing conditions
is supported gold catalysts. Ueda et al.[18] were the
first to report on supported gold catalysts for this re-
action. They showed that activities of supported gold
catalysts are dependent on the preparation technique,
support material and gold loading. Indeed, they found
that 0.17 wt.% gold loading (gold crystallite size less
than 4 nm) was optimum for high NOx reduction ac-
tivity. Later, Ueda and Haruta[19] reported that cat-
alysts made by physical mixing of alumina supported
gold catalyst and Mn2O3 could be used even at high
space velocities. In contrast to these reports, Kung
et al.[20] showed that in order for Au/Al2O3 catalyst
to be active for NOx reduction with hydrocarbons un-
der oxidizing conditions, the gold crystallite size must

be between 15 and 30 nm. Interestingly, both groups
obtained different results even though they used the
same preparation technique. Nevertheless, there is no
systematic and detailed study in the literature on sup-
ported gold catalysts for NOx reduction with hydro-
carbons to shed light on the real potential of supported
gold catalysts for this reaction.

Since we recently reported highly active and N2
selective Pt/Al2O3 and Ag/Al2O3 catalysts prepared
by using a sol–gel method[21,22], we used the same
sol–gel method to synthesize gold on alumina cata-
lysts and pure alumina. In this paper, we report effects
of reaction conditions and gold precursor on the cat-
alytic activity of single step sol–gel gold on alumina
catalysts.

2. Experimental details

2.1. Catalyst preparation

In the preparation of sol–gel pure alumina and
single step sol–gel Au/Al2O3, we used aluminum
tri-sec-butoxide, 95% (from Alfa Aesar Inc.) and
three gold precursors (gold acetate, 99.9% (from
Alfa Aesar Inc.), hydrogen tetranitratoaurate, 99.99%
(from Alfa Aesar Inc.) and hydrogen tetrachloroau-
rate, 99.9% (from Aldrich)) for Au loading. All of
the chemicals were used without further purification.
In the synthesis of single step sol–gel Au/Al2O3 cata-
lyst, aluminum tri-sec-butoxide in ethanol with excess
water (35 mol ethanol/1 mol Al and 8 mol water/1 mol
Al) were mixed in an orderly manner and then a nec-
essary amount of a gold precursor (for the desired Au
loading) was added to sol solution, as described in
[23]. The resulting gels were dried at 100◦C for 12 h
to remove the solvent and water. This was followed by
calcination with a heating rate of 8◦C/min from room
temperature to 600◦C. Once 600◦C was reached, the
catalyst was kept at this temperature in air for 24 h.

We activated all catalysts with a gas mixture con-
taining 750 ppm NO, 750 ppm propene, 7% oxygen,
∼2% water and He as balance. The 75 ml/min of feed
gas of this composition was passed over 0.1 g of cat-
alyst and the catalyst was subjected to a temperature
ramp of from 150 to 500◦C with a 50◦C step incre-
ment. Once 500◦C was reached, the catalysts were
kept at this temperature over night. After being used
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under this reaction cycle for several times, all cata-
lysts reached their stable activity level. We noticed
that the color of the single step sol–gel Au on alu-
mina catalyst made with gold acetate changed from
light pink to purple at the end of activation cycle. The
color change was not observed for other Au on alu-
mina catalysts made with hydrogen tetranitratoaurate
or hydrogen tetrachloroaurate precursors.

2.2. Catalyst testing

All catalysts were tested by using a quartz U-tube
(3.5 mm i.d.) flow reactor. After calcination the cat-
alysts were ground and sieved to 80–120 mesh size.
The necessary amount of catalyst was put between two
quartz wool plugs. Typically, we used a total gas flow
rate of 178 ml/min (at room temperature and 1 atm)
and 0.1 g of catalyst to obtain 107,000 ml/h/g of space
velocity. The feed reactant gas mixture was blended by
using five independent mass flow controllers to obtain
600–1000 ppm NO (plus∼30 ppm NO2 present as an
impurity in the NO), 600–1000 ppm propene, 1–14%
O2, ∼2% H2O, 25 ppm SO2 (when used) and He as
balance. Water was added to the inlet stream through
a bubbler at room temperature.

Product analysis at the exit of the reactor at
each temperature was performed after reaching a
steady-state condition (∼1 h). The reactor outlet
stream passed through a membrane dryer (from
Perma Pure Inc.) to remove water and was analyzed
by using a Thermo Environmental 42CHL NOx

chemiluminescence analyzer to determine unreacted
NOx . Hence, NOx conversion was calculated as
100[NOin − (NOout + NO2 out)]/NOin. Also, a FTIR
with a 10 cm path length gas cell was used to deter-
mine CO2, CO and N2O quantitatively. N2 (separated
from other gasses in a 36 ft long HaysepDB col-
umn) was measured using a SRI Gas Chromatograph
equipped with a helium ionization detector (HID) and
a thermal conductivity detector (TCD).

2.3. Catalyst characterization

The structure and crystallite sizes of catalysts were
determined by using a Rigaku powder diffractome-
ter operated at 40 kV and 100 mA with Cu K� ra-
diation. Average crystallite size was calculated with

the Debye–Scherrer equation from the broadening of
X-ray diffraction peaks.

BET surface areas were measured with a Mi-
cromeretics 2010 instrument. Each sample was de-
gassed under vacuum at 300◦C until the vacuum
inside the sample tube stayed constant at around
5�mHg. A standard computer procedure supplied by
Micromeretics Inc. was employed to calculate both
BET surface area and BJH pore size distribution
(based on the desorption isotherm).

JEOL 4000 HRTEM was also used to determine
Au particle size and its distribution in the single step
sol–gel Au on alumina made with gold acetate (fresh
and activated ones). Catalyst powder was ground in
iso-propyl alcohol and then kept in a sonic bath for
15 min. A drop of the alcohol powder suspension
was put on a holly carbon coated copper screen and
then alcohol was evaporated at room temperature
under vacuum before transferring to HRTEM col-
umn. The 90–200 crystallite pictures for each catalyst
were collected spatially over the holly carbon coated
copper screen to find the crystallite size distribution
for Au.

The neutron activation analysis technique was per-
formed at the Ford Nuclear Reactor at the University
of Michigan to find the gold amount in the single step
sol–gel Au on alumina catalysts. The concentration of
gold in aluminum matrix was determined through a
direct comparison to the standard reference material
NBS-SRM-2128-1 (1% Au± 0.01%). Approximately
100 mg of the liquid standard was placed on thin strips
of filter paper in polyethylene vials, the mass recorded
to the nearest 0.1 mg, and the standards dried to con-
stant weight. Approximately 10 mg of the sample ma-
terial was similarly prepared. Samples and standards
were irradiated in position L70D (with an average ther-
mal neutron flux of ca. 3.9 × 1011) for 1 h; samples
were rotated during irradiation to ensure equal expo-
sure to neutron flux. Following irradiation, the result-
ing gamma activity in each vial was counted, using a
high purity germanium (HPGe) detector, for 5000 s,
resulting in peak areas with associated errors of less
than 1%. Gold concentrations in the unknowns were
based on the decay-corrected gamma activity per mg
averaged across four standards, while a fifth replicate
served as a check standard for quality control. The
check standard indicated a total measurement error of
ca. 0.04%.
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Table 1
BET surface area and average pore diameters of all catalysts with 0.8 wt.% gold loading

Catalysts BET surface
area (m2/g)

BJH average pore
Diameter (Å)

Pore distribution width around
average pore diameter (Å)

0.8 wt.% Au(acetate)-SG 211 35 ±7
90 ±20

0.8 wt.% Au(nitrate)-SG 289 67 ±10
0.8 wt.% Au(chloride)-SG 263 61 ±10

3. Results

3.1. Catalyst characterization

The analysis of Au content in the selected single
step sol–gel Au on alumina catalysts (designated as
Au-SG) with the neutron activation analysis technique
was found to be the same as the amount put during
the single step sol–gel process within our±2% ex-
perimental errors. The measurements of BET surface
area and BJH pore size distribution for all the catalysts
were performed at the liquid nitrogen temperature by
using a Micromeritics instrument.Table 1gives BET
surface areas and average BJH pore diameters for cat-
alysts with 0.8 wt.% gold loading. Even though we
used 600◦C calcination temperature and 24 h of cal-
cination, our catalysts show relatively high surface ar-
eas and narrow pore size distributions. In fact, the sur-
face area is∼250 m2/g with all pores below∼100 Å
(exception is the 0.8 wt.% Au(acetate)-SG catalyst).
Among all the catalysts, only 0.8 wt.% Au(acetate)-SG
catalyst shows a bimodal pore size distribution. Ap-
proximately 15% of all pores is centered at∼35 Å with
a full width at half-maximum (FWHM) of±7 Å and
the rest (∼85%) is centered at∼90 Å with a FWHM
of 20 Å. All pores of this catalyst are below 200 Å.
Other catalysts do not show this type of pore size dis-
tribution and they do not have any pores above 90 Å.

We also characterized the catalysts by XRD to find
the average gold crystallite size and identify the alu-
mina phase. XRD spectra of all the catalysts showed
Au peaks at∼38, ∼44.5, and∼64.5◦ 2θ superim-
posed on alumina peaks at∼39, ∼45.5, and∼66.8◦
2θ and also two more gold peaks at∼77.5 and∼81.5◦
2θ without any interference from the alumina phase.
Analysis of the XRD pattern for our alumina support
for all single step sol–gel catalysts showed that it was

�-alumina. The approximate gold crystallite size in all
catalysts was obtained using the Debye–Scherer equa-
tion and the Au (1 1 1) peak. In the calculation, since
the instrumental line broadening of our instrument
was very small, we ignored its contribution and this
was also confirmed by the analysis of HRTEM. The
average gold crystallite size is∼34 nm for 0.8 wt.%
Au(acetate)-SG and 0.8 wt.% Au(chloride)-SG cata-
lysts, and it is∼29 nm in 0.8 wt.% Au(nitrate)-SG.
In addition, XRD spectra of Au(acetate)-SG catalysts
with 0.2, 0.5 and 1.7 wt.% gold loadings show that
the crystallite size of gold is independent of the gold
loading (gold crystallite size is∼34 nm for all gold
loadings).

All of the catalysts were light pink in color after cal-
cination regardless of the gold precursor and loading.
Only the Au on alumina catalyst made with gold ac-
etate and 0.8 wt.% gold loading showed color change
from light pink to purple after activation. To under-
stand what the reason for the color change was, we
tried to measure gold crystallite size and its oxidation
state after the activation using XRD and XPS. Un-
fortunately, the small amount of catalyst used during
the reduction reaction was not suitable for XRD and
the low gold concentration in the catalyst was below
the detection level of XPS. However, we used HRTEM
to determine the Au particle size distribution of the
activated Au-SG (purple) and the fresh Au-SG (light
pink) based on the 90–200 Au crystallite pictures. We
found out that the activated Au-SG (purple) and the
fresh Au-SG (light pink) had a crystallite size ofD ∼
9±3 and∼ 37±10 nm, respectively. This shows that
Au crystallites in the fresh Au-SG catalyst (light pink)
redispersed during the activation step, hence resulting
in a more active catalyst and smaller crystallites.

We were not able to compare oxidation states of
0.8 wt.% Au on alumina catalysts made with hydrogen
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Fig. 1. Effect of gold acetate precursor loading on the activity of single step sol–gel gold on alumina catalyst. Reaction conditions: 720 ppm
NO (plus∼20 ppm NO2 coming from the NO cylinder), 710 ppm propene, 6.8% O2, ∼2% H2O and He as a balance. The 0.1 g of catalyst
and 178 ml/min total gas flow rate.

tetranitratoaurate or hydrogen tetrachloroaurate to
that of 0.8 wt.% Au(acetate) on alumina catalyst
because the gold loading on all catalysts was be-
low the detection limit of XPS, at this point, we
do not know how and why the redispersion oc-
curred only on 0.8 wt.% Au(acetate) on alumina
catalyst.

3.2. Influence of gold loading and gold precursor on
the activity of sol–gel gold on alumina catalysts

Fig. 1 shows the results of single step sol–gel gold
on alumina catalysts synthesized using gold acetate
precursor as a function of gold loading. As seen in
the figure, 0.2 wt.% Au catalyst shows the lowest
NOx conversion activity between 375 and 500◦C.
However, increasing the gold loading from 0.2 to
0.5 wt.% results in somewhat higher NOx conver-
sions between 200 and 500◦C. The peak NOx con-
version over both catalysts is obtained at the same
temperature,∼450◦C. Increasing gold loading to
0.8 wt.% results in a dramatic increase in activity
with a peak NOx conversion of∼90% occurring
at ∼400◦C. At low temperatures, we also observed

that 0.8 wt.% Au catalyst shows slightly higher NOx

conversion than that of 0.5 wt.% Au-SG catalyst.
Further increasing the gold loading to 1.7 wt.%, low-
ers the peak NOx conversion to∼60% and also
causes the peak conversion temperature shift to
∼470◦C.

For comparison, with the acetate precursor we
prepared 0.8 wt.% Au on alumina using the single
step sol–gel method and hydrogen tetranitratoaurate
and hydrogen tetrachloroaurate precursors. The effect
of gold precursor on the NOx conversion activity is
shown inFig. 2. The 0.8 wt.% Au(acetate)-SG cata-
lyst has the highest activity,∼90% at∼400◦C, among
the three catalysts. Over the 0.8 wt.% Au(nitrate)-SG
catalyst and the 0.8 wt.% Au(chloride)-SG catalyst,
maximum NOx conversions of∼70 and ∼66%,
respectively, are obtained at∼420◦C. In fact, the
plots of conversion versus temperature are almost the
same for both catalysts. The FWHM of NOx con-
version overall three catalysts is the same,∼115◦C,
within experimental error. The width of the ac-
tivity window seen over all catalysts did not de-
crease with time on stream for 2 months of test
period.
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Fig. 2. Effect of gold precursor on activities of single step sol–gel gold on alumina catalysts. Reaction conditions: 720 ppm NO (plus
∼20 ppm NO2 coming from the NO cylinder), 710 ppm propene, 6.8% O2, ∼2% H2O and He as a balance. The 0.1 g of catalyst and
178 ml/min total gas flow rate.

3.3. NO and propene concentration effects
on the activity

We studied the effect of NO and propene con-
centrations on the catalytic activity of 0.8 wt.%
Au(acetate)-SG catalyst as a function of tempera-
ture. In this case, we kept the molar ratio of propene
to NO equal to one and changed NO concentration
from 600 to 1000 ppm.Fig. 3 shows activity as a
function of NO concentration. When the NO con-
centration was increased from 600 to 1000 ppm, the
peak conversion was∼100% and occurred at 400◦C.
This maximum conversion,∼100%, continued un-
til 430◦C. In fact, increasing NO concentration to
1000 ppm results in higher NOx conversions for all
temperatures as seen in the figure. For instance, the
conversions at 250 and 500◦C rose from∼21 to
∼46% and from∼29 to∼57%, respectively. In addi-
tion to increased activity observed over Au(acetate)
on alumina catalyst, we also found that increasing
NO concentration in the feed broadens the FWHM

of NOx conversion from∼115 to ∼200◦C. To see
if the high conversion and FWHM obtained with
1000 ppm NO in the feed will change with time, we
kept the catalyst at 250◦C more than 2 days and
did not observe any significant changes in both peak
conversion and FWHM within our experimental error
(±5%).

We also tested the performance of our single
step sol–gel 0.8 wt.% Au(nitrate)-SG and 0.8 wt.%
Au(chloride)-SG catalysts as a function of NO
and propene concentrations (data not shown). Un-
der the same reaction conditions as used in the
Fig. 3, they showed a slight increase in NOx con-
version as a function of the inlet NO concentration.
The maximum NOx conversion occurred at∼425
and ∼432◦C over 0.8 wt.% Au(nitrate)-SG and
0.8 wt.% Au(chloride)-SG. In addition, the FWHM of
NOx conversion over both 0.8 wt.% Au(nitrate)-SG
and 0.8 wt.% Au(chloride)-SG catalysts broadened
slightly when the feed NO concentration was raised
from 600 to 1000 ppm.
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Fig. 3. Activities of 0.8 wt.% Au(acetate)-SG catalyst as a function of NO concentration at the following reaction conditions: NO/propene= 1,
6.8% O2, ∼2% H2O and He as the balance. The 0.1 g of catalyst and 178 ml/min of total gas flow rate.

3.4. The activity of single step Au(acetate) on alumina
catalyst as a function of oxygen concentration

Fig. 4shows the activity of 0.8 wt.% Au(acetate)-SG
catalyst as a function of temperature and oxygen con-
centration. The peak conversion temperature drops
from ∼400 to ∼368◦C when the oxygen concen-
tration is 14%. In addition, the FWHM of NOx
conversion increases from∼200 to ∼300◦C with
oxygen concentration. Most important of all is that
with 14% O2 in the feed,∼28% of NOx conversion
can be achieved as low as∼100◦C. This conversion
at 100◦C dropped to∼20% and stayed at this value
for over a week under the given reaction conditions.

We further tested 0.8 wt.% Au(acetate)-SG catalyst
with a dry reaction gas mixture to determine the role
of water on its catalytic activity and N2 selectivity as
a function of temperature.Fig. 5acompares its activ-
ity obtained under the dry reaction condition to that
obtained under the wet reaction condition. As can be
seen in the figure, conversions below 350◦C decreased
dramatically under dry reaction conditions. In fact, the
activity at 100◦C vanishes. In addition, 100% conver-
sion observed in the temperature range of from 368
to 400◦C disappears and a peak NOx conversion of

∼93% occurs at 412◦C. The FWHM of NOx conver-
sion in the absence of∼2% water also decreases from
∼300 to∼105◦C. As shown inFig. 5b, the presence
of water increases the oxidative activity of the cata-
lyst. In the presence of water, propene is converted
to CO and CO2 until 368◦C but after that, it is only
converted to CO2. The maximum propene conversion
is obtained at∼400◦C. On the other hand, in the ab-
sence of water, CO and CO2 are observed until 400◦C
and the maximum propene conversion is obtained at
420◦C. We also studied propene combustion activity
of 0.8 wt.% Au(acetate)-SG in the absence of NO feed
with 14% feed oxygen concentration. Total propene
combustion,∼100%, was obtained at∼400◦C in the
presence or the absence of water. We found that the
conversion of propene to CO shut off at∼420◦C in
the absence of water but in the presence of water,
5% of propene was still converted to CO at∼420◦C.
After 450◦C, CO formation was not observed. In fact,
the presence of NO in the feed hindered the propene
conversion under the dry reaction condition and the
maximum propene conversion,∼100%, occurred at
∼420◦C instead of∼400◦C as seen inFig. 5b.

Our N2 measurements showed that in the absence of
water, N2 selectivity [defined asSN2 = {(the amount
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Fig. 4. Catalytic activity of 0.8 wt.% Au(acetate)-SG catalyst as a function of oxygen concentration in the feed. Reaction conditions:
1000 ppm NO (plus∼20 ppm NO2 coming from the NO cylinder), 1000 ppm propene,∼2% water and He as the balance. The 0.1 g of
catalyst and 178 ml/min of total gas flow rate.

of N2 measured with the GC)× 2/(the feed NOx
concentration× the NOx conversion)}] for all temper-
atures was∼100% (data not shown). However,Fig. 6
shows that the presence of∼2% water suppressed the
reduction activity toward N2 at all temperatures. At
100 and 154◦C, we did not observe the formation of
either N2 or N2O. The propene conversion (determined
using a GC equipped with a FID detector) was∼4%
at 100◦C even though we couldn’t detect any CO2 or
CO (measured with FTIR). N2 selectivity rose with
temperature and reached∼58% at the maximum NOx
conversion. Then, it dropped to∼25% at 500◦C. We
could not detect N2O at all temperatures. Our attempts
to identify the unknown products at this point failed.

3.5. The effect of SO2 on the activity of 0.8 wt.%
Au(acetate)-SG catalyst

Fig. 7ashows the activity of 0.8 wt.% Au(acetate)-
SG catalyst in the presence of 25 ppm SO2 and in
the absence of SO2 in the feed as a function of tem-
perature. The presence of 25 ppm SO2 in the feed
reduces NOx conversion activity for all temperatures
above 300◦C. The peak conversion,∼100%, obtained

without SO2, drops to∼93% when 25 ppm SO2 is
present in the feed and occurs at 451◦C instead of
368◦C. However, the conversion observed between
150 and 300◦C is higher than that obtained without
SO2. Below 350◦C, propene conversion to CO2 and
CO was similar for both conditions. Above 350◦C,
propene conversion in the absence of SO2 was acceler-
ated and reached∼100% at∼400◦C. Whereas, in the
presence of 25 ppm SO2, ∼100% conversion was ob-
tained at 450◦C as seen inFig. 7b. The most dramatic
effect of 25 ppm SO2 in the feed is seen in the ratios
of CO and CO2 produced. With 25 ppm SO2, CO for-
mation is seen all the way to 500◦C, and at 500◦C,
two-thirds of the carbon in propene is converted to CO
and only one-third is converted to CO2. Quantitatively
at 500◦C, we obtained∼15% more CO and CO2 than
could be accounted for by combustion of propene,
showing that in the presence of SO2, carbonaceous
materials are deposited on the catalyst surface at low
temperatures and burned off at high temperatures.
Our steady-state measurements taken between 150
and 500◦C under the reaction gas mixture containing
SO2 over a week did not show any change in the
activity.
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Fig. 5. (a) Catalytic activity of 0.8 wt.% Au(acetate)-SG catalyst as a function of water concentration in the feed. Reaction conditions:
1000 ppm NO (∼20 ppm NO2 coming from the NO cylinder), 1000 ppm propene, 14% O2 and He as the balance. The 0.1 g of catalyst
and 178 ml/min of total gas flow rate. (b) Propene conversion activity of 0.8 wt.% Au(acetate)-SG catalyst as a function of water. Reaction
conditions: 1000 ppm NO (∼20 ppm NO2 coming from the NO cylinder), 1000 ppm propene, 14% O2, ∼2% H2O (when used) and He as
the balance. The 0.1 g of catalyst and 175 ml/min of total gas flow rate.
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Fig. 6. N2 selectivity of 0.8 wt.% Au(acetate)-SG catalyst as a function of temperature. Reaction conditions: 1000 ppm NO (∼20 ppm NO2

coming from the NO cylinder), 1000 ppm propene, 14% O2, ∼2% H2O and He as the balance. The 0.1 g of catalyst and 178 ml/min of
total gas flow rate.

4. Discussion

4.1. Effect of gold precursor, gold loading and
activation procedure on the final activity of Au
on alumina catalysts

The activity of an oxide supported gold catalyst
for a certain reaction, such as partial or total oxida-
tion, has been reported to be strongly dependent on
the crystallite size of gold and also on the type of
the oxide support[24,25]. However, for the reduction
of NO with propene under oxidizing conditions, gold
crystallite size and gold loading dependency of alu-
mina supported Au catalyst is not clear. For instance,
Ueda et al.[18] reported that 0.17 and 0.82 wt.% Au
on alumina had almost the same size of gold parti-
cles, 4.9 nm, but 0.17 wt.% Au on alumina was more
active than 0.82 wt.% Au on alumina. In contrast,
Kung et al. found that 1.2 wt.% Au on alumina cata-
lyst with 2–5 nm gold crystallites was not as active as
0.6 wt.% Au on alumina with 15–30 nm gold crystal-
lites. In addition to these, Bamwenda et al.[26] found
that 3 wt.% Au on alumina made with impregnation
method had 54 nm average gold crystallite size and

showed a maximum activity,∼41%, at 450◦C. How-
ever, Ueda et al.[18] reported that their 1.1 wt.% Au
on alumina made with impregnation had very low ac-
tivity, ∼14% maximum conversion at 350◦C. It is not
easy to make a sound comparison between studies be-
cause of the different reaction conditions or the nature
of the support or preparation methods. But we will try
to outline the possible explanation for the observed ac-
tivity as a function of gold loading and crystallite size.

Our results show that the final activity of a single
step sol–gel Au on alumina is a strong function of the
gold loading, the gold precursor and an activation pro-
cedure. If the catalyst is activated under the dry reac-
tion gas mixture, consisting of 750 ppm NO, 750 ppm
propene, 7% oxygen and He as balance, it has a per-
manent low activity. On the other hand, the catalyst is
very active when it is activated under the reaction gas
mixture containing∼2% water, as seen inFig. 8. In
addition, the gold precursor and the gold loading are
as critical as the activation procedure. For instance,
for the same gold loading and the same activation
procedure, the gold catalyst made with gold acetate
precursor is the most active among all the catalysts
we made with the three precursors, as seen inFig. 2.
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Fig. 7. (a) The catalytic activity of 0.8 wt.% Au(acetate)-SG catalyst as a function of SO2 concentration. Reaction conditions: 1000 ppm NO
(∼20 ppm NO2 coming from the NO cylinder), 1000 ppm propene, 14% O2, ∼2%H2O, 25 ppm SO2 (when used) and He as the balance.
The 0.1 g of catalyst and 178 ml/min of total gas flow rate. (b) The propene activity of 0.8 wt.% Au(acetate)-SG catalyst as a function of
SO2 concentration. Reaction conditions: 1000 ppm NO (∼20 ppm NO2 coming from the NO cylinder), 1000 ppm propene, 14% O2, ∼2%
H2O, 25 ppm SO2 (when used) and He as the balance. The 0.1 g of catalyst and 178 ml/min of total gas flow rate.

Also, Fig. 1 shows that 0.8 wt.% gold loading in Au
on alumina catalyst made with gold acetate is the most
active catalyst. Interestingly, we observed that only the
color of 0.8 wt.% Au(acetate)-SG catalyst among all

catalysts changed from light pink to purple after apply-
ing the wet activation procedure. In fact, our HRTEM
results showed that over 0.8 wt.% Au(acetate)-SG,
average gold crystallite decreased from 37± 10 to
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Fig. 8. The effect of water during activation of 0.8 wt.% Au(acetate)-SG catalyst. Reaction conditions: 750 ppm NO (plus∼20 ppm NO2

coming from the NO cylinder), 750 ppm propene, 7% O2, ∼2% H2O (when used) and He as the balance. The 0.1 g of catalyst and
75 ml/min of total gas flow rate.

9 ± 3 nm. In terms of gold loading and gold crystallite
size, our results are similar to that reported by Kung
et al. [20]. To eliminate the contribution of alumina
itself, we tested sol–gel made pure alumina under the
same reaction conditions as that given inFig. 1. We
found that pure alumina showed a maximum NOx

conversion,∼3%, at 500◦C (data not shown). The
difference observed in activities between this study
and others[18,20] may be attributed to a different
perimeter interface structure of gold-alumina gener-
ated by the sol–gel method, as suggested for a possi-
ble reason in getting an active supported gold catalyst
[24]. At this point, we also do not know how much of
gold surface area is accessible to gas mixture in order
to make a sound comparison between this study and
others[18,20,26]. However, these results show that
not only the gold crystallite size nor gold loading but
also preparation method together with gold precursor
is important to obtain an active Au on alumina cat-
alyst for the reduction of NO with propene under an
oxidizing condition.

4.2. Activity and N2 selectivity of gold catalysts

The 0.8 wt.% Au(acetate) on alumina catalyst shows
an unusually high activity especially at low tempera-
tures. Results given above show that its activity and
N2 selectivity is a strong function of water vapor. We
found that the presence of even∼2% water could
result in a big enhancement in the activity and the
FWHM of NOx conversion but N2 selectivity in the
presence of water dropped from∼100 to ∼58% at
the maximum NOx conversion. In order to understand
the role of the water better, we further tested 0.8 wt.%
Au(acetate) on alumina catalyst with 1000 ppm NO (in
the absence of propene), 14% oxygen and 2% water
(when used) and He as balance by using 0.1 g catalyst
and 178 ml/min of total flow rate. As seen inFig. 9,
in the absence of water and propene, NO is oxidized
only to NO2 at all temperatures. Approximately 11%
NO conversion to NO2 is obtained at 100◦C and the
conversion reaches its maximum,∼35%, at 450◦C. At
500◦C, it is very close to thermodynamic equilibrium
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Fig. 9. NO oxidation activity of 0.8 wt.% Au(acetate)-SG catalyst as a function of water. Reaction conditions: 1000 ppm NO, 14% O2,
∼2% H2O (when used) and He as the balance. The 0.1 g of catalyst and 178 ml/min of total gas flow rate.

conversion of NO to NO2. However, in the presence
of 2% water, there is no NO2 formation at all tempera-
tures even though there is an almost linearly increasing
NO conversion with temperature. For instance,∼51%
NO conversion is obtained at 200◦C and it increases
to ∼69% at 500◦C. NO oxidation to NO2 is observed
as soon as water is removed from the feed. During this
test, we also did not detect any N2 or N2O formation
at all temperatures. As seen inFig. 9, NO conversion
exceeds NO equilibrium conversion. This can happen
only if the product, i.e. NO2 in this case, is removed
as soon as formed. This may indicate the formation of
HNO3 and adsorption as nitrate. However, the amount
of N atom released during temperature increase was
not equal to the amount of N atom disappeared during
NO + O2 + H2O reaction even though our NOx an-
alyzer measurements during temperature increase re-
vealed some amount of desorbed NO and NO2. This
difference, may be due to losses as the adsorption of
HNO3 in the reactor system. In contrast, Ueda et al.
[18] reported that water did not change the NO oxida-
tion to NO2 activity of their gold on alumina catalyst.
Based on above results, one plausible explanation on
the reaction mechanism is the production of HNO3
and/or surface nitrates (aluminum nitrates) proceeds
from the reaction of in situ formed NO2 with water

vapor in the feed. It is known that over�-alumina,
HNO3 is produced by the following reaction[27].

[OH−]s + 3NO2 → [NO3
−]s + HNO3 + NO

Hence, we speculate that small gold crystallites accel-
erate the oxidation of NO to NO2 (observed as low as
100◦C) and then the above reaction probably occurs
on alumina.

We also suspect that some of the low temperature
activity observed is due to the formation of organoni-
trosyl compounds resulting from the addition of NO
to propene or the formation of HCN because 4%
of propene is consumed without producing either
CO or CO2. Similarly, Joubert et al.[28] reported
the formation of N-containing compounds, such as
CH3CH2ONO or CH3CN, over 1 wt.% Pt/Al2O3 at
200◦C during NO reduction with propene under a
wet oxidizing condition. Hence, it is plausible that
N-containing compounds may form over less oxida-
tive Au/Al2O3 catalysts as compared to Pt/Al2O3 cat-
alysts. However, these still cannot adequately account
for the observed high activity in the presence of water
at low temperatures. When we originally suspected
of the formation of nitrates, we ran the reaction for 2
days non-stop at 100◦C. If we were forming nitrates,
all of our alumina should have been converted to
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aluminum nitrate before the end of 2 days long run.
Hence, the activity of the catalyst should have de-
creased to zero, but this did not happen. We observed
only a slight decrease in activity and as soon as we
heated the catalyst to 300◦C, previously seen activity
was reproduced. During temperature ramp from 100
to 300◦C, some amount of NO and NO2, measured
with the NOx analyzer as a function of temperature,
desorbed. The 55% of desorbing NO and NO2 species
was NO2 and rest being NO. However, the amount of
desorbed N atom in NO and NO2 can only account
for ∼20% of the amount of N atom disappeared dur-
ing 2 days long run. This difference in N balance
may be attributed to the formation of organonitrosyl
compounds, HNO3 and/or HCN or the formation of
N2 and/or N2O produced through the reduction reac-
tion with adsorbed hydrocarbon during temperature
ramp. At this point, we do not know the spectra of
byproducts produced during these temperature tran-
sient cases because our system is not equipped to
handle transient product analysis.

In addition to these temperature transient cases, we
kept the catalyst at 420◦C for 4 h and tested the effect
of water on the activity and N2 selectivity. Under the
wet reaction condition, N2 selectivity was 58% but as
soon as water in the feed was removed, N2 selectivity
increased from 58 to 100%. NO and NO2 concentra-
tion at the exit of the reactor was recorded as a func-
tion of time with the NOx analyzer upon the removal
of water in the feed. The error between the amount of
desorbed N atom in NO and NO2 upon the removal of
water and the amount of N atom disappeared during
the reduction reaction in 4 h under the wet reaction
condition was less than 1%. This indicates that in the
presence of water, at high temperatures NO seems to
adsorb and/or react to produce nitrates and/or HNO3,
respectively.

4.3. Effect of O2 and SO2

In addition to water effect discussed above, we
found that oxygen and SO2 also influence the cat-
alytic activity of 0.8 wt.% Au(acetate) on alumina.
Our results show that increasing oxygen concentra-
tion from 6 to 14% has two beneficial effects. First,
maximum NO conversion increases and secondly,
the FWHM of NOx conversion widens to∼300◦C.
On the other hand, Ueda et al.[18] reported that

the NOx conversion over their Au on alumina cata-
lyst reached a maximum,∼70% (at a space velocity
that is five times less than our space velocity) as the
oxygen content approached to 5%. But above 5%
oxygen, NO conversion dropped to∼60%. Also, the
FWHM of NOx conversion of their catalyst does not
change much as a function of oxygen. The oxygen
dependency of our sol–gel 0.8 wt.% Au(acetate) on
alumina catalyst is desirable for the exhaust treatment
of a lean burn engine. If one takes a typical reaction
condition (1000 ppm of NO and propene, 14% O2
and∼2% water), 0.1 g of the catalyst and 178 ml/min
total flow rate, the integral rate at 99.9% of NOx con-
version will be∼81�mol/g/min. This is the highest
integral rate reported for a supported gold catalyst in
the literature under similar reaction condition. Also,
our integral analysis using lowest possible conver-
sions showed that integral reaction order of NO was
positive, ∼1.37, and the integral rate as a function
of oxygen concentration seemed to show Langmuir
type behavior. At this point, we do not have a full ki-
netic analysis due to high conversions obtained at all
temperatures.

Another important issue in the reduction of NO un-
der oxidizing conditions with hydrocarbons is the in-
fluence of SO2 on the catalytic activity. It was demon-
strated that a small amount of SO2 could dramati-
cally decrease the NOx activity of Cu on alumina and
Ag on alumina catalysts[29,11]. For alumina sup-
ported gold catalysts, there is no report on the effect
of SO2 on NOx reduction by propene under an oxi-
dizing condition. We showed that even though 25 ppm
SO2 decreases NO reduction activity at temperatures
above 350◦C, we see enhancement in the activity be-
low 350◦C. Even though the sol–gel Au(acetate) on
alumina catalyst was used over a week under the reac-
tion gas mixture containing SO2 its activity remained
constant and within 2 h of removal of SO2 it regained
the original activity.

5. Conclusions

This study on gold on alumina catalysts for the
NOx reduction with propene under oxidizing condi-
tions shows:

• Single step sol–gel method results in highly ac-
tive and stable Au on alumina catalysts even at
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100,000 ml/h/g either under dry or wet reaction con-
ditions.

• Sol–gel Au on alumina catalyst made using gold
acetate precursor is much more active than those
made using hydrogen tetranitratoaurate and hydro-
gen tetrachloroaurate precursors.

• The sol–gel method results in uniform pore size dis-
tribution and fixed gold crystallite size independent
of gold loading but the activation under the wet re-
action gas mixture results in redispersion of gold
crystallites in Au on alumina made with gold ac-
etate precursor.

• Increasing O2 concentration to 14% in the feed re-
sults in higher activities and broadening of the tem-
perature window to∼300◦C.

• In the presence of water, even though the activ-
ity increases, N2 selectivity decreases from∼100
to ∼58%, HNO3, surface nitrates or organonitrosyl
compounds being possible byproducts.

• In the presence of water, our sol–gel made 0.8 wt.%
Au(acetate)-SG catalyst seem to become a NOx

storage catalyst at low temperatures but at high
temperatures, selective catalytic reduction occurs as
well.

• The 25 ppm of SO2 in the feed slightly decreases
the catalytic activity at high temperatures but it does
not deactivate the catalyst permanently.
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