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Abstract

The direct vapor-phase epoxidation of propylene using hydrogen andoxygen over gold particles prepared by the deposition-precipitatio
(DP) method on various modifiedtitanium silicalite-1 (TS-1) supports was studied over a reaction time of 24–36 h at a space veloc
7000 ml g−1

cat h−1 and temperatures of 413, 443, and 473K. Gold deposition at pH 9–10 allowed for a consistent amount of 1–3 wt%
the gold available in solution to be deposited, while still maintaining gold particle diameters in the 2–5 nm range, as observed
These Au/TS-1 catalysts achieved propylene conversions of 2.5–6.5% and PO selectivities of 60–85% at 443 K, with dilute Au and T
catalysts exhibiting good stability. A key result of the work is that PO rates were not highly influenced by the TS-1 particle size and are th
not proportional to the specific external surface area of the support. The conclusion that activity may reside in the channels of th
supported by the finding that the observable gold particles decorating the TS-1 particles only account for ca 30% of the total go
of the catalyst. Increasing the gold loading up to 0.74 wt% did not increase the PO rates proportionally, suggesting that the act
PO-forming centers are limited. In contrast to the prevailing interpretation of this catalyst that a critical Au particle diameter of 2–
essential for PO activity, our results are consistent with a molecular cluster model where extremely small gold clusters located ne
inside the TS-1 pores or on the external surface are active for propylene epoxidation.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Propylene oxide (PO) is an important chemical interm
diate for chemicals like propylene glycol and polyuretha
which are used to manufacture commercial products
adhesives, paints, and cosmetics[1]. Historically, PO is
industrially produced by chlorohydrin and hydropero
dation processes. Both of these processes have disa
tages; the chlorohydrin process produces environmen
unfriendly chlorinated by-products, while the hydroper
idation process produces stoichiometric amounts of
products[2]. Most recently, DOW and BASF have u
lized a liquid-phase H2O2 epoxidation process, catalyzed
titanium–silicalite-1 (TS-1). This process, although ecolo
ically friendly and capable of achieving PO selectivites
high as 98% under optimal conditions, incurrs the cost a
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E-mail address: delgass@ecn.purdue.edu (W.N. Delgass).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
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-

ciated with the use of H2O2 [3]. Therefore, it is desirable t
produce PO via the direct gas-phase epoxidation of pr
lene using oxygen, similar to the direct vapor-phase ep
dation of ethylene over Ag/α-Al2O3 catalysts. However, th
weak allylic hydrogen in propylene and its susceptibility t
oxidation have made the direct epoxidation of propylen
grand challenge in the field of catalysis.

The discovery by Haruta and co-workers of Au/TiO2 cat-
alysts that selectively (> 99%) epoxidize propylene in th
presence of propylene, oxygen, andhydrogen has opened
new doors to the solution of this problem[4,5]. Though
highly selective, the Au/TiO2 catalysts have yet to demo
strate sufficient activity and stability. Continued work on
supported on TiO2–SiO2 and titanosilicates like TS-1, TS-
TS-β , Ti-MCM-41, and Ti-MCM-48[6–15] has suggeste
that the isolation of Ti in tetrahedral sites is a requirem
for a stable and active catalyst, motivating us to focus
TS-1 as the catalyst support. The fact that TS-1 success
catalyzes the production of PO (PO yields 80 to> 98%)

http://www.elsevier.com/locate/jcat
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in the presence of H2O2 and a solvent[16,17] further adds
to this motivation. Two research groups have reported c
trasting epoxidation performance for the Au/TS-1 catal
Haruta and co-workers reported that their Au/TS-1 cata
was more selective for propanal than for PO at 473 K,
pecially if the catalyst was washed thoroughly after g
deposition[9], while Nijhuis et al. [18] did not observe
such a product selectivity shift with their 1 wt% Au/TS
catalyst. This catalyst achieved a propylene conversio
1.5% and PO selectivity of 78% at 448 K and a sp
velocity of 6600 ml h−1 g−1

cat, or a PO production rate o
20 gPOkg−1

cat h
−1. An interesting feature of this catalyst w

that it did not demonstrate anycatalytic deactivation, eve
after 2 h reaction time. Similar catalyst stability was also
ported in the DOW patent where their Au on novel titaniu
silicate catalysts showed no signs of deactivation even
68–450 h on stream. These catalysts were also highly
lective, at 459–465 K and GHSV of 2069–2105 h−1, they
exhibited propylene conversions of 1.5% and PO selec
ties of 92%, or PO production rates of 35–37 gPOkg−1

cat h−1

[19]. The remarkable stability reported for the Au/TS-1 c
alyst adds to the potential of this catalyst when compa
to a 0.30 wt% Au/Ti-MCM-48 catalyst that achieved initi
propylene conversion and PO selectivity of 5.8 and 92%
spectively, at 423 K and a space velocity of 4000 ml h−1 g−1

cat,
or a PO production rate of 55 gPOkg−1

cat h−1, but maintained
only 60–70% of its activity after 2 h reaction time[13].

Since 1983, Haruta and co-workers have established
the Au–Ti catalyst systems are structurally sensitive at
nanoscale[20]. HRTEM (high-resolution transmission ele
tron microscopy) and HAADF-STEM (high-angle annu
dark-field–scanning transmission electron microscopy) h
shown that the most active Au–Ti catalysts have hemisp
ical Au particles in the 2–5 nm region[21]. For epoxidation,
Au particles that were smaller than 2 nm were found to
more selective for propane than PO while Au particles
were larger than 5 nm promoted combustion[4,5]. Haruta
and co-workers also established that the best method to
pare the Au–Ti catalysts was via the deposition-precipita
(DP) method as this method allowed for production of he
spherical Au particles. Au/TiO2 catalysts prepared by th
impregnation method produced spherical Au particles
only produced CO2 [5]. Based on these results, Haruta h
suggested that the active epoxidation site is the perimete
tween the Au particle and the Ti site[21–23], consistent with
the higher reactivity observed with hemispherical Au pa
cles. However, since TS-1 has pores of 0.55 nm in size
Au/TS-1 catalyst offers an alternative site: atomically d
persed gold atoms or clusters near a Ti center inside the
lite channels. Shape-selectivity experiments, using differ
sized olefin reactants, have established the reactivity of t
internal Ti centers for the TS-1-catalyzed liquid-phase ep
idation of propylene with H2O2 [24]. Clearly, there is also a
need to investigate the reactivityof these internal sites for th
Au/TS-1 catalyst. In addition to further studying the stability
of the Au/TS-1 catalyst, we focus particularly in this pap
-

t

-

-

-

on the viability of the internal Au–Ti sites for the epoxid
tion of propylene.

To further pursue the potential of the Au/TS-1 cataly
we have examined the effect of Si:Ti ratio and Au load
on the activity and stability of the Au/TS-1 catalyst. T
Au/TS-1 catalysts presented in this work were prepared
the deposition-precipitation[25] method. Thus far, the con
trolling DP parameters (DP Au solution concentration a
pH) have been reported only for Au deposition on TiO2 [25].
To ease future preparation of DP Au/TS-1 catalysts, we
tematically studied the effects of these parameters for
deposition on TS-1. To investigate the viability of active
ternal Au–Ti sites, we compared the catalytic activity of a
conventional Au/TS-1 catalyst with gold catalysts made with
TS-1 having a particle diameter of 519 nm, more than tw
the diameter of our standard material. Due to its larger s
this material has a smaller surface-to-volume ratio than
conventional∼ 170 nm TS-1 material. Therefore, if the i
ternal Au–Ti sites are not active and the rate scales
external surface area, the 519 nm Au/TS-1 catalyst sh
demonstrate poorer catalytic performance and the PO
per gram of catalyst should scale with the reciprocal of
TS-1 particle diameter. The consequences of these kin
comparisons and the implications of these results on th
ternal/external reactivity issue are discussed below.

2. Experimental methods

2.1. Synthesis of titanium–silicalite-1 supports

Two types of TS-1 supports were prepared. For the
type, conventional TS-1 with Si:Ti ratios of 35–48 w
synthesized according to Ref.[26]. In a typical synthe-
sis, 12.7 ml of a 40 wt% solution of tetrapropylammoniu
hydroxide (TPAOH, Alfa Aesar) was added dropwise
24.6 ml of tetraethylorthosilicate (TEOS, Sigma Aldric
in a polypropylene Erlenmeyer flask with vigorous stirrin
Then, 1.1 ml of titanium (IV) butoxide (TBOT, Alfa Ae
sar) was dissolved in 6.2 ml of isopropanol and stirred. T
solution was then added to the TEOS mixture dropwise
ing vigorous stirring. Finally, another 4.6 ml of TPAOH w
added dropwise to the mixture with vigorous stirring, g
ing a molar composition of 1.000 Si:0.029 Ti:0.300 TPAO
for the resulting synthesis solution. To minimize gelling,
reagents were chilled to 273 K, and the subsequent add
of the reagents was performedwith the Erlenmeyer flask in
an ice bath. After the addition of all reagents, the mixt
was stirred for 30 min and then heated at 353 K for 3 h
remove the solvent (isopropanol). This more viscous m
ture was then transferred to a sealed Teflon-lined pres
vessel containing 35 ml deionized (DI) water and heate
443 K for 24 h to facilitate the crystallization process. T
white suspension acquired after the hydrothermal pro
was washed thoroughly with DI water. To recover the cr
tals, centrifugation was used instead of filtration because th
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particles were too fine to filter. The centrifuged solids w
dried in vacuuo at 393 K for 24 h and subsequently calci
in a 20% O2/He gas mixture at 773 K for 5 h.

The second type of TS-1 support was prepared via
aforementioned procedure except that the resulting syn
sis solution had a molar composition of 1.000 Si:0.0
Ti:0.180 TPAOH; i.e., the amount of template was redu
to synthesize TS-1 with larger particle diameters[27]. This
larger particle TS-1 material has fewer external framew
Ti sites per gram of support (surface-to-volume site ra
S:V ∼ 0.0068), compared to the conventional TS-1 (S
∼ 0.021). The surface-to-volume site ratios were obtai
by using the measured effective TS-1 particle diame
(from TEM) and the known structure of TS-1 to calcula
the number of volume sites (# T atoms) and surface s
per TS-1 particle. For this calculation, a framework d
sity of 1.7 × 1028 T atoms/m3 and surface sites per ar
of 1.0× 1019 sites/m2 were used.

2.2. Deposition of Au onto the TS-1 supports

Au was deposited onto each of the supports using the
method[25]. In this method, the gold precursor, typica
chloroauric acid, HAuCl4, is precipitated as Au(OH)3 on
the support by raising the pH. The type of support play
predominant role on the gold deposition as thesupport sur-
face acts as a nucleating agent for the selective depos
of the active Au precursor. The DP solution in this wo
consisted of HAuCl4 (Alfa Aesar, Premion 99.999% me
als basis) dissolved in DI water and neutralized to a fi
pH with a 1 M Na2CO3 solution. To examine how DP par
meters affect Au deposition in TS-1, DP solutions with g
concentrations of 0.98–6.37 wt% and pH of 4–10 were
pared. Then, 130 mg of crushed conventional TS-1 sup
was mixed with each DP solution, stirred at 298 K for 3
washed with 11.5 ml DI water/g support, and centrifuge
to recover the solids. The gold samples were dried in
uuo at 298 K and analyzed by AAS and TEM to determ
the resulting gold loadings and particle diameters. Base
the results of these experiments, discussed below, cata
with gold loadings of 0.06–0.74 wt% and gold particle
ameters of 2–7 nm were prepared using DP solutions
gold concentrations of 0.15–0.86 wt% and pH of 9–10.
procedures for this set of gold catalysts were as noted a
except that 1.0 g of crushed support was used, and cata
were washed with 6–18 ml DI water/gcat.

2.3. Characterization of supports and gold catalysts

The TS-1 supports were characterized by XRD (Siem
D500 Diffractometer, Cu-Kα radiation, 40 kV, 20 mA) to
confirm the product identity and DRUV–vis (Perkin Elm
Lambda 40, RSA-PE-20 diffuse reflectance lab sphere
determine the quality of the supports. TEM (JEOL 2000 F
200 keV) was used to obtain the TS-1 and Au particle
and distribution, while the actual Au, Ti, and Si conte
-

s

s

in the catalysts were analyzed by AAS (atomic absorptio
spectroscopy).

2.4. Catalytic activity measurements

Kinetic measurements were carried out in a1
2-inch-diam-

eter vertical fixed-bed stainless-steel reactor using a
concentration of 10/10/10/70 vol% of propylene (99.9%)
O2 (99.9995%), H2 (99.9995%), and He (99.9995%) at
space velocity of 7000 ml h−1 g−1

cat. The reaction tempera
ture was controlled and monitored by a K-type thermocou
resting on the top edge of the catalyst bed. Catalysts
sieved to 40–60 mesh prior to kinetic tests to ensure a
form particle diameter of 250–400 µm. None of the catal
was pretreated unless otherwise specified. Effluent sam
from the reactor were analyzed with a Varian 3740 G
equipped with an automatic sampling valve. The GC c
sists of two columns in parallel, each connected to a samp
loop. The first column is a Chromosorb 102 packed colu
(Supelco, length [1.83 m], diameter [3.81 mm]) with a th
mal conductivity detector (TCD), while the second colu
is a fused silica Supelcowax 10 capillary column (Supe
length [60 m], diameter [0.53 mm], film thickness [1.0 µm
with a flame ionization detector(FID). Steady-state ca
alytic activity was tested at three temperatures; 413,
and 473 K, with the catalyst remaining at each reaction t
perature window for 6 h. Long temperature programs
repeat temperatures, 443–413–473–443 K (26 h) and
413–473–443–473–413 K (36 h), were employed to obs
the catalyst stability.

3. Results and discussion

3.1. DP experiments: effect of pH and gold concentration

Fig. 1a shows the resulting gold loadings for the s
ries of catalysts prepared using gold solution concentra
tions of 0.98–6.37 wt% and pH of 4–10, whileFig. 1b
shows the wt% of gold available in the solution that w
deposited on the support. Unlike similar studies condu
with Au/TiO2 catalysts[25], there was no optimum pH
found for maximum gold loading on TS-1. Instead, the g
loading on the support increased with pH. TEM analysis
samples A and B that were prepared at pH 7 and 10, res
tively (Fig. 2), demonstrates that although the particle-s
distributions are different for samples A and B, the me
sizes for both samples are between 4 and 5 nm. Thus
DP pH does not significantly affect the average gold part
diameter on the support. Although not shown inFig. 2, gold
catalysts with Au average diameters of 2–3 nm were
successfully prepared at pH 9–10 when gold solution c
centrations of less than 0.5 wt% were used, consistent
observations by Haruta and co-workers that the averag
particle diameters deposited usually decrease with decrea
ing gold loading[4,5,7]. In accord with this analysis, all gol
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(a)

(b)

Fig. 1. Dependence of (a) Au loading and (b) % Au available deposited on∼ 170-nm TS-1 (type 1 support) on gold DP solution concentration and pH
this
ed,
e-
e
e to
t%
unt
of
iO

nd
rom
200

parti-
sing
6.1

oft-
e
hod
rti-
ster
ved
re-

d on
rag-

med.
i:Ti
174
port
catalysts in this work were prepared at pH 9–10 because
pH allowed for a maximum amount of gold to be deposit
while still maintaining a small average gold particle diam
ter of 2–5 nm. At this pH, 1–3 wt% of available gold in th
solution was consistently deposited onto the supports. Du
the extremely low Ti content in the TS-1 prepared (1–3 w
Ti) and the hydrophobicity of the TS-1 material, the amo
of gold deposited is significantly lower than the 60 wt%
available gold that was reported to be deposited on Au/T2
at pH 6 by Haruta and co-workers[25].

3.2. Characterization of TS-1 supports and supported gold
catalysts

3.2.1. AAS and TEM
For all the gold catalysts studied in this work,Table 1

lists Au loadings and Si:Ti ratios determined by AAS a
average TS-1 and gold particle diameters determined f
TEM analysis of postreaction samples. At least 20 and
particles were averaged to measure the average TS-1
cle diameters and gold particle diameters, respectively, u
two image analysis software packages: Optimus Version
and UTHS CSA Image Tool Version 3.0. Both of these s
ware packages use differencesin gray scale to discriminat
the particles from the background. However, this met
does not allow for a clear resolution of individual gold pa
cles from a cluster of gold particles. Therefore, each clu
of gold particles was magnified, scrutinized, and resol
with the human eye for gold particle diameter measu
ments. Because the number of gold particles observe
fresh catalysts was small and insufficient for particle ave
ing, the average gold particle sizes reported inTable 1were
those seen after the kinetic measurements were perfor
The gold catalysts are designated by their Au loading, S
ratio, and TS-1 particle diameter, i.e., 0.16Au/TS1_36_
corresponds to a 0.16 wt% Au loaded catalyst on a sup
with a Si:Ti ratio of 36 and particle diameter of 174.
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Fig. 2. TEM analysis for sample A, prepared at pH 7, and sample B, prepared at pH 10, shows little pH effect on the average gold particle dia
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Table 1
Characterization of gold catalysts

Type Catalyst Si:TiDTS-1
(nm)

Au loading
(wt%)

DAu
(nm)

1 0.06Au/TS1_48_162 48 161.9± 22.9 0.06 3.06± 2.25
0.07Au/TS1_36_165 35 165.4± 36.7 0.07 4.23± 3.96
0.14Au/TS1_48_162 48 161.0± 22.9 0.14 2.12± 0.69
0.16Au/TS1_36_174 36 173.8± 33.2 0.16 3.93± 1.91
0.21Au/TS1_35_165 35 165.4± 36.7 0.21 3.13± 1.47
0.25Au/TS1_36_174 36 173.8± 33.2 0.25 3.72± 2.97
0.26Au/TS1_36_174 36 173.8± 33.2 0.26 3.25± 2.21
0.52Au/TS1_48_162 48 161.9± 22.9 0.52 4.47± 2.47
0.63Au/TS1_36_152 36 152.4± 36.7 0.63 4.13± 2.07
0.72Au/TS1_36_152 36 152.4± 36.7 0.72 3.07± 1.25
0.74Au/TS1_36_152 36 152.4± 36.7 0.74 3.14± 1.74

2 0.06Au/TS1_33_519 33 518.6± 83.1 0.06 6.15± 4.41
0.11Au/TS1_33_519 33 518.6± 83.1 0.11 4.01± 2.94
0.31Au/TS1_33_519 33 518.6± 83.1 0.31 6.74± 2.09

Fig. 3 shows typical TEM images of the support pa
cles, indicating homogeneous berry-like particles with a
age particle diameters of 150–175 and 519 nm.Fig. 4shows
typical TEM images of the gold catalysts made from the
different TS-1 supports. These images were taken afte
netic measurements were performed and show a dispe
of Au with average particle diameters of 2–5 nm for the 1
to 175-nm supports, and 4–7 nm for the 519-nm suppor

3.2.2. XRD and DRUV–vis
The structures of the two different types of TS-1 s

ports prepared were confirmed by XRD.Fig. 5 shows that
the supports are highly crystalline TS-1 with the MFI struc-
ture [28–30]. The incorporation of TiIV into the framework
is indicated by the conversion of the monoclinic structure
silicalite-1 to an orthorhombic structure, evidenced by
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(a) TS1_36_174

(b) TS1_33_519

Fig. 3. TEM micrographs of (a)∼ 170-nm conventional TS-1 (type 1) an
(b) 519-nm large particle TS-1 (type 2) supports.

disappearance of peak splittings at 2θ = 24.5◦ and 2θ =
29.5◦ [30], marked with arrows onFig. 5. Because of the
low Ti content in the support materials (Ti< 3 wt%), addi-
tional TiO2 crystalline phases, i.e., anatase (2θ = 25.5◦) and
rutile (2θ = 48.2◦), were not identified in the XRD pattern

Excess of anatase and/or extraframework Ti in A
Ti catalysts has been reported to be the cause of c
lyst deactivation; these dense octahedral Ti sites acc
ate PO oligomerization, which subsequently blocks the
tive sites [5,18,31]. Since anatase and/or extraframew
Ti are normally present in TS-1 samples that have gre
than 2.5 at.% Ti (Si:Ti< 39) [32–34], the quality of our
TS-1 samples was determined by DRUV–vis spectrosc
DRUV–vis spectra of silicalite-1 and the two different typ
of TS-1 samples prepared,Fig. 6, show that isolated tetrahe
dral framework TiIV centers are evident in our TS-1 sampl
evidenced by strong absorptions at 209–220 nm[28–30].
For a clearer distinction, the DRUV–vis spectra shown
-

(a) TS1_36_174

(b) TS1_33_519

Fig. 4. TEM micrographs of (a)∼ 170-nm (type 1) and (b) 519-nm (type 2
Au/TS-1 catalysts after kinetic measurements.

Fig. 6aare at an offset. This figure confirms that, consist
with literature, anatase phases (peak at 320–340 nm) we
only present for the TS-1 sample with the lower Si:Ti ra
(Si:Ti = 35). Fig. 6bshows that a weak 260-nm absorpti
(indicated by arrow), attributed to Ti in an octahedral e
vironment, was observed for TS1_33_519, indicating
extraframework Ti is present in this sample.

3.3. Propylene epoxidation over Au/TS-1 catalysts

3.3.1. Catalyst stability: Si:Ti ratio and Au loading effect
Catalyst instability is a problem for the Au–Ti cataly

systems. The activity of Au/TiO2 catalysts decreases wi
time on stream after 10–20 min[4,5] and can diminish by
50% in 2 h[18]. Stability has been improved by isolatin
the Ti sites; using catalyst supports like TS-1, and Ti-MC
materials that have dispersed, tetrahedral Ti sites and
a limited amount of TiO2 (anatase) phases[7,14,15]. This
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(b)

Fig. 5. XRD patterns of silicalite-1 and the two different types of TS
supports:∼ 170-nm conventional TS-1 (type 1), and 519-nm large pa
cle TS-1 (type 2).

improvement has led to the hypothesis that PO oligom
ization on Ti sites that are in close proximity could be
cause of catalyst instability[5,18,31]. Catalyst deactivatio
could also be caused by secondary reactions of PO on si
groups present on the exterior and interior channels of T
[35,36]. However, since catalyst stability has been dem
strated to be quite dependent on Si:Ti ratio and the pres
of anatase phases, it is more likely that the effect of
silanol groups on catalyst deactivation is weaker than
of the effect of Ti loading and the presence of octahedra
Interestingly, although both TS-1 and Ti-MCM-41 mate
als have dispersed tetrahedral Ti sites, the excellent ca
stability observed by Nijhuis et al.[18] with their Au/TS-1
l

e

t

(a)

(b)

Fig. 6. DRUV–vis spectra of the two different types of TS-1 suppo
(a) ∼ 170-nm conventional TS-1 (type 1) with varied Si:Ti ratios a
(b) 519-nm large particle (type 2) TS-1.

catalyst was not observed on the Au/Ti-MCM materials
Haruta and co-workers[7,8,11,13], suggesting that factor
in addition to high octahedral Ti content contribute to ca
lyst instability. Since high Au loading accelerates Au parti
sintering, which subsequently promotes combustion, h
Au loading could be such a factor.

In this work, we studied the epoxidation performan
of Au/TS-1 catalysts with gold loadings of 0.06–0.74 w
and Si:Ti ratios of 33–48. The steady-state activities o
these catalysts at 413, 443, and 473 K are presente
Table 2. To examine the stability of the catalysts, besi
obtaining steady-state kinetic data at various temperat
we also monitored the catalyst activity as a function
reaction time. The effect of Au loading and Si:Ti ra
on catalyst stability was studied by comparing the kin
trends of two catalysts over a 36-h period (Fig. 7). The
first is a catalyst with low Au loading, but high Si:Ti ra
tio, 0.14Au/TS1_48_162, while the second is a catalyst w
high Au loading but low Si:Ti ratio, 0.74Au/TS1_36_15
As discussed, DRUV–vis spectroscopy shows the TS-1
terials with low Si:Ti ratios (Si:Ti< 39) to have an anatas
phase and/or extraframework Ti (Ti in octahedral envir
ment).Fig. 7 shows that the catalyst with low Au loadin
but high Si:Ti ratio, 0.14Au/TS1_48_162, demonstrated
markable catalyst stability; this catalyst showed no sign
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, and
Table 2
Activity and selectivity of gold catalysts

Catalyst 413 K 443 K 473 K

C3H6 conversion (%) PO selectivity (%) C3H6 conversion (%) PO selectivity (%) C3H6 conversion (%) PO selectivity (%

0.06Au/TS1_48_162 1.4 60 2.7 60 4.1 54
0.07Au/TS1_36_165 1.2 87 2.7 82 4.3 67
0.14Au/TS1_48_162 1.6 78 3.3 74 5.1 66
0.16Au/TS1_36_174 2.3 85 4.6 78 6.1 53
0.21Au/TS1_35_165 1.7 84 3.3 80 5.0 62
0.25Au/TS1_36_174 3.0 84 4.4 79 5.9 60
0.26Au/TS1_36_174 2.3 84 4.2 75 5.7 51
0.52Au/TS1_48_162 2.9 76 6.2 71 7.5 33
0.63Au/TS1_36_152 2.3 76 4.7 70 6.4 54
0.72Au/TS1_36_152 2.9 71 5.7 63 7.5 42
0.74Au/TS1_36_152 2.9 75 5.5 67 7.2 51
0.06Au/TS1_33_519 1.0 84 2.4 76 4.0 58
0.11Au/TS1_33_519 1.7 86 3.8 80 5.6 58
0.31Au/TS1_33_519 2.3 84 5.3 77 6.8 51

(a)

(b)

Fig. 7. Catalytic performance as a function of reaction time for (a) 0.14Au/TS1_48_162 and (b) 0.74Au/TS1_36_152 over a 36-h period at 413, 443
473 K. Steady-state C3H6 conversion and PO selectivity shown refer to the first 443 K temperature window for (a).
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O
Fig. 8. Effect of 20 vol% O2/He treatment on 0.11Au/TS1_33_519; (a) initial catalytic performance as a function of reaction time; (b) tracking of C2
combustion during 20 vol% O2/He treatment; and (c) catalytic performance as a function of time after the 20 vol% O2/He treatment. Steady-state C3H6
conversion and PO selectivity shown refer to the second 443 K temperature window for (a) and the first 443 K temperature window for (b).
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deactivation and yielded the same PO activities when
reaction temperature sequence was repeated. A long in
tion period was also observed for this catalyst. Howe
a similar induction period was not observed for a similar
loaded catalyst with a lower Si:Ti ratio, 0.16Au/TS1_36_1
(Fig. 9), suggesting that the small amounts of both Ti and
in 0.14Au/TS1_48_162 may increase the diffusion leng
needed for Au to find Ti centers to form the active sit
During pretreatment, migration of Au to form gold par
cles was seen in TEM analysis, which showed the em
gence of gold particles after 0.16 Au/TS1_36_174 was
treated with a 20% O2/He mixture at 543 K for 3 h. Prio
to pretreatment, no gold particles were observed on
fresh samples. The pretreated 0.16 Au/TS1_36_174 als
-

-

tivated more rapidly than the untreated catalyst; i.e., at 2
on stream, the rates of PO production were 8× 1016 and
2×1016 molecules/(gs), respectively, for the pretreated a
untreated catalyst.

A long induction period was not observed for a cata
with high Au loading but low Si:Ti ratio, 0.74Au/TS1_36
152. Instead, this catalyst gave an activity spike at the
ginning of the reaction, but later showed a degradatio
catalytic performance with time. This result suggests tha
lute Au and Ti loading are essential for catalyst stability,
does not confirm if low Si:Ti ratio and/or high Au loading
the cause of catalyst deactivation. We further examined thes
two factors by performing two experiments. First, to che
if the carbon formed on the catalyst surface during reactio
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yst
Fig. 9. Catalytic performance as a function of reaction time for 0.16Au/TS1_36_174. Steady-state C3H6 conversion and PO selectivity shown refer to t
second 443 K temperature window for (a) and the first443 K temperature window for (b). A, B, C, D, E, and F represent the different times when the catal
was quenched for TEM analysis.
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The
(caused by PO oligomerization) was sufficient to poison
active PO-forming sites, we determined the total amoun
carbonaceous material that accumulated on the surface
catalyst that had exhibited catalyst degradation with ti
This catalyst, 0.11Au/TS1_33_519, has a relatively low
loading and Si:Ti ratio. Second, to determine if the gold p
ticles had sintered under reaction conditions, we tracked
growth of the gold particles during reaction. This parti
progression experiment was performed on two catalysts
first, 0.16Au/TS1_36_174, has a low Au loading and S
ratio while the second, 0.52Au/TS1_48_162, has a high
loading and Si:Ti ratio.

As noted above, high extraframework Ti content (l
Si:Ti ratio) accelerates PO oligomerization on the catalys
surface, which could subsequently block potential ac
epoxidation sites. Carbonaceous material was observe
Nijhuis et al.[18] to be a source of deactivation on their A
Ti catalysts using thermogravimetric analysis (TGA) in s
thetic air. Although they observed two types of carbonace
materials, one that combusted at 500 K and another
combusted at 600 K, they attributed only the first mate
to be the catalyst-poisoningcompound as catalyst deactiv
tion was not observed on used Au–Ti catalysts that conta
the 600 K carbonaceous material. To examine whether
oligomerization was the cause of catalyst deactivation fo
our Au/TS-1 catalysts, we treated 0.11Au/TS1_33_519 w
a 20 vol% O2/He mixture at 523 K (above the combusti
temperature of the catalyst-poisoning compound obse
by Nijhuis et al.[18]) for 3 h after the standard kinetic me
surements were performed. During this treatment, the ca
burnoff (CO2 production) was tracked with a TCD dete
tor every 6 min(Fig. 8b). Fig. 8a shows the 36-h kinetic
trend of 0.11Au/TS1_33_519 which demonstrated cata
deactivation with time, whileFig. 8c shows no improve
ment in catalyst activity after the O2/He treatment. Simi-
lar unsuccessful catalyst regeneration efforts were also
served by Haruta and co-workers[12,13]and Nijhuis et al.
[18] on Au/Ti-MCM and Au/TiO2 catalysts. The total car
bon burnoff during the O2/He treatment was calculated
be approximately 1.55 mmol/gcat. Based on the fact tha
0.11Au/TS1_33_519 has a Ti loading of 2.10 wt%, a to
of 3 C per Ti site was obtained if the carbon cokes all
Ti sites, while a higher number of 400 C per Ti site w
obtained if the carbon only cokes the external Ti sites. H
ever, since not every external Ti site is interacting with a g
particle, if all the gold in 0.11Au/TS1_33_519 forms 4-n
gold particles, the C atom:Au particle ratio is approximat
3 × 105 atoms/particle. This quantitative analysis clear
indicates that the carbon that was removed by the O2/He
treatment could sufficiently coke and poison the possible
and Ti sites. However, as the activity was not restored by
treatment, it is quite possible that the reaction or the O2/He
treatment conditions caused irreversible rearrangeme
the active Au and/or that the catalyst-poisoning material
not fully removed at 523 K.

To determine if gold particle sintering could contribu
to catalyst instability, the progression of the gold partic
size distribution throughout the reaction time was studie
for 0.16Au/TS1_36_174 which deactivated with time de
spite its low Au loading. As shown inFig. 9, the reaction
was quenched at various times on stream for six sepa
samples: A (1 h), B (2.5 h), C (3.5 h), D (7.3 h), E (24
and F (36 h). TEM analysis was then performed on those
alyst samples to determine the size of the gold particles.
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d f
Fig. 10. TEM images to show the progression of gold particles throughout a36-h reaction time period for 0.16Au/TS1_36_174. Number of particles useor
average particle diameter measurements is shown in brackets.
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progression of TEM images and gold particle diameters
this experiment is shown inFig. 10. The results confirm tha
for this low gold loaded catalyst, the gold particles, form
by the initial reaction exposure, did not grow during re
tion. Thus, catalyst instability observed for this catalyst w
not caused by sintering of gold particles large enough t
seen with TEM.

The particle progression experiment was also perfor
on a higher gold loaded catalyst, 0.52Au/TS1_48_1
where catalyst samples were quenched at three rea
times; A (4 h), B (7.5 h), and C (27 h). The kinetic tre
and particle-size progression of this catalyst are show
Fig. 11. After 4 and 7.5 h on stream, the gold particle-s
remained much the same. However, after 27 h, more
particles per TS-1 particle were observed. Large aggl
n

erates of gold particles were also observed giving a la
average gold particle diameter of 4.47±2.47 nm. This resul
suggests that although sintering of observable gold part
is not the cause of catalyst instability for low gold load
catalysts, such is not the case for catalysts loaded with m
than 0.5 wt% gold. As observed inFig. 11a, the CO2 rate
at 473 K increased at the expense of PO rate, indica
that some of the gold that was initially active for PO h
converted into larger gold particles that are more active
combustion. The appearance of more gold particles d
rating the TS-1 support after 27 h,Fig. 11b, suggests the
possibility that reaction conditions caused the migration
atomic Au (not observable by TEM) from either internal
external sites to form observable gold particles at the e
rior of the TS-1 crystallites.
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(a)

(b)

Fig. 11. (a) Catalytic performance as a function of reaction time for 0.52Au/TS1_48_162. Steady-state C3H6 conversion and PO selectivity shown refer
the second 443 K temperature window. A, B, and C represent the different times when the catalyst was quenched for TEM analysis, (b) TEM
show the progression of gold particles throughout a 27-h reaction time period (samples A through C). Number of particles used for average particle diameter
measurements is shown in brackets.
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3.3.2. Reactivity and stability of atomically dispersed
internal Au–Ti sites

To further probe the possibility of active internal Au–
sites, the PO rates of Au/TS-1catalysts were compared fo
gold catalysts with different surface-to-volume ratios resul
ing from different TS-1 particle diameters. The∼ 170-nm
TS-1 particles have a larger surface-to-volume site ratio (
∼ 0.021) than the 519-nm TS-1 particles (S:V∼ 0.0068).
Therefore, if epoxidation is proportional to the number
external framework Ti sites, the PO rate per gram of c
lyst for the larger diameter catalyst should be approxima
3.1 times (0.021/0.0068) lower than that for the∼ 170-nm
catalyst. On the other hand, if the active sites are unifor
distributed in the volume of the catalyst, the rates would
unchanged by the TS-1 particle diameter.
Fig. 12compares the PO and CO2 TOFs for catalysts with
TS-1 particle diameters of∼ 170 and 519 nm at three go
loadings:∼ 0.07 wt% Au,∼ 0.1 wt% Au, and∼ 0.3 wt%
Au. The TOFs were calculated by normalizing the rates
production to the total Au content. The kinetic measu
ments show that the PO and CO2 TOFs are not greatly influ
enced by the TS-1 particle diameters. The largest differenc
in PO TOF was observed for the∼ 0.1 wt% Au catalysts,
Fig. 12b, at 473 K. However, this result does not support
external surface activity argument since the PO TOF for
larger particle catalyst demonstrates the higher activity.
PO TOFs for the∼ 170- and 519-nm catalysts initially sta
out similar at 413 K. Thus, the larger disparity at 473 K is
tributed to more pronounced catalyst deactivation or los
Au–Ti sites at higher temperatures for 0.16Au/TS1_36_1
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Fig. 12. PO and CO2 TOFs for three groups of catalysts with varied TS
particle diameters: (a)∼ 0.07 wt% Au loading, (b)∼ 0.1 wt% Au loading,
and (c)∼ 0.3 wt% Au loading.

A linear regression analysis on the PO rates as a func
of several experimental parameters varied in this work
loading, reaction temperature, Si:Ti ratio, and TS-1 part
size) also showed that the TS-1 particle size demonstr
the least influence on catalyst activity, consistent with c
lyst activity uniformly distributed in the volume of the cat
lyst particles. However, this result only disfavors the exte
Fig. 13. PO rates as a function of Au loading at 413, 443, and 473 K
conventional Au/TS-1 catalysts with Si:Ti ratio of 48.

site model and does not require that the active sites ar
clusively internal.

Since higher temperatures increase PO rate and mit
poisoning by PO inhibition, stability of these catalysts
high temperature is an important factor. For our conv
tional Au/TS-1 catalysts that have no extraframework
(Si:Ti = 48), Fig. 13 shows that the PO rates do increa
with Au loading at 413 and 443 K. At 473 K, the PO ra
initially starts to increase with Au loading, but drastica
drops at∼ 0.5 wt% Au loading, consistent with the inst
bility of the Au–Ti PO-forming sites under these condition
Therefore, for the “clean” (no extraframework Ti) materia
both high Au loading and high temperature conditions c
tribute to catalyst instability. It is possible that these extre
conditions accelerate the migration of atomic Au to coalesc
and form gold particles at the external Ti sites which are
active for PO formation. When we studied the activity of o
conventional Au/TS-1 catalyststhat have extraframework T
content (Si:Ti ratios< 39) as a function of Au loading an
temperature, we found that as expected, these catalys
hibited more severe catalyst instability, i.e., increasing
Au loading by a factor of 10 (0.07–0.7 wt%) caused no
crease in the PO rate of 17± 2 × 1016 molecules/(g s) at
473 K.

Evidence supporting the existence of small Au molec
cluster sites is provided by TEM analysis, where the obs
able gold particles decorating the TS-1 particles were fo
to not fully account for the actual gold content of the c
alyst, indicating that some of the gold atoms have form
active “invisible” Au–Ti sites. The total number of obser
able gold atoms per gram of catalyst was estimated by
following procedure. First, we counted the number of g
particles decorating a single TS-1 particle from the TEM
crographs. Assuming hemispherical gold particles, from
number of gold particles per TS-1 particle, one can ea
calculate the number of gold atoms per TS-1 particle u
the average gold particle diameter; i.e., since the diamete
of a gold atom is 2.68× 10−10 m, approximately 4 atom
can fill the radius of a 2-nm particle, leading to an estim
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of 134 atoms per 2-nm hemispherical gold particle. Fo
better average, at least 10 TS-1 particles and more than
gold particles were analyzed to obtain the number of obs
able gold atoms per TS-1 particle. The number of observ
gold atoms per gram of catalyst was then estimated usin
density of TS-1 (∼ 1.89 g/cm3) and the measured effectiv
average TS-1 particle diameter. For this estimation, the T
particles were assumed to be spherical.

A careful analysis for three catalysts with low (∼ 0.1 wt%),
intermediate (∼ 0.5 wt%), and high (∼ 0.7 wt%) gold load-
ings showed that for the low and intermediate loaded
alysts, 88% of gold atoms was not accounted for in
Au particles large enough to be observed using TEM.
the highly loaded gold catalyst, a lower but still sizab
percentage of 67% of gold atoms was not accounted for
terestingly, both the high and the intermediate gold catal
have very similar unaccounted Au:internal Ti atom ratios
0.07–0.08 (assuming that for all the gold atoms unaccou
for, one Au atom interacts with one Ti atom), suggesting
the active Au–Ti sites are very limited, and after a gold lo
ing of 0.5 wt%, these sites are effectively saturated. Sinc
the PO rates do not increase proportionally with gold c
tent, it is highly unlikely that the epoxidation occurs at eve
Au site and/or Au–Ti site. The low gold efficiency is mo
likely due to a limit in the formation of active Au–Ti site
As there is an ample number of internal framework Ti s
available (only∼ 3% of these sites are occupied with 4 A
atoms for a 0.7 wt% gold loaded catalyst), it is unclear w
could be limiting the formation of these active sites. Perh
the active internal Au–Ti site will only preferentially form
Ti sites that are close to a defect as suggested by recent
computations[37].

The small (molecular) size of the Au active material s
gested by the TEM results is strongly supported by rec
DFT calculations showing that a cluster of 3 Au atoms
catalyze a low activation energy pathway for hydrogen p
oxide production and that the hydrogen peroxide can, in t
catalyze PO production at a Ti site in TS-1[38]. The impor-
tance of the hydroperoxy intermediate is further suppo
by both the experimental observation that supported Au
produce hydrogen peroxide[39] and the direct spectroscop
observation of an OOH intermediate during reaction of2

and O2 on Au/TiO2 [40]. A question that remains is wheth
the small Au clusters are on the exterior or interior of
TS-1. Because our gold loadings are so low, there are s
cient exterior Ti sites to accommodate all the gold on
catalysts presented here, and a quantitative assignme
site location is not possible. It seems an unlikely coin
dence, however, that the number of external, active Au
sites would be the same when the specific external area
also the Au surface loading, changes by a factor of 3. T
we take the lack of dependence of the TOF on TS-1 p
cle size as a strong indication of the participation of site
the interior of the crystallites. Further experiments to add
this issue are in progress.
f

d

4. Conclusions

1. A study of the effects of DP parameters for Au depo
tion on TS-1 has shown that DP at pH 9–10 is prefer
because this pH allowed for a maximum amount of g
to be deposited, while still maintaining a small avera
gold particle diameter of 2–5 nm. At this pH, 1–3 wt
of available gold in the solution was consistently d
posited onto the conventional TS-1 supports.

2. Depending on the Au loading and extraframework
content, our Au/TS-1 catalysts achieved propylene c
versions of 2.5–6.5% and PO selectivities of 60–85%
443 K and a space velocity of 7000 ml g−1

cat h
−1.

3. Time-dependent kinetic measurements have shown
the stability of the Au/TS-1 catalyst is highly depe
dent on Au and Ti loading. Dilute Au and Ti system
produce stable and active Au/TS-1 catalysts. For the
alysts that deactivated, an O2/He treatment at 523 K wa
unsuccessful in regenerating the catalysts. Since q
titative calculations showed that the carbon that w
burned off during the O2/He treatments was enough
poison the possible Au and Ti sites, it is quite pos
ble that the reaction or the O2/He treatment condition
caused irreversible rearrangement of the active Au. T
rearrangement of the active Au was also evidenced
TEM particle progression experiments where at high
loading and temperature (473 K), the Au particles gr
larger and more Au particles per TS-1 particle were
served. Under these conditions, the PO rates also
a sharp dive, suggesting that the altered state of the
particles under these conditions corresponds with the
stability in reactivity.

4. Similar rates per Au atom for Au on∼ 170 nm TS-1
supports with gold catalysts made from larger part
(519 nm) TS-1 show that the rate does not scale w
external surface area and strongly suggest that the a
Au–Ti sites are not exclusively the external 2- to 5-n
Au particle/Ti sites suggested in the literature.

5. TEM analysis shows that the observable gold parti
decorating the TS-1 particles do not account for the
tal gold content of the catalyst, indicating that some
the gold atoms have formed “invisible” Au–Ti sites. T
∼ 0.7 and∼ 0.5 wt% gold catalysts have very sma
similar unaccounted Au:internal Ti atom ratios of 0.0
0.08, suggesting that the active Au–Ti sites are v
limited in number.
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