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Oxidation of propane to propylene oxide on gold catalysts
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Abstract

Propane epoxidation was carried out by sequential propane dehydrogenation–propylene epoxidation steps using a two-catalyst bed and H2 and
O2 as the oxidant mixture. The propane dehydrogenation step used a Au/TiO2 catalyst that was active at the low temperature (443 K) used for the
propylene epoxidation step; the latter used a Au/TS-1 catalyst. In situ Au L3-edge X-ray absorption near-edge structure and ultraviolet–visible
measurements on Au/TiO2 under propane dehydrogenation conditions showed activation of oxygen on gold nanoparticles and evidence for the
formation of adsorbed oxygen intermediate species responsible for the production of propylene. Propane epoxidation with H2 and O2 at 443 K
and 0.1 MPa with the dual Au/TiO2 and Au/TS-1 catalysts resulted in an overall propane conversion of 2%, propylene selectivity of 57%, and
propylene oxide selectivity of 8%, corresponding to a propylene oxide space-time yield of 4 g kg−1

cat h−1. The catalysts showed little deactivation
and maintained their conversion and selectivity levels for the 12 h duration of the measurements.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

The selective oxidation of low-cost, abundant light alkanes,
such as methane, ethane, and propane, is a major academic and
industrial research challenge. In the case of propane, significant
advances have been attained in the liquid and gas phases for
its catalytic oxidation to different products, including propylene
[1–3], acetone [4–8], 2-propanol [4,5,8,9], acrylic acid [10–13],
acrolein [12,14], acetic acid [10,12], and formaldehyde [15]. In
the liquid phase, propane selective oxidation is typically carried
out at temperatures below 373 K with oxygen (at high pres-
sures), hydrogen peroxide, or organic hydroperoxides as the
oxidants and biomimetic complexes (e.g., Fe, Co, Cu, or Mn
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porphyrins, phthalocyanines, and polyoxometalates) or Ti-, V-,
or Fe-containing materials as the catalysts [4]. In the gas phase,
propane selective oxidation is commonly carried out at temper-
atures above 573 K with oxygen as the oxidant and supported
oxides containing one or several metals (e.g., V, Mo, W, Ni, Co,
Nb, Bi) as the catalysts [1,2,10].

In the past decade, gold nanometer-sized supported catalysts
have emerged as a novel group of materials because of their
high selectivity for several oxidation reactions in both the liq-
uid and gas phases [16–18]. Recent work has shown that in
the liquid phase, Au/C effectively catalyzes the epoxidation
of cis-cyclooctene [19], and Au–Pd/TiO2 catalyzes the oxida-
tion of alcohols to aldehydes [20]. Other studies in the gas
phase have shown that Au supported on transition metal oxides
(e.g., TiO2, Fe2O3, Co2O3) has high activity for CO oxidation
[21,22], and that Au on Ti-containing oxides has high selectiv-
ity for propylene epoxidation with H2 and O2 [23–25]. Despite
efforts toward the development of Au oxidation catalysts, there
have been few studies on the selective oxidation of less reac-
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tive, more abundant light alkanes, such as methane, ethane, and
propane [23,26–28].

Propylene oxide (PO) is a major chemical intermediate with
a worldwide estimated production of 6.7 million tons in 2003
[29,30]. Currently, PO is produced mainly from propylene by
various multistep, capital-intensive conventional processes. Re-
cently, there has been increasing interest in developing new
direct PO synthesis methods to replace inefficient conven-
tional ones, such as the chlorohydrin and organic hydroperox-
ide processes [31]. Direct processes for the synthesis of PO
from propylene typically use O2 (with Ag/CaCO3 [32–34],
Ti/HSZ [35], Ti/SiO2 [36], and MoO2/SiO2 [37] catalysts),
H2O2 (with titanosilicate catalysts [38,39]), or H2–O2 mixtures
(with Au/TiO2 [24,40], Au/Ti–SiO2 [41–45], Ag/Ti–SiO2 [46],
and Pd–Pt/Ti–SiO2 [47] catalysts) as the oxidants. The H2–
O2 route using Au supported on mesoporous Ti–SiO2 (Ti/Si =
3/100) [25,42] and microporous TS-1 (Ti/Si = 1/100) [43–45]
has attracted particular attention because of the high selectiv-
ity to PO (>90%) and the lower cost of the feedstock compared
with expensive H2O2. PO space-time yields (STYs) with H2

and O2 mixtures at 0.1 MPa and temperatures below 473 K on
Au/(mesoporous) Ti–SiO2 and Au/TS-1 are 92 [25,42] and 112
[43–45] g kg−1

cat h−1, respectively, with propylene conversions
close to 8%, PO selectivities >80%, and H2 efficiencies >20%,
which are close to estimated commercially viable values of
>10% C3H6 conversion, >90% PO selectivity, and >50% H2

efficiency [25].
The propylene used to make PO by conventional processes

is produced as a byproduct of ethylene manufacture by steam-
cracking of higher hydrocarbons or as a byproduct of fluid
catalytic cracking units [48]. A one-stage process for the man-
ufacture of PO that can use propane instead of propylene as
the feed would have substantial cost advantages. Capital costs
could be reduced by as much as 50% by eliminating the need for
thermal crackers and associated equipment [49]. Despite this
cost advantage, however, little work has been reported on the
direct production of PO from propane. One effort in this area is
a patent assigned to SRI International claiming that a catalyst
composed of Ag/Cl/NaNO3/La/Cr/BaCO3 converted propane
to PO at a propane conversion of 10% and PO selectivity of 8%,
resulting in a PO STY of 2.0 g kg−1

cat h−1 after 0.3 h at 753 K and
0.1 MPa [50]. But this catalyst deactivated after 5 h of reaction,
yielding a propane conversion of about 21%, a PO selectivity
of <1%, and a PO STY of about 0.4 g kg−1

cat h−1. Another ap-
proach to the direct synthesis of PO from propane involves the
use of two consecutive reactions: dehydrogenation of propane
to propylene and epoxidation of propylene to PO. This process,
shown schematically in Fig. 1, is discussed in detail later. Al-
though many catalysts are known to be active for the production
of propylene from propane (Fig. 2) [51–70], the direct propane-
to-PO process is not possible with current catalysts, because
production of propylene (by, e.g., oxidative dehydrogenation)
typically occurs at temperatures much higher (>673 K) (Fig. 2)
than those required for propylene epoxidation with H2 and O2

(<473 K). Consequently, new catalysts able to dehydrogenate
propane at temperatures below 473 K are needed to carry out
Fig. 1. Hypothetical propane to propylene oxide process.

Fig. 2. Review of propylene space-time yields of catalysts for propane ox-
idative dehydrogenation (arbitrarily classified by major component or sup-
port) as a function of temperature. Catalysts include (A) V, Cr, Mo–Al2O3
[51–54]; (a) V, Cr, Mg, Co–Al-zeolites (HY, HBEA, USY) [55,56]; (S) V, Cr,
Nb–Si-materials (MCM41, MCM48, SiO2, SBA15, HMS) [57–60]; (T) V, Cr,
Sb–TiO2 [52,53,60]; (Z) V, Cr, Mo–ZrO2 [52,54,61]; (M) V, Cr, Mo–MgO
[62–64]; (N) V, Ni, Mo, Mg, Co, Mn mixed oxides [65–67]; and (O) V, Sb,
Mn, Sm, Nb, La, Sr mixed oxides [68–70]; among others [1].

the single-reactor propane dehydrogenation–propylene epoxi-
dation process.

The first part of this work describes a new catalytic sys-
tem based on Au/TiO2 that is effective for the transformation
of propane to propylene in the presence of H2 and O2 gas
mixtures (also used for propylene epoxidation on gold cata-
lysts) at low temperatures (<473 K) (Fig. 2). This first part also
presents in situ X-ray absorption near-edge structure (XANES)
and ultraviolet–visible (UV–vis) spectroscopic characterization
of the Au/TiO2 catalyst under propane dehydrogenation reac-
tion conditions. The spectroscopy results demonstrate activa-
tion of oxygen species on gold, which could be involved in the
formation of reaction intermediates for the production of propy-
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lene. A second part of the work presents the one-step synthesis
of PO from propane by sequential propane dehydrogenation on
Au/TiO2 and propylene epoxidation on Au/TS-1 at moderate
temperatures (<473 K) and pressures.

2. Experimental

2.1. Catalyst preparation

A mesoporous SiO2 (Si–TUD) support was synthesized fol-
lowing a method similar to that reported by Jansen et al. [71].
The titanosilicate TS-1 (Ti/Si = 1/100) support was prepared
by the method of Khomane et al. [72]. Gold supported cata-
lysts (i.e., Au/TiO2, Au/TS-1, and Au/Si–TUD) were prepared
by the deposition–precipitation (DP) method [73].

The Au/Si–TUD (catalyst 1) was prepared following the
method described by Nijhuis et al. [40]. In brief, 5.0 g of Si–
TUD was dispersed in 100 ml of H2O, and the pH was ad-
justed to 9.5 with 2.5 wt% NH4OH. A gold solution (105 mg
of HAuCl3·4H2O in 40 ml of water, ∼1 wt% Au/g support)
was added dropwise to the support along with the NH4OH so-
lution to keep the pH at ∼9.5. After stirring for 1 h at ambient
conditions, the slurry was filtered and then washed with 0.6 L of
water. The resulting solid was vacuum-dried overnight at 298 K,
and calcined in air at 673 K (∼3 K min−1) for 4 h.

For the synthesis of the Au/TS-1 (catalyst 2), 100 ml of a
gold solution (3 g of HAuCl4·4H2O in 1 L of water, 7.2 ×
10−3 M) was heated to 343 K under vigorous stirring. The pH
of the solution was adjusted to 7.0 by addition of 1 M NaOH
(Wako, 97.0+%), followed by the addition of 1.0 g of TS-1.
The suspension was stirred for 1 h and then cooled to room tem-
perature. Solids were separated by centrifugation and washed
twice with 50 ml of water (Millipore, Autopure WEX 3, Yam-
ato). The solid thus obtained was vacuum-dried overnight at
298 K and was left uncalcined.

In the synthesis of a typical Au/TiO2 (catalyst 3), 150 ml of
a gold solution (1 g of HAuCl4·4H2O, Wako, 99+%, in 1 L
of water, 2.4 × 10−3 M) was heated to 343 K under vigorous
stirring. The solution pH was brought to 8.8 within 10 min by
dropwise addition of 1 M Na2CO3 (Wako, 99.5%), followed by
addition of 1.5 g of TiO2 (P25, Nippon Aerosil, 50 m2 g−1).
After 1 h of stirring, the slurry was cooled to room temper-
ature, filtered, and washed with 0.6 L of water (Millipore,
Autopure WEX 3, Yamato). The wet solid was vacuum-dried
overnight at 298 K and calcined in air at 673 K (∼3 K min−1)
for 3 h. Catalysts 4–7 were prepared by adjusting the gold solu-
tion concentration to 3.6 × 10−3, 4.8 × 10−3, 7.2 × 10−3, and
10.1 × 10−3 M, respectively, using a proportional amount of
washing water (0.9, 1.2, 1.8, and 2.5 L, respectively).

2.2. Characterization

Transmission electron microscopy (TEM) images of the
samples were obtained in a microscope (UT-Philips CM200)
operated at 200 kV. In situ Au L3-edge X-ray adsorption fine-
structure (XAFS) measurements were carried out at beamline
BL9A of the Photon Factory in the Institute of Materials Struc-
ture Science, High-Energy Accelerator Research Organization
(PF-IMSS-KEK) in Japan. All spectra were obtained in trans-
mission mode using an in situ XAFS cell under reactions con-
ditions. XAFS data were analyzed with commercially avail-
able software (REX, Rigaku Co.). In situ ultraviolet–visible
(UV–vis) spectra were collected under the reaction conditions
using a large-compartment spectrometer (Varian Cary 5000)
equipped with a Harrick Scientific reaction chamber (Model
HVC-DRP) and a praying mantis diffuse reflectance attach-
ment (DRP-XXX). Gold content in the samples was estimated
from the Au L3-edge XAFS edge-jump absorption intensity by
comparing it with that of a sample of known Au concentration,
whereas chlorine content was measured by X-ray fluorescence
spectrometry (Rigaku ZSX mini).

2.3. Catalytic testing

Propane partial oxidation was carried out in a quartz tubu-
lar microreactor (6 mm diameter, 180 mm long) using pow-
der catalyst samples without dilution (particle size <212 µm,
50 mg for Au/Si–TUD and Au/TiO2, and 300 mg for Au/
TS-1). The empty space before and after the catalyst sample
was filled with glass wool to avoid gas-phase reactions. In the
case of a two-catalyst bed (Au/TiO2 and Au/TS-1), catalysts
were separated by a thin layer of glass wool. The relative pro-
portion of the Au/TiO2/Au/TS-1 catalysts by weight was 1/6.
Flow rates of C3H8 (Takachiho Chemical, purity �99.5%),
C3H6 (Takachiho Chemical, purity �99.8%), H2 (from a hy-
drogen generator, OPGU-2100S, Shimadzu, purity �99.99%),
O2 (Tomoe Shokai, purity �99.5%), and Ar (Suzuki Shokan,
purity �99.9997%) were regulated by mass flow controllers.
The reactor was equipped with an axial quartz thermocouple
well (2 mm outer diameter) that allowed monitoring of the cat-
alyst bed temperature. Reactor temperature was maintained by
an electronic controller. Before the reaction, the catalysts were
pretreated using two different modes. In mode 1, for calcined
catalysts, the temperature was raised from room temperature
to 443 K at a rate of 5 K min−1 under Ar (30 cm3 min−1) and
kept at 443 K for 0.5 h. In mode 2, for uncalcined catalysts, the
temperature was raised from room temperature to 443 K at a
rate of 0.5 K min−1 under C3H8, H2, O2, and Ar. Typical flow
rates of reactant gases C3H8, H2, O2, and Ar were 6, 3, 3, and
18 cm3 min−1, respectively, with the total pressure set at
0.1 MPa and the temperature controlled at 443 K during the
reaction.

Reaction products were analyzed online using two gas chro-
matographs (Shimazu GC-14), typically after 0.5 h. One of the
GCs was equipped with a flame ionization detector (FID) and
a thermal conductivity detector (TCD) using a FFAP capillary
column (0.32 mm × 60 m) and a Porapak Q packed column
(3 mm×2 m), respectively. The other GC also had one FID and
one TCD attached to a Gaskuropak 54 84/100 packed column
(3 mm × 2 m) and a MS-5A 60/80 packed column (3 mm ×
2 m), respectively. The FFAP capillary column and Porapak Q
column were used to detect oxygenates (i.e., acetaldehyde,
propylene oxide, acetone, propionaldehyde, acrolein, acetic
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acid, and 2-propanol), and CO2 and H2O, respectively. The
Gaskuropak 54 84/100 and MS-5A 60/80 columns were used
to detect hydrocarbons (i.e., propane, propylene, ethylene, and
ethane), and H2, O2, CO, and methane, respectively.

Because the major products observed were propylene
(C3H6), acetone (CH3COCH3), 2-propanol (CH3CH(OH)CH3),
propylene oxide (C3H6O), CO2, and H2O, the net reactions oc-
curring on the catalysts were taken to be as follows:

C3H8 + H2 + O2 → C3H6 + 2H2O,

C3H8 + 2H2 + 2O2 → CH3COCH3 + 3H2O,

C3H8 + H2 + O2 → CH3CH(OH)CH3 + H2O,

C3H8 + 2H2 + 2O2 → C3H6O + 2H2O,

C3H8 + 5O2 → 3CO2 + 4H2O,

and

H2 + 1/2O2 → H2O.

Based on these reactions, propane conversion, selectivity (to
C3H6, CH3COCH3, CH3CH(OH)CH3 and C3H6O), and H2 ef-
ficiency (selectivity) were defined as follows:

Propane conversion

= moles of (C3 products + CO2/3)/

moles of propane in feed.

C3 product selectivity

= moles of C3 product/moles of (C3 products + CO2/3).

H2 efficiency

= hydrogen consumed by desired reactions/

total hydrogen consumption.

For propane oxidation: on Au/TS-1, H2 efficiency = (2 ×
mol of CH3COCH3 + 1 × mol of CH3CH(OH)CH3)/total hy-
drogen consumption; on Au/TiO2, H2 efficiency = (1 × mol of
C3H6)/ total hydrogen consumption; and on the dual Au/TiO2 +
Au/TS-1 catalysts, H2 efficiency = (1×mol of C3H6 +2×mol
of C3H6O)/total hydrogen consumption. For propylene epoxi-
dation with H2 and O2 (C3H6 + H2 + O2 → C3H6O + H2O),
similar but simpler equations were used because the main prod-
ucts were PO, CO2, and H2O; for example, H2 efficiency =
(1×mol of C3H6O)/(total hydrogen consumption ≈ total moles
of water) [74].
Turnover frequencies (TOFs) % were calculated based on
exposed gold atoms. These were estimated from their particle
size assuming truncated octahedral shapes.

The absence of internal mass transfer limitations was
checked by means of the Weisz–Prater criterion, CWP =
−r ′

A(obs)ρcR
2/(DeCAs) < 1, where −r ′

A(obs) is the observed

reaction rate in kmol kg−1
cat s−1; ρc is the solid catalyst density,

in kg m−3; R is the catalyst particle radius, in m; De is the
effective gas-phase diffusivity, in m2 s−1; and CAs is the gas
concentration of A at the catalyst surface, in kmol m−3 [75]. For
−r ′

A(obs) = 2.7 × 10−6 kmol kg−1
cat s−1, ρc = 4000 kg m−3, R =

1.06 × 10−4 m, estimated propylene De ∼ 2.6 × 10−5 m2 s−1

[75,76], and CAs ∼ 5.6 × 10−3 kmol m−3, the CWP is
8 × 10−4 < 1.

3. Results

Table 1 summarizes the catalytic activities of the gold-
supported catalysts for propane partial oxidation. No partial ox-
idation products were observed when Au/Si–TUD (catalyst 1)
was used as the catalyst, for which the only observed prod-
uct was water due to hydrogen combustion. The main partial
oxidation products for Au/TS-1 (catalyst 2) were acetone, 2-
propanol, and CO2, whereas those for Au/TiO2 (catalyst 3)
were propylene, acetone, and CO2. When using Au/TS-1, se-
lectivities for acetone and 2-propanol were 84 and 10%, re-
spectively, at a propane conversion of 1.1%, resulting in an
acetone STY of 26 g kg−1

cat h−1 and a TOF of 9.0 × 10−3 s−1

based on exposed gold. In the case of Au/TiO2, the selectivi-
ties to propylene and CO2 were 69 and 27%, respectively, at
a propane conversion of 1.4%, which resulted in a propylene
STY of 120 g kg−1

cat h−1 and a TOF of 0.029 s−1 based on ex-
posed gold. Catalysts presented average particle sizes in the
2.7–4.0 nm range with gold contents of 0.1 wt% for the Au/
TS-1 and about 1.0 wt% for the Au/TiO2 and Au/Si–TUD.

Gold-supported titania catalysts were prepared with average
gold particle diameters (Dp) of 2.7–4.1 nm and average Au con-
tent of 1.2–2.2 wt%. Fig. 3 presents TEM images and particle
size distributions of Au/TiO2, catalysts 3, 6, and 7, with increas-
ing gold loadings (Table 2). Catalysts 3, 6, and 7 had numerous
gold particles with narrow particle size distributions centered
at 2.7, 3.1, and 4.1 nm, respectively, in line with their corre-
sponding gold contents of 1.2, 1.9, and 2.2 wt%.
Table 1
Propane oxidation on gold supported catalysts

Catalyst [Au]
(wt%)

Dp
(nm)

Conv. (%) Selectivity (%) H2 eff. (%) Main product

C3H8 C3H6 Acet. 2-Pr. CO2 STY TOFa

(g kg−1
cat h−1) (s−1)

Au/Si–TUD (1) 1.0b 3.9 0 0 0 0 0 0 0 0
Au/TS-1 (2) 0.10 3.5 1.1 0 84 10 6 14 26 0.009
Au/TiO2 (3) 1.2 2.7 1.4 69 4 0 27 13 120 0.029

Note. [Au]: Au content by ICP, Dp: Au average particle diameter by TEM, eff.: efficiency, STY: space-time yield, TOF: turnover frequency, Acet.: acetone, 2-Pr.:
2-propanol.

a Based on total exposed Au. Au dispersion is calculated from particle size, assuming truncated octahedral particles.
b By XRF. Reaction conditions: C3H8/H2/O2/Ar = 2/1/1/6, space velocities of 36,000 (catalysts 1 and 3) and 6000 cm3 h−1 g−1

cat (catalyst 2), 443 K, 0.1 MPa.
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Fig. 3. TEM micrographs and particle size distributions for different Au/TiO2 catalysts: (a) catalyst 3, 1.2 wt% Au/TiO2; (b) catalyst 6, 1.9 wt% Au/TiO2; and
(c) catalyst 7, 2.2 wt% Au/TiO2.

Table 2
Propane oxidative dehydrogenation on Au/TiO2 (P25) catalysts

Catalyst
Au/TiO2

[Au]
(wt%)

Dp
(nm)

Conv. (%) Selectivity (%) H2 eff. (%) Propylene

C3H8 C3H6 Acet. CO2 STY TOFa

(g kg−1
cat h−1) (s−1)

(3) 1.2b 2.7 1.4 69 4 27 13 120 0.029
(4) 1.4 N.M. 2.0 73 3 24 11 180 N.M.
(5) 1.7 2.9 2.6 76 2 22 10 250 0.045
(6) 1.9 3.1 2.8 76 1 23 10 270 0.047
(7) 2.2 4.1 1.9 73 3 24 10 170 0.033

Note. [Au]: Au content from Au L3-edge XAS edge-jump absorption intensity, Dp: Au average particle diameter by TEM, eff.: efficiency, STY: space-time yield,
TOF: turnover frequency, Acet.: acetone, 2-Pr.: 2-propanol, N.M.: not measured.

a Based on total exposed Au. Au dispersion is calculated from particle size, assuming truncated octahedral particles.
b By ICP. Reaction conditions: C3H8/H2/O2/Ar = 2/1/1/6, space velocity = 36,000 cm3 h−1 g−1

cat , 443 K, 0.1 MPa.
Propane catalytic selective oxidation results on Au/TiO2 cat-
alysts (i.e., catalysts 3–7) are shown in Table 2. This table shows
conversions going through a maximum, first rising from 1.4
to 2.8% and then decreasing to 1.9% as Au concentrations
increased from 1.2 to 2.2 wt% (catalysts 3–6). This was ac-
companied by an initial improvement in propylene selectivities
from 69 to 76% (catalysts 3–7) and then a drop to 73% (cata-
lyst 7). Propylene STYs and TOFs based on exposed Au pre-
sented similar trends, increasing for catalysts 3–6 and decreas-
ing for catalyst 7 (Fig. 4a). A maximum TOF of 4.2×10−2 s−1

was observed for catalyst 6 (1.9 wt% Au/TiO2, Dp = 3.1 nm),
which also corresponded to a maximum value of propylene
STY of 270 g kg−1

cat h−1.
Fig. 4a summarizes the TOF trend for propane partial oxi-

dation on Au/TiO2 as a function of the gold particle size. TOFs
were calculated based on total exposed Au without regard for
the type of surface atom. This figure also presents the TOFs
for CO oxidation on Au/TiO2 as a function of gold particle
size, which exhibited a similar trend as that for propane partial
oxidation, that is, increasing TOF with increasing gold parti-
cle size from 2.5 to about 3.0 nm, then decreasing TOF with
continued gold particle size increase. Fig. 4b shows the esti-
mated total gold fraction of atoms exposed at corners, edges,
and crystal faces in a gold particle consisting of the top slice
of a truncated octahedron as a function of particle diameter
using the equations given by Janssens et al. [77]. In the stud-
ied particle size range of 1.5–5.5 nm, the atom fraction (based
on total atoms) changed for Au atoms with different coordina-
tion numbers (CNs) (i.e., different positions in the particle). For
gold atoms at the corners (CN = 5 or 6), the atom fraction de-
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Fig. 4. (a) Turnover frequencies (TOF) as a function of the gold average par-
ticle diameter for propane oxidation on Au/TiO2 at 443 K (squares) and CO
oxidation on Au/TiO2 at 300 K (circles) [22]; and (b) fraction of atoms at cor-
ners, edges, and crystal faces in a gold particle consisting of the top slice of a
truncated octahedron as a function of particle diameter [77].

Fig. 5. Propane selective oxidation on 1.9 wt% Au/TiO2 (catalyst 6) as a func-
tion of reaction time.

creased rapidly with increasing particle size, but this decrease
slowed after about 3 nm. In the case of gold atoms at the edges
(CN = 7), including atoms at the gold–support interface, the
atom fraction increased with particle size, reaching a maximum
at about 2 nm, after which it gradually decreased. For gold
atoms at the faces, the atom fraction also increased with parti-
cle size, going from Dp 1.5 to about 2.5 nm, but then decreased
slowly with further increases in particle size.

Fig. 5 illustrates the catalytic performance of 1.9 wt%
Au/TiO2 (catalyst 6) for propane partial oxidation with H2 and
O2 over 6 h. Propane conversion slightly decreased with time
Fig. 6. In situ Au L3-edge XANES for 1.9 wt% Au/TiO2 (catalyst 6) under
propane selective oxidation conditions as a function of reaction time.

Fig. 7. In situ Au L3-edge XANES difference spectra, μ(Reaction) − μ(He) at
443 K before reaction, for 1.9 wt% Au/TiO2 (catalyst 6) at reaction conditions
as a function of time on stream.

but reached a near-steady value of 2.4% after the first 3–4 h.
Propylene selectivity remained high and relatively constant
(∼80%) during the entire experimental reaction. Hydrogen ef-
ficiency also remained relatively constant at 14%. Propylene
space-time yield reached a steady value of 235 g kg−1

cat h−1.
Fig. 6 shows the in situ Au L3-edge XANES, normalized

to the same edge jump, for the 1.9 wt% Au/TiO2 (catalyst 6)
under reaction conditions as a function of time. The gold foil
Au L3-edge XANES spectrum exhibited three near-edge fea-
tures at 11,933, 11,945, and 11,968 eV, which are character-
istic of Au(0). The in situ Au L3-edge XANES spectra for
1.9 wt% Au/TiO2 also showed three peaks at 11,935, 11,948,
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and 11,971 eV, which also can be attributed to Au(0). The small
shift of the features toward higher energies can be attributed
to the presence of smaller gold particles in the catalyst [78].
There is no evidence of the presence of cationic gold species,
as suggested by the lack of near-edge resonance (white line) at
11,920 eV similar to that observed in a HAuCl4 reference sam-
ple. Fig. 7 presents the in situ Au L3-edge XANES difference
spectra μ(Reaction)−μ(He, at 443 K before reaction). The fig-
ure demonstrates the evolution of some transient resonance in
the initial stages of reaction and the development of two dis-
tinct negative features at 11,918 and 11,920 eV after 2–3 h of
reaction. They became fully developed at the point at which a
steady reaction rate was attained. These features are related to
the formation of a Au–O complex by interaction of gold with
adsorbed oxygen [79,80], whereas the negative trend indicates
that some of the Au–O complex originally present in the air-
calcined sample was reduced under reaction conditions.

Fig. 8A presents the UV–vis spectra of Au/TiO2 (catalysts 3
and 6). The spectra demonstrate bands characteristic of the
TiO2 (P25) support with an additional band centered at about
540 nm (2.3 eV) characteristic of a plasmon resonance of the
gold nanoparticles [81–83]. Fig. 8B shows the in situ UV–vis
spectra for the 1.9 wt% Au/TiO2 (catalyst 6) under reaction
conditions as a function of time. The spectra exhibited no ap-
parent major changes, with the plasmon resonance position of
the gold particles shifting slightly toward lower wavelengths
(blue shift) over time. Fig. 9 shows the gold plasmon resonance
(PR) position changes during in situ UV–vis measurements un-
der reaction conditions on the 1.9 wt% Au/TiO2 (catalyst 6).
The gold PR position showed an initial transient toward higher
wavelengths (red-shift) during the first 0.75 h, followed by a
decrease (blue-shift), with an almost constant value (539.3 nm)
reached after 2 h of reaction. The initial red-shift of the gold PR
position can be assigned to adsorption of oxygen on the gold
nanoparticles (Au–O species formation), whereas the blue-shift
corresponds to a partial reduction of the Au–O complex by hy-
drogen or propane present in the reaction gas [84,85]. The PR
peak position under H2/Ar (10 vol%) at 443 K after reaction
was 532.9 nm.

Fig. 10 shows the catalytic propane epoxidation with H2 and
O2 over a two-catalyst bed, 1.9 wt% Au/TiO2 (catalyst 6, uncal-
cined) followed by Au/TS-1 (catalyst 2), as a function of time.
The catalytic system is relatively stable over the course of the
reaction for 12 h, with a propane conversion of 2%, a PO se-
lectivity of 8%, a H2 efficiency of about 6%, and a PO STY of
4 g kg−1

cat h−1.
Table 3 summarizes the results of propane oxidation at

steady conditions on 1.9 wt% Au/TiO2 (catalyst 6, uncalcined),
propylene epoxidation on Au/TS-1 (catalyst 2), and propane
epoxidation on a sequential two-catalyst bed (catalysts 2 and 6).
Propane partial oxidation on uncalcined catalyst 6 presented re-
sults similar to those seen for the calcined catalyst 6 one under
steady conditions, that is, a slightly higher propane conversion
of 2.8%, a slightly lower propylene selectivity of 64%, a lower
propane H2 efficiency of 4%, and a similar propylene STY
of 225 g kg−1

cat h−1. Propylene epoxidation with H2 and O2 on
Au/TS-1 (catalyst 2) showed a propylene conversion of 4.7%
Fig. 8. (A) UV–vis spectra of: (a) TiO2 (P25) support, (b) 1.2 wt% Au/TiO2
(catalyst 3), and (c) 1.9 wt% Au/TiO2 (catalyst 6). (B) In situ UV–vis for
1.9 wt% Au/TiO2 (catalyst 6) under propane selective oxidation conditions as
a function of reaction time. Spectra are referenced to BaSO4.

and a PO selectivity of 89%. H2 efficiency was 12%. These re-
sults yielded a steady PO STY of about 70 g kg−1

cat h−1.

4. Discussion

4.1. Hypothetical propane epoxidation process

A hypothetical process for the epoxidation of propane is
presented in Fig. 1. This process assumes two consecutive reac-
tions occurring on two different catalysts. In the first reaction,
propane is converted to propylene under oxidative conditions
with H2 and O2 on an oxidative dehydrogenation catalyst (cat-
alyst X), whereas in the second reaction, propylene is trans-
formed to propylene oxide (PO) on a Au/TS-1 catalyst. In this
hypothetical system, it is assumed that on catalyst X, propane
conversion is 5% at a propylene selectivity of 70%, which is a
reasonable guess considering the low reaction temperature and
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Table 3
Propane oxidation results at steady-state on a sequential catalyst bed

Catalyst Gases flow
ratio
C3/H2/O2/Ar

Conv. (%) Selectivity (%) H2 eff. (%) STY

(g kg−1
cat h−1)C3H8 H2 PO C3H6 Acet. 2-Pr. CO2

C3H6 PO

Au/TiO2 (6)a 2(C3)/1/1/6 2.8 95 0 64 2 0 34 4 225 0
Au/TS-1 (2)b 1(C3=)/1/1/7 4.7 30 89 0 3c 0 8 12 0 69
Au/TiO2 (6)a + Au/TS-1 (2)d 2(C3)/1/1/6 2.0 40 8 57 8 2 25 6 19 4

Note. Eff.: efficiency, STY: space-time yield, C3: C3H8, C3=: C3H6, PO: propylene oxide, Acet.: acetone, 2-Pr.: 2-propanol, N.M.: not measured, SV: space
velocity.

a Catalyst (6) left uncalcined, pretreatment mode 2, SV = 36,000 cm3 h−1 g−1
cat , results after 4 h.

b Propylene is used instead of propane, SV = 7000 cm3 h−1 g−1
cat , results after 12 h.

c Also propionaldehyde and acrolein.
d SV ∼ 5100 cm3 h−1 g−1

cat , results after 12 h. Relative proportion of Au/TiO2/Au/TS-1 catalysts weight = 1/6. Reaction conditions: 443 K, 0.1 MPa.
Fig. 9. In situ UV–vis gold plasmon resonance position for 1.9 wt% Au/TiO2
(catalyst 6) under reaction conditions as a function of reaction time.

the relatively high propylene selectivity [1]. It is also assumed
that on the Au/TS-1 catalyst, the propylene conversion is 10%
at a PO selectivity of 90%, which is also a rational estimate
based on existing gold-supported catalysts [25,42–45]. CO2 is
a byproduct in both reactions. Using the definition of product
selectivity given in the catalyst testing section, it can be shown
that the overall product selectivity for the propane epoxidation
process is given as follows:

Overall PO selectivity

= (C3H6 sel.)1(C3H6 conv.)2(PO sel.)2

= (0.7)(0.1)(0.9) = 6%;
Overall C3H6 selectivity

= (C3H6 sel.)1(1 − C3H6 conv.)2

= (0.7)(1 − 0.1) = 63%;
Overall CO2 selectivity

= (CO2 sel.)1 + (C3H6 sel.)1(C3H6 conv.)2(CO2 sel.)2

= (0.3) + (0.7)(0.1)(0.1) = 31%.
Fig. 10. Propane selective oxidation on a two-catalyst bed, 1.9 wt% Au/TiO2
(catalyst 6, uncalcined) followed by Au/TS-1 (catalyst 2), as a function of reac-
tion time.

Here the subscript numbers refer to propane dehydrogena-
tion (reaction 1) or propylene epoxidation (reaction 2).

Based on this theoretical exercise, overall PO selectivi-
ties in a propane epoxidation process under the aforemen-
tioned conditions would be expected to be relatively small,
around 6% [50]. In this assumed consecutive dehydrogenation–
epoxidation reaction scheme, the overall PO selectivity would
be highly influenced by the level of propylene conversion in
the epoxidation step because of its relatively small value. Over-
all PO selectivity should increase with increasing propylene
conversion (in reaction 2), whereas overall propylene selec-
tivity should decrease. Moreover, because of the high PO se-
lectivity in the epoxidation step, the overall CO2 selectivity
should be strongly controlled by the CO2 selectivity in the
propane dehydrogenation reaction. Although propane conver-
sion does not appear in the product selectivity, it should affect
the overall process yield. From Fig. 1, the adiabatic temper-
ature change (�Tadiab.) at steady state also could be estimated
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using �Tadiab. ≈ X[−�H 0
Rx]/[�Fi0Cpi/FA0], where X is con-

version, �H 0
Rx is the standard enthalpy change of reaction,

Cpi is the mean heat capacity of species i, and Fi0 and FA0 are
the molar flow rates of species i and A, respectively [75]. For
catalyst X in Fig. 1, propane (species A) conversion was 0.05,
�H 0

Rx was estimated as −238 kJ mol−1, the average value of
the enthalpy of propane dehydrogenation with O2 (C3H8 +
O2 → C3H6 + H2O; �H 0

Rx = −117 kJ mol−1) and with H2

and O2 at 298 K (C3H8 + H2 + O2 → C3H6 + H2O; �H 0
Rx =

−359 kJ mol−1), and the feed heat capacity, �Fi0Cpi/FA0, is
taken as 0.35 kJ mol−1 K−1, resulting in an adiabatic tempera-
ture rise of 34 K. In this hypothetical worst-case scenario, when
the reaction is carried out adiabatically rather than isothermally
as studied here, the reactor temperature still will be relatively
moderate and close to 473 K. With current known catalysts,
propane oxidative dehydrogenation (ODH) can be achieved di-
rectly; however, although the reaction is not limited by equilib-
rium, it requires high reaction temperatures [60,86]. Examples
of catalysts for propane ODH include V, Cr, or Mo supported on
Al2O3 [51–54], Al-containing zeolites [55,56], SiO2 [57–60],
TiO2 [52,53,60], ZrO2 [52,54,61], and MgO [62–64], as well as
mixed oxides containing V–Ni–Mo–Mg [65–67] or V–Sb–Mn–
Sm [68–70]. Adequate ODH propylene productivities (e.g.,
space-time yields) have been obtained only at temperatures ex-
ceeding about 673 K (Fig. 2) [1,3]. Thus, a key aspect in the
integration of the dehydrogenation–epoxidation reactions is the
use of moderate temperatures (<473 K) similar to those used
in the epoxidation of propylene on gold-supported titanosili-
cates. Consequently, the development of a catalytic system able
to carry out propane dehydrogenation at such moderate temper-
atures is critical to an integrated propane epoxidation process.
We describe such a catalytic system in the next section.

4.2. Propane oxidative dehydrogenation on gold-supported
titania

Hydrocarbon-selective oxidation with H2 and O2 on gold
catalysts was first reported by Haruta et al. [23,24]. Gold-
supported titania was shown to catalyze the epoxidation of
propylene at low temperatures (<393 K) at high selectivity
(>90%), resulting in initial PO space-time yields of about
9 g kg−1

cat h−1 [24]. But the catalyst rapidly deactivated after a
couple of hours. Since these first reports, considerable work
has been applied toward developing gold supported catalysts,
with titanosilicate supports found to be particularly effective
for the reaction [25,41–45]. Despite this considerable interest
in gold-supported catalysts for hydrocarbon selective oxidation,
work on less reactive alkanes, such as propane, is lacking. One
short report published more than a decade ago claimed that
Au/TiO2/SiO2 oxidized propane to produce only CO2 (∼50%)
and acetone (∼50%) at rather low yields (<1 g kg−1

cat h−1) [23].
More recent work on propane oxidation over various gold-
supported metal oxides (e.g., CoOx , MnOx , CuO, Fe2O3, and
CeO2) yielded only CO2 and H2O [26–28].

Table 1 presents the results for propane oxidation on gold-
supported catalysts with Ti- and Si-containing supports. Gold
supported on SiO2 (Si–TUD, catalyst 1) was not active for
propane oxidation, and the only reaction product was H2O
from hydrogen combustion. This is in agreement with the re-
sults of Barton and Podkolzin [87], who studied H2O for-
mation from H2 and O2 on gold nanoparticles supported on
SiO2. Gold supported on TS-1 (Ti/Si = 1/100, catalyst 2)
oxidized propane to produce oxygenated products, acetone,
and 2-propanol, with combined selectivities of >90% at a
propane conversion of about 1%. The STY of acetone was
26 g kg−1

cat h−1, much greater than the previously reported value
of 1 g kg−1

cat h−1 [23]. The TOF of acetone based on exposed Au
was 9.0 × 10−3 s−1, which is in the same order of magnitude
as the PO TOFs reported for Au–Ba/Ti–TUD catalysts [74].
But gold supported on titania (1.2 wt% Au/TiO2, catalyst 3)
oxidized propane to produce mostly propylene with high selec-
tivity (∼70%), CO2 (∼25%), and acetone (∼5%) at a propane
conversion of 1.2%. This latter result is quite unique, because
propane was oxidatively dehydrogenated at a quite moderate
temperature of 443 K. The STY of propylene on 1.2 wt%
Au/TiO2 (catalyst 3) was 120 g kg−1

cat h−1, which compares well
with the typical STYs for propane ODH catalysts, even though
they operate at much higher reaction temperatures (Fig. 2). The
TOF of propylene TOF based on exposed Au (0.029 s−1) also
had the same order of magnitude as the TOFs observed for
propylene epoxidation on gold-supported titanosilicates [74].
These results confirm the need for both Au nanosized parti-
cles and Ti in catalysts active for hydrocarbon-selective oxida-
tion [24], because neither support alone nor gold on silica was
active for propane partial oxidation.

A series of gold-supported titania catalysts with varying
gold content were prepared using the DP synthesis method
(Table 2). The gold content in the catalysts varied from 1.2
to 2.2 wt%, with average gold particle diameters (Dp) in-
creasing from 2.7 to 4.1 nm (catalysts 3–7). Typical TEM
images for 1.2 wt% Au/TiO2 (catalyst 3), 1.9 wt% Au/TiO2
(catalyst 6), and 2.2 wt% Au/TiO2 (catalyst 7) are shown in
Fig. 3. The catalysts had numerous gold particles with a nar-
row size distribution, as expected for catalysts prepared by the
DP method. Propane oxidation results on Au/TiO2 catalysts
demonstrated increased propylene STY in going from catalyst
3 to 6, then decreasing for catalyst 7. An optimum propylene
STY of 270 g kg−1

cat h−1 was obtained for 1.9 wt% Au/TiO2 (cat-
alyst 6), which had an intermediate gold content (1.9 wt%) and
average particle size (3.1 nm) and exhibited the highest propane
conversion (2.8%) and propylene selectivity (76%) among the
catalysts studied. TOFs of propylene based on exposed gold
also showed a similar trend as that for propylene STY, that is,
TOFs reaching a maximum for catalysts 3 to 6 and then de-
creasing for catalyst 7. This trend in TOFs indicates a particle
size effect (Fig. 4a). These results are reminiscent of the gold
particle size dependency on Au/TiO2 catalysts in CO oxidation
[22,88], which was greatest at a Dp of 2.9 nm (Fig. 4a). In that
case, the particle size dependency was ascribed to a contribu-
tion from the perimeter interface between Au particles and the
TiO2 support [22], as well as a quantum size effect related to
the thickness of the Au particles [88]. The gold particle size
dependency in propane oxidation is likely to arise from an op-
timum population of highly uncoordinated Au atoms on small
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particles (Fig. 4b), which could contribute to the stabilization of
reaction intermediates involving H2 and O2 [89–92]. Recently,
the catalytic oxidation of hydrogen over Au/TiO2 catalysts was
studied in the presence of propane at temperatures between 298
and 873 K. In that study, the only propane oxidation prod-
ucts reported were CO and CO2. This is in contrast with the
results of the present work demonstrating production of propy-
lene. This lack of propylene formation may be related to the
different methods of catalyst preparation, the smaller size of
the gold nanoparticles (1.1–1.4 nm), and the different gas ratios
(C3H8/H2/O2/H2 = 10/2/0.5–2/86–87.5) [93].

Propane partial oxidation on 1.9 wt% Au/TiO2 (catalyst 6)
as a function of time demonstrated that the catalyst was rel-
atively stable, with little deactivation observed over a 6-h pe-
riod (Fig. 5). After a slight drop, the conversion stabilized af-
ter about 3–4 h of reaction, resulting in a propylene STY of
235 g kg−1

cat h−1. These results were contrary to what was ob-
served for propylene epoxidation with H2 and O2 over Au/TiO2
catalysts, which deactivated quite rapidly after 1–2 h of reaction
[24,31,40]. This deactivation was related to the decomposition
of PO on Ti acidic sites [94]. The stability of the Au/TiO2 cata-
lyst during propane oxidation was likely related to the fact that
the propylene product desorbed and did not decompose and de-
posit on the Ti active sites.

The in situ Au L3-edge XANES results for 1.9 wt% Au/TiO2
(catalyst 6) show that the catalyst contained mostly Au(0)
(Fig. 6). The presence of oxidized gold components, as ev-
idenced by a near-edge resonance around 11,920 eV (e.g.,
HAuCl4), was not detected for this catalyst during the in situ
measurements under propane partial oxidation conditions. The
intensity of the first feature in the Au L3-edge (white line) arises
from unoccupied d-states, and thus interactions between ad-
sorbed molecules and gold clusters should reflect changes in
this resonance [79,80]. The in situ Au L3-edge XANES dif-
ference spectra μ(Reaction) − μ(He, at 443 K before reaction)
(Fig. 7) reveal the evolution of a transient resonance (white line)
during the first 1.5 h of reaction, followed by the full develop-
ment of two negative features at 11,918 and 11,920 eV after
2–3 h of reaction. The initial increase in intensity of the white
line may be related to the chemisorption of oxygen on gold
particles (Au–O complex formation), as the d-orbital electron
count of gold decreases due to charge transfer to the 2π∗ or-
bital of oxygen [79,80]. The further decrease and formation of
negative features as the reaction reached a steady value after
2–3 h, corresponds to a reduction of the Au–O complex (in the
air-calcined sample) by reaction with H2. Similar trends have
been reported for a 4 wt% Au/Al2O3 catalyst subsequently ex-
posed to O2 and CO—that is, an increase in the intensity of the
white line during O2 exposure, followed by a decrease in inten-
sity by reaction of the thus-formed Au–O complex with CO to
form CO2 [80].

UV–vis spectra of Au/TiO2 catalysts (Fig. 8) present two
sets of characteristic features, the first due to the TiO2 sup-
port and the second due to the plasmon resonance (PR) of gold
nanoparticles. The band due to the TiO2 was due to d–d tran-
sitions and was invariant. The gold plasmon resonance feature
was symmetric and centered around 2.28 eV (540 nm), indicat-
ing that the gold particles were of regular shape with a narrow
size distribution. This is in agreement with TEM results (Fig. 3)
showing narrow gold particle size distributions. Measurements
of the PR position during in situ UV–vis under propane oxida-
tion on the 1.9 wt% Au/TiO2 (catalyst 6) (Fig. 9) were used
to study the adsorptive properties of the Au nanoparticles. The
gold PR position showed an initial (first 0.75 h) shift toward
higher wavelengths (red-shift), followed by a shift toward lower
wavelengths (blue-shift), with an almost constant value reached
after 2–3 h of reaction. The initial red-shift of the PR position
was related to the adsorption of O2 on the gold particles (for-
mation of Au–O species). The red-shift of the resonance can be
explained by the lower density of free electrons in the gold as
a result of charge transfer from the surface metal atoms to ad-
sorbed O2 [84,85]. The blue-shift likely resulted from depletion
of Au–O species by reaction with H2 as the reaction reached a
steady condition. These findings are consistent with the in situ
XANES measurements indicating formation of Au–O species
and partial reduction of the oxidized gold. The gold PR posi-
tion (539.3 nm) at steady rate conditions was higher than that
observed for the catalyst under H2 flow (532.9 nm); this finding
suggests the presence of adsorbed O2 and possibly H2 on Au
during the reaction, which can then react to produce hydroper-
oxide species [95,96] as a steady rate is reached after 2 h. At
present, the nature of the Au–O adsorbed species is unknown.
These species could well be any of those previously proposed
for Au-supported materials, such as O−, O2−, or hydroperoxo
species [95–97] adsorbed on Au [79,80,98] or at the Au–Ti in-
terface [99].

Additional catalytic experiments were carried out to study
the possible presence of hydroperoxide species under propane
dehydrogenation conditions using three different gas mixtures:
C3H8/O2/Ar = 2/1/7 (absence of H2), C3H8/H2/Ar = 2/1/7 (ab-
sence of O2), and C3H8/Ar = 2/8 (absence of H2 and O2). No
propylene was produced with the C3H8/O2/Ar and C3H8/Ar gas
mixtures; however, traces of propylene were observed with the
C3H8/H2/Ar gas mixture. In this case, H2 likely reacted with O2
adsorbed on Au present in the air-calcined Au/TiO2 catalyst, as
indicated by the high initial Au PR position compared with the
Au PR position for the reduced catalyst (Fig. 9). These results
suggest the possible involvement of hydroperoxide species in
the dehydrogenation of propane, because both H2 and O2 are
needed for the reaction to take place.

4.3. Propane epoxidation on a two-catalyst bed reactor

Propylene epoxidation catalytic activity on Au/TS-1 (cata-
lyst 2) is characterized by propylene conversions of about 5%,
PO selectivities >80%, and remarkable stability with time
on stream [44,45]. One-stage propane epoxidation by a con-
secutive two-bed catalyst composed of 1.9 wt% Au/TiO2
(catalyst 6) and Au/TS-1 (catalyst 2) resulted in propane
conversions of 2% and overall selectivities for PO of 8%
(Fig. 10). This PO selectivity value is in agreement with ex-
pected values for the hypothetical sequential dehydrogenation–
epoxidation process discussed in Section 4.1 (Fig. 1). The PO
STY based on total weight of catalysts was 4 g kg−1

cat h−1, higher
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than that reported for a propane epoxidation process using
a Ag/Cl/NaNO3/La/Cr/BaCO3 catalyst (2.0 g kg−1

cat h−1) [50].
It is noteworthy that in that work, not only was the reaction
temperature 553 K, but also the catalyst deactivated after 5 h,
resulting in a PO STY of only 0.4 g kg−1

cat h−1. This is a marked
difference from the sequential dehydrogenation–epoxidation
system presented here, which used a much lower temperature
(443 K) and displayed little deactivation over a period of 12 h
(Fig. 10). This lack of deactivation was due to the individ-
ual Au/TiO2 and Au/TS-1 catalyst stabilities as presented in
Figs. 5 and 10. The use of uncalcined catalyst 6 in the two-
catalyst bed reactor would not be expected to influence the
process, because its catalytic properties (i.e., propane conver-
sion, propylene selectivity, and STY) are very similar to those
of the calcined catalyst (Tables 2 and 3). The PO STY from
propane epoxidation (4 g kg−1

cat h−1) is also comparable to ear-
lier findings on propylene epoxidation using similar catalytic
systems; for example, Hayashi et al. obtained an initial PO
STY of about 10 g kg−1

cat h−1 on a deactivating Au/TiO2 [24],
Zwijnenburg et al. reported a PO STY of 10 g kg−1

cat h−1 on Au–
Pt/TiO2/SiO2 [100], de Oliveira et al. reported a PO STY of
4 g kg−1

cat h−1 on Ag/TiO2 [101], and Wang et al. obtained a PO
STY of 7 g kg−1

cat h−1 on Ag/TS-1 [46]. Considering the similar-
ities between PO STYs of these propylene epoxidation catalysts
and the propane epoxidation process of the present study, fur-
ther advances in the system would be expected to produce better
catalytic performance. Two direct changes that could affect
the system productivity (STY) would involve improvements in
both propane epoxidation steps, that is, propane dehydrogena-
tion (reaction 1) and propylene epoxidation (reaction 2) steps.
These improvements should be aimed at increasing propane
and propylene conversions in reactions 1 and 2, respectively,
while keeping the corresponding propylene and PO selectiv-
ities high. As described in Section 4.1, these changes should
result in higher overall PO selectivities and thus greater PO
STYs; this may be possible by modifying the catalytic system
or making appropriate changes to the reactor configuration, for
example, using a hydrogen-selective membrane reactor allow-
ing safer use of a wider range of H2 compositions [102].

There exist theoretical and experimental data regarding the
possible sequence of steps occurring during propylene epoxida-
tion with H2 and O2 on gold-supported titanosilicate catalysts
[103–107]. These steps can be summarized as follows: (1) syn-
thesis of H2O2 from H2 and O2 on Au [103]; (2) formation of
Ti-hydroperoxo or peroxo species from H2O2 and tetrahedral
Ti centers [96,105–107]; (3) formation of PO from reaction of
C3H6 with Ti-hydroperoxide species [104]; and (4) decompo-
sition of H2O2 to H2O [87]. Despite this knowledge, however,
not as much theoretical or experimental work has been done
for selective oxidation on Au/TiO2 catalysts. Here we specu-
late that propane dehydrogenation with H2 and O2 on Au/TiO2
may occur through the following simplified steps: (1) synthe-
sis of H2O2 from H2 and O2 on Au [103]; (2) formation of
a 2-propoxy intermediate species from reaction of C3H8 on
TiO2 and peroxo or hydroperoxo species from Au [6,7]; (3) for-
mation of C3H6 from dehydration of 2-propoxy species [108];
and (4) decomposition of H2O2 to H2O [87]. It has been sug-
gested that H2O2 forms from H2 and O2 on gold [103]; our
in situ XANES (Fig. 7) and UV–vis (Fig. 9) spectroscopic re-
sults showing the formation of a Au–O complex and its later
reduction suggest that this indeed may be the case on Au/TiO2
during the dehydrogenation of propane. The main products of
reaction of propane oxidation with H2O2 in liquid phase are
acetone and 2-propanol, due to oxidative attack on the more
reactive secondary C–H bond of propane [4,5,8,9]. Likewise,
propane oxidation with H2 and O2 in the gas phase can oc-
cur through a similar oxygenated intermediate (a 2-propoxy
species), as suggested by the production of acetone and 2-
propanol on Au/TS-1 (Table 1; catalyst 2) and of propylene
and acetone as a side product on Au/TiO2 (Table 1; catalyst 3)
[109,110]. This 2-propoxy species could be oxidized to form
acetone (on Au/TS-1) or dehydrated to produce propylene (on
Au/TiO2) [108,110]. The reaction pathway described above is
significantly different than that proposed for propane ODH with
O2; for example, on typical VOx catalysts, the reaction has been
shown to occur through a Mars–van Krevelen redox mechanism
in which lattice oxygen atoms abstract hydrogen from C3H8 in
an irreversible C–H bond activation step [111].

5. Conclusion

This work demonstrates direct propane epoxidation through
sequential propane dehydrogenation–propylene epoxidation on
gold catalysts. This single-reactor process was made possible
by the finding that Au/TiO2 is effective for the low-temperature
dehydrogenation of propane. A 1.9 wt% Au/TiO2 catalyst
with an average gold particle size of 3.1 nm prepared by
the deposition–precipitation method dehydrogenated propane
at 443 K and 0.1 MPa in the presence of H2 and O2 at a max-
imum propylene STY of 270 g kg−1

cat h−1. In situ XANES and
UV–vis spectroscopic characterization of the Au/TiO2 catalyst
under propane reaction conditions showed the formation of a
Au–O complex that may react with H2 to form hydroperox-
ide species. Production of acetone and 2-propanol on Au/TS-1,
and of propylene and acetone on Au/TiO2, suggests the possible
presence of a 2-propoxy intermediate during propane oxidation
with H2 and O2. The 1.9 wt% Au/TiO2 catalyst was relatively
stable and showed little deactivation after 6 h. The combination
in a single reactor of a sequential two-catalyst bed composed
of 1.9 wt% Au/TiO2 followed by a relatively active and sta-
ble Au/TS-1 for propylene epoxidation resulted in the direct
synthesis of propylene oxide from propane with H2 and O2 at
443 K and 0.1 MPa. This process had a propane conversion
of 2% and overall PO and propylene selectivities of 8 and 57%,
respectively, resulting in a constant STY for PO of 4 g kg−1

cat h−1

for at least 12 h. Further improvements in the catalysts and
reactor design leading to higher propane and propylene con-
versions should have a significant affect on the productivity of
this process.
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