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Low gold-loaded gold–titanium catalysts with very small gold nanoparticles for the direct epoxidation of
propene have a remarkably high epoxidation activity. A disadvantage, however, is that these catalysts in
certain cases also have a very high activity for the unwanted hydrogenation of propene to propane. The
addition of a small amount of carbon monoxide to the feed gas can completely switch off this propene
hydrogenation, while at the same time also reducing the rate of direct water formation. The co-ordination
environment of titanium plays an important role in propene hydrogenation.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction ler particle size, however, makes these catalysts more susceptible to
Gold nanoparticles or clusters supported on titanium-containing
supports are capable of epoxidizing propene to propene oxide (PO)
by using hydrogen and oxygen at a high selectivity [1–4]. However,
propene hydrogenation may occur or even prevail under certain cir-
cumstances as reported in literature: the particle size of gold sup-
ported on TiO2 is smaller than 2 nm [1]; or Ti-based oxides are
used as supports while the gold size is out of the range of 2–5 nm
[5]; and recently, supported gold (+1) cyanide particles were re-
ported to show a high selectivity toward propene hydrogenation
[6]. Significant propane formation is rarely reported when titanium
silicalite-1 (TS-1) is used as the support. Qi et al. [5] proposed that
the contaminant of sodium on the catalysts is responsible for inhib-
iting propene hydrogenation on Ti-based gold catalysts.

After our recent paper [7] examining the effect of reactant con-
centrations on the epoxidation reaction over a Au/Ti–SiO2 catalyst,
we performed a study concerning the synergy between gold and
titanium sites by simply adjusting the metal loadings. In literature,
the trend for the gold–titania system is to go to low gold loadings
with highly isolated Ti4+ sites [8–11]. These low-loaded catalysts
generally have a higher PO productivity, although a higher reaction
temperature is needed. The gold particle size of these catalysts is
smaller. As a result, the relative amount of Au–Ti interface may
be higher, which is often seen as the active site [12–15,7]. The smal-
ll rights reserved.
propane formation [1]. Sacaliuc et al. [16] showed that the epoxida-
tion activity of Au/Ti–SBA-15 can be related to the differences in the
amount of grafted Ti. The work by Delgass’s group [17] has shown
that Ti-defects in TS-1 can boost the activity of Au/TS-1 in direct
propene epoxidation. It is also known that Ti-defects on a silica sur-
face can stabilize the supported gold nanoparticles/clusters [18,19].
In our study, titanium was grafted onto a commercial silica using
titanium alkoxide as precursor by the surface sol–gel method. Gold
was then deposited to the calcined support by the deposition–pre-
cipitation method, resulting in the Au/Ti–SiO2 catalysts. The aim of
the study on the site synergy was to obtain a catalyst with a higher
epoxidation activity and higher hydrogen efficiency. Although cat-
alysts with higher epoxidation activities were obtained, significant
propane formation was observed over almost all the catalysts we
prepared, which consequently reduced the hydrogen efficiency to
a large extent (see Table 1). On the other hand, we found that intro-
ducing small amount of carbon monoxide in the reactant feeds sup-
pressed propene hydrogenation over these catalysts without
affecting propene epoxidation. We provide here evidence for the
inhibiting effect of carbon monoxide on propene hydrogenation in
the direct epoxidation of propene over Au/Ti–SiO2 catalysts.

2. Experimental

The catalyst with 0.05 wt.% gold supported on the 1% monolayer
Ti over SiO2 (theoretical Ti/Si atom ratio on the silica surface),
which has the highest PO formation rate in terms of per unit
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Table 1
Maximum PO formation rates obtained on the Au/Ti–SiO2 catalysts with different gold loadings over the 1% monolayera Ti–SiO2 and the
corresponding selectivities.

Loadingb (Au wt.%) rPO, max
f ðg kg�1

cat h�1Þ T (�C) Selectivity (%) H2 efficiency (%)c

PO C3H8

0.05 113 (226) 210 26 69 7.8
0.09 122 (135) 192 23 73 8.1
0.20 131 (67) 184 38 53 5.4
0.48 85 (18) 164 45 40 4.0
0.63e 60 (10) 151 67 7 2.2

a 0.27 wt.% Ti as determined by induced coupled plasma (ICP) analysis.
b Determined by ICP analysis.
c Determined as rPO=ðrH2 O þ rC3H8 Þ.
e Nominal 1 wt.% Au.
f Numbers in brackets are in terms of gPO g�1

Au h�1.
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weight of gold, is selected in this paper to show the catalytic per-
formance with and without the addition of carbon monoxide. The
preparation procedure for the 0.05 wt.% Au/Ti–SiO2(1% ML) cata-
lyst is described in detail in the Supplementary information. Since
the preparation method used for our catalysts does not introduce
sodium, an amount of 300 mg of the 0.05 wt.% Au/Ti–SiO2(1%
ML) catalyst was impregnated with sodium sulfate solution and
was dried in vacuum at room temperature overnight. The resulting
catalyst has a sodium loading of 0.5 wt.%. Catalytic tests were per-
formed in a flow setup equipped with a fast Interscience Compact
gas chromatography system (3 min analysis time) consisting a Por-
abond Q column and a Molsieve 5A column in two separate chan-
nels, each with a thermal conductivity detector; 300 mg of catalyst
was tested under the standard reaction condition, typically with a
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Fig. 1. Time-on-stream performance of the 0.05 wt.% Au/Ti–SiO2(1% ML) catalyst (top) a
10 vol.% H2, 10 vol.% O2 and 10 vol.% C3H6 in helium, GHSV 10;000 mL g�1

cat h�1, grayed a
gas feed rate of 50 mL min�1 in total, consisting of 10 vol.% (each)
of hydrogen, oxygen, and propene (helium balance). Carbon mon-
oxide was introduced at the concentration 1 vol.% when required.
The quartz reactor is located in an oven and has an inner diameter
of 6 mm.

3. Results and discussion

The general performance of the 0.05 wt.% Au/Ti–SiO2(1% ML)
catalyst is provided in the Supplementary information. In Fig. 1,
the effect of carbon monoxide addition on the formation rates of
PO, water, and propane is shown for the 0.05 wt.% Au/Ti–SiO2(1%
ML) catalyst. When the experiment started, the catalyst bed
temperature increased sharply from ca. 190 �C for over 10 �C due
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Fig. 2. Time-on-stream performance of the 0.05 wt.% Au/Ti–SiO2(1% ML) catalyst impregnated with 0.5 wt.% sodium (top) and the catalyst bed temperature (bottom) with
and without CO addition (gas feed 10 vol.% H2, 10 vol.% O2 and 10 vol.% C3H6 in helium, GHSV 10;000 mL g�1

cat h�1, grayed area: 1 vol.% CO introduced between 7.5 and 10 h).

326 J. Chen et al. / Journal of Catalysis 285 (2012) 324–327
to the exothermic reactions. The temperature stabilized at around
200 �C after about 1 h. At t = 2.5 h, the catalyst bed temperature
was raised to 210 �C to determine the temperature influence on
the formation rate of propane. From t = 2.5 h till the end of the
experiment, the oven temperature was kept constant. Carbon mon-
oxide was introduced into the gas feed at a low concentration of
1 vol.% during the time intervals between 5–7.5 h and 10–12.5 h.
The formation rate of propane dropped immediately by two orders
of magnitude without affecting the epoxidation reaction as carbon
monoxide was added. Meanwhile, water formation was also sup-
pressed. Accordingly, the catalyst bed temperature dropped by
about 5 �C. During the co-feeding of carbon monoxide, the hydro-
gen efficiency increased from 8% to 17%. The conversion of carbon
monoxide was low at the level of 10%. An increase in the formation
rate of carbon dioxide was observed when carbon monoxide was
added, but this was only the result of carbon monoxide conversion
while not of propene combustion. Hydrogenation of carbon mon-
oxide to methane was not observed. Removing carbon monoxide
restored the catalyst activity in propene hydrogenation (7.5–10 h,
12.5 h–17.5 h). The result in the first 5 h showed that propane
formed at a higher rate when the reaction temperature was lower
on this catalyst. Therefore, the suppression of propane formation
between 5–7.5 h and 10–12.5 h can be completely attributed to
carbon monoxide addition. While the addition of 0.05 vol.% of car-
bon monoxide can already reduce 80% of propane formation on our
catalysts (Fig. S2), a concentration of 1 vol.% for carbon monoxide
may be needed to keep the ratio of propane and PO formation rates
below 0.05. The inhibition of the propane formation rate by carbon
monoxide is staggeringly high: the reaction order for the inhibiting
effect is minus 3.
The effect of adding sodium to the 0.05 wt.% Au/Ti–SiO2(1% ML)
catalyst was also investigated to compare the effect of the carbon
monoxide addition on suppressing the hydrogenation reaction to
the recently published approach of adding sodium [5]. The results
are shown in Fig. 2. When the reaction started, the catalyst bed tem-
perature increased instantly from ca. 190 �C to 195 �C. The catalyst
bed temperature was raised to around 207 �C at t = 2.5 h by increas-
ing the oven temperature. Carbon monoxide (1 vol.%) was intro-
duced into the gas feed from t = 7.5 h till the end (t = 10 h). As
seen from Fig. 2, the existence of sodium has no significant effect
on propene hydrogenation over our catalyst. However, the forma-
tion of PO and water was suppressed after sodium sulfate impreg-
nation comparing to the original activity shown in Fig. 1. It should
be noted here that both sodium and sulfate might have great poten-
tial in modifying the catalyst acidity [20]. Fig. 2 clearly shows that
addition of carbon monoxide inhibited propene hydrogenation
without affecting propene epoxidation over the sodium-impreg-
nated catalyst, while sodium had little effect on hydrogenation.
The recent work by Haruta’s group [5] proposed that propane for-
mation could be reduced by sodium addition to the catalysts. Our
results show that such a modification to the catalyst is apparently
not as simple as it seems. Carbon monoxide addition, however, is
a very simple and highly effective way to block propane formation
(for the case where propene hydrogenation is unavoidable in the
propene epoxidation under an atmosphere of hydrogen and oxy-
gen), which we determined to be effective for all our catalysts.

We also observed that the formation rate of propane kept
increasing from zero until it leveled off during the activation of
our catalysts, while PO formation rate was stable at a high level
from the very beginning (Fig. S3). Our results imply that propene
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hydrogenation and epoxidation may happen on two different sites.
The size effect of gold nanoparticles is undoubtedly important in
hydrogen dissociation during the direct propene epoxidation
[1,21,5], since Au–Ti4+ interface is indispensable for the direct pro-
pene epoxidation. Carbon monoxide might be competitively ad-
sorbed on gold where hydrogen adatoms locate and thus abate
the propene hydrogenation. It could also be the situation that Ti–
OH induces hydrogen dissociation (on gold or with Ti), while car-
bon monoxide may poison the Ti–OH group probably by forming
surface formate species, or the Ti site if the stability of possible
titanium species at reduced oxidation states is an issue [22]. It
has been observed by Sykes et al. [23] that hydroxylated titania
surface under partial reduction is capable of hydrogenating a ter-
minal alkene. It has also been proposed that transition metals an-
chored on SiO2 can hydrogenate alkene probably by forming
hydride complexes [24]. The catalytic performance of our catalyst,
and one step further, of the hydroxylated support only, in hydro-
gen and propene but without oxygen clearly shows that the surface
hydroxyl, most likely Ti–OH, plays an important role in propene
hydrogenation and that gold is not of necessity for propane forma-
tion (Figs. S4 and S5). The enhancement of propane formation by
oxygen observed by Qi et al. [5] may be partly attributed to water
formation in the presence of oxygen and accordingly the hydra-
tion/hydroxylation of catalyst surface. On the other hand, it is gen-
erally accepted that tripodal Ti4+ sites are favoured in liquid-phase
epoxidation when concerning the co-ordination environment of
titanium in silica-supported titanium catalysts [25–27]. Hydro-
thermal instability [28] of such tripodal Ti sites leads to the forma-
tion of bipodal and monopodal Ti sites on silica surface, which,
combined with vicinal silanols, might contribute to propene hydro-
genation in the complex system of propene, hydrogen, and oxygen
over gold–titania catalysts. Our experimental observations suggest
that on the supports where Ti–O–Si or Ti–O–Ti linkage is not that
resistant to hydrolysis, the role of support in propene hydrogena-
tion should be taken into account.

4. Conclusions

High productivity of propene oxide has been achieved in the di-
rect epoxidation of propene over gold supported on titania–silica
catalysts. Propene hydrogenation can occur on these catalysts.
During the direct propene epoxidation over gold–titania catalysts
when hydrogen is co-fed, propene hydrogenation can be inhibited
by introducing carbon monoxide. Though we cannot explain how
this inhibition occurs, it is most likely by an interaction between
carbon monoxide and Ti, since propene hydrogenation is most
likely proceeding over the support.
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