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Abstract

The direct vapor-phase epoxidation of propylene using hydrogemx@ygen over gold particles preparby the deposition-precipitation
(DP) method on various modifietitanium silicalite-1 (TS1) supports was studied over a reaction time of 24—36 h at a space velocity of
7000 ml g;alt h=1 and temperatures of 413, 443, and 4¢3Gold deposition at pH 9-10 allowed for a consistent amount of 1-3 wt% of
the gold available in solution to be deposited, while still maintaining gold particle diameters in the 2-5 nm range, as observed by TEM.
These Au/TS-1 catalysts achieved propgeconversions of 2.5-6.5% &iPO selectivities ©160-85% at 443 K, with dilute Au and Ti
catalysts exhibiting good stability. A key result of the work is that P@savere not highly influenced bydiTS-1 particle size and are thus
not proportional to the specific external surface area of the support. The conclusion that activity may reside in the channels of the TS-1 is
supported by the finding that the observable gold particles decorating the TS-1 particles only account for ca 30% of the total gold content
of the catalyst. Increasing the gold loading up to 0.74 wt% did not increase the PO rates proportionally, suggesting that the active Au-Ti
PO-forming centers are limited. In contrast to the prevailing interpretation of this catalyst that a critical Au particle diameter of 2-5 nm is
essential for PO activity, our results are consistent with a molecular cluster model where extremely small gold clusters located near Ti site:
inside the TS-1 pores or on the external surface are active for propylene epoxidation.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction ciated with the use of b, [3]. Therefore, it is desirable to
produce PO via the direct gas-phase epoxidation of propy-
Propylene oxide (PO) is an important chemical interme- lene using oxygen, similar to the direct vapor-phase epoxi-
diate for chemicals like propylene glycol and polyurethanes dation of ethylene over AgtAl ;O3 catalysts. However, the
which are used to manufacture commercial products like weak allylic hydrogen in proggne and its susceptibility to
adhesives, paints, and cosmetid3. Historically, PO is oxidation have made the direct epoxidation of propylene a
industrially produced by chlorohydrin and hydroperoxi- grand challenge in the field of catalysis.
dation processes. Both of these processes have disadvan- The discovery by Haruta and co-workers of Au/Fi€at-
tages; the chlorohydrin process produces environmentallyalysts that selectively={ 99%) epoxidize propylene in the
unfriendly chlorinated by-products, while the hydroperox- presence of propylene, oxygen, ahgbrogen has opened
idation process produces stoichiometric amounts of co- new doors to the solution of this problef,5]. Though
products[2]. Most recently, DOW and BASF have uti- highly selective, the Au/Ti@ catalysts have yet to demon-
lized a liquid-phase kO, epoxidation process, catalyzed by  strate sufficient activity and stability. Continued work on Au
titanium-silicalite-1 (TS-1). fiis process, although ecolog-  supported on Ti@-SiO; and titanosilicates like TS-1, TS-2,
igally friendly and Capf':lble of aghieving PO selectivites as T35, Ti-MCM-41, and Ti-MCM-48[6-15] has suggested
high as 98% under optimal conditions, incurrs the cost asso-ihat the isolation of Ti in tetrahedral sites is a requirement
for a stable and active catalyst, motivating us to focus on
~* Corresponding author. TS-1 as the catalyst support. The fact that TS-1 successfully
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in the presence of #D, and a solvenf16,17]further adds on the viability of the internal Au—Ti sites for the epoxida-
to this motivation. Two research groups have reported con- tion of propylene.
trasting epoxidation performance for the Au/TS-1 catalyst.  To further pursue the potential of the Au/TS-1 catalyst,
Haruta and co-workers reported that their Au/TS-1 catalyst we have examined the effect of Si:Ti ratio and Au loading
was more selective for propanal than for PO at 473 K, es- on the activity and stability of the Au/TS-1 catalyst. The
pecially if the catalyst was washed thoroughly after gold Au/TS-1 catalysts presented in this work were prepared by
deposition[9], while Nijhuis et al.[18] did not observe  the deposition-precipitatiof25] method. Thus far, the con-
such a product selectivity shift with their 1 wt% Au/TS-1 trolling DP parameters (DP Au solution concentration and
catalyst. This catalyst achieved a propylene conversion of pH) have been reported only for Au deposition on [@5].
1.5% and PO selectivity of 78% at 448 K and a space To ease future preparation of DP Au/TS-1 catalysts, we sys-
velocity of 6600 miht ggalt, or a PO production rate of tematically studied the effects of these parameters for Au
20 gpokgc‘alt h=1. An interesting feature of this catalyst was deposition on TS-1. To investigate the viability of active in-
that it did not demonstrate aratalytic deactivation, even  ternal Au—Ti sites, we comped the catalytic activity of a
after 2 h reaction time. Similar catalyst stability was also re- conventional Au/TS-1 catalysith gold catalysts made with
ported in the DOW patent where their Au on novel titanium TS-1 having a particle diameter of 519 nm, more than twice
silicate catalysts showed no signs of deactivation even afterthe diameter of our standard material. Due to its larger size,
68-450 h on stream. These catalysts were also highly se-this material has a smaller surface-to-volume ratio than our
lective, at 459-465 K and GHSV of 2069-2105'hthey conventionak 170 nm TS-1 material. Therefore, if the in-
exhibited propylene conversions of 1.5% and PO selectivi- ternal Au-Ti sites are not active and the rate scales with
ties of 92%, or PO production rates of 35—3:70gg;a1t h-1 external surface area, the 519 nm Au/TS-1 catalyst should
[19]. The remarkable stability reported for the Au/TS-1 cat- demonstrate poorer catalytic performance and the PO rates
alyst adds to the potential of this catalyst when compared per gram of catalyst should scale with the reciprocal of the
to a 0.30 wt% Au/Ti-MCM-48 catalyst that achieved initial TS-1 particle diameter. The consequences of these kinetic
propylene conversion and PO selectivity of 5.8 and 92%, re- comparisons and the implications of these results on the in-
spectively, at 423 K and a space velocity of 4000 i ggalt, ternal/external reactivity issue are discussed below.
or a PO production rate of 55g kggalt h~—1, but maintained
only 60—70% of its activity aér 2 h reaction tim¢13].

Since 1983, Haruta and co-workers have established that2. Experimental methods
the Au-Ti catalyst systems are structurally sensitive at the
nanoscalg20]. HRTEM (high-resolution transmission elec- 2.1. Synthesis of titanium-silicalite-1 supports
tron microscopy) and HAADF-STEM (high-angle annular
dark-field—scanning transmission electron microscopy) have  Two types of TS-1 supports were prepared. For the first
shown that the most active Au—Ti catalysts have hemispher-type, conventional TS-1 with Si:Ti ratios of 35-48 was
ical Au particles in the 2-5 nm regid@1]. For epoxidation, synthesized according to Ref26]. In a typical synthe-
Au particles that were smaller than 2 nm were found to be sis, 12.7 ml of a 40 wt% solution of tetrapropylammonium
more selective for propane than PO while Au particles that hydroxide (TPAOH, Alfa Aesar) was added dropwise to
were larger than 5 nm promoted combust[drb]. Haruta 24.6 ml of tetraethylorthosilicate (TEOS, Sigma Aldrich)
and co-workers also established that the best method to prein a polypropylene Erlenmeyer flask with vigorous stirring.
pare the Au—Ti catalysts was via the deposition-precipitation Then, 1.1 ml of titanium (IV) butoxide (TBOT, Alfa Ae-
(DP) method as this method allowed for production of hemi- sar) was dissolved in 6.2 ml of isopropanol and stirred. This
spherical Au particles. Au/Ti@catalysts prepared by the solution was then added to the TEOS mixture dropwise dur-
impregnation method produced spherical Au particles that ing vigorous stirring. Finally, another 4.6 ml of TPAOH was
only produced CQ [5]. Based on these results, Haruta has added dropwise to the mixture with vigorous stirring, giv-
suggested that the active epoxidation site is the perimeter being a molar composition of 1.000 Si:0.029 Ti:0.300 TPAOH
tween the Au particle and the Ti s{t21-23] consistent with for the resulting synthesis solution. To minimize gelling, all
the higher reactivity observed with hemispherical Au parti- reagents were chilled to 273 K, and the subsequent addition
cles. However, since TS-1 has pores of 0.55 nm in size, theof the reagents was performadth the Erlenmeyer flask in
Au/TS-1 catalyst offers an alternative site: atomically dis- an ice bath. After the addition of all reagents, the mixture
persed gold atoms or clusters near a Ti center inside the zeowas stirred for 30 min and then heated at 353 K for 3 h to
lite channels. Shape-selectivity experiments, using different- remove the solvent (isopropanol). This more viscous mix-
sized olefin reactants, have established the reactivity of theseure was then transferred to a sealed Teflon-lined pressure
internal Ti centers for the TS-1-catalyzed liquid-phase epox- vessel containing 35 ml deionized (DI) water and heated at
idation of propylene with KO, [24]. Clearly, thereisalsoa 443 K for 24 h to facilitate the crystallization process. The
need to investigate the reactivitfthese internal sites forthe  white suspension acquired after the hydrothermal process
Au/TS-1 catalyst. In additiorotfurther studying the stability =~ was washed thoroughly with DI water. To recover the crys-
of the Au/TS-1 catalyst, we focus particularly in this paper tals, centrifugation was usedsitead of filtration because the



158 N. Yap et al. / Journal of Catalysis 226 (2004) 156-170

particles were too fine to filter. The centrifuged solids were in the catalysts were anagd by AAS (atomic absorption
dried in vacuuo at 393 K for 24 h and subsequently calcined spectroscopy).
in a 20% Q/He gas mixture at 773 K for 5 h.

The second type of TS-1 support was prepared via the 2.4. Catalytic activity measurements
aforementioned procedure except that the resulting synthe-
sis solution had a molar composition of 1.000 Si:0.029  Kinetic measurements were carried out i%n-mch-diam-
Ti:0.180 TPAOH; i.e., the amount of template was reduced eter vertical fixed-bed stainless-steel reactor using a feed
to synthesize TS-1 with larger particle diamet&g]. This concentration of 1010/10/70 vol% of propylene (99.9%),
larger particle TS-1 material has fewer external framework O» (99.9995%), H (99.9995%), and He (99.9995%) at a
Ti sites per gram of support (surface-to-volume site ratio, space velocity of 7000 mi g.1. The reaction tempera-
S:V ~0.0068), compared to the conventional TS-1 (S:V ture was controlled and monitored by a K-type thermocouple
~ 0.021). The surface-to-volume site ratios were obtained resting on the top edge of the catalyst bed. Catalysts were
by using the measured effective TS-1 particle diameters sieved to 40-60 mesh prior to kinetic tests to ensure a uni-
(from TEM) and the known structure of TS-1 to calculate form particle diameter of 250-400 um. None of the catalysts
the number of volume sites (# T atoms) and surface siteswas pretreated unless otherwise specified. Effluent samples
per TS-1 particle. For this calculation, a framework den- from the reactor were analyzed with a Varian 3740 GC,
sity of 1.7 x 10?8 T atomgm? and surface sites per area equipped with an automatic sampling valve. The GC con-

of 1.0 x 109 sitegm? were used. sists of two columns in pallal, each connected to a sample
loop. The first column is a Chromosorb 102 packed column
2.2. Deposition of Au onto the TS-1 supports (Supelco, length [1.83 m], diameter [3.81 mm]) with a ther-

mal conductivity detector (TCD), while the second column

Au was deposited onto each of the supports using the DPis a fused silica Supelcowax 10 capillary column (Supelco,
method[25]. In this method, the gold precursor, typically length [60 m], diameter [0.53 mm], film thickness [1.0 pm])
chloroauric acid, HAuG], is precipitated as Au(OH)on with a flame ionization detectofFID). Steady-state cat-
the support by raising the pH. The type of support plays a alytic activity was tested at three temperatures; 413, 443,
predominant role on the goldedosition as theupport sur- and 473 K, with the catalyst remaining at each reaction tem-
face acts as a nucleating agent for the selective depositionperature window for 6 h. Long temperature programs and
of the active Au precursor. The DP solution in this work repeat temperatures, 443-413-473-443 K (26 h) and 443—
consisted of HAuUG] (Alfa Aesar, Premion 99.999% met- 413-473-443-473-413K (36 h), were employed to observe
als basis) dissolved in DI water and neutralized to a fixed the catalyst stability.
pH with a 1 M NgCQOs solution. To examine how DP para-
meters affect Au deposition in TS-1, DP solutions with gold
concentrations of 0.98-6.37 wt% and pH of 4—10 were pre- 3. Resultsand discussion
pared. Then, 130 mg of crushed conventional TS-1 support
was mixed with each DP solution, stirred at 298 K for 3 h, 3.1. DP experiments: effect of pH and gold concentration
washed with 11.5 ml DI watég support, and centrifuged
to recover the solids. The gold samples were dried in vac- Fig. lashows the resulting gold loadings for the se-
uuo at 298 K and analyzed by AAS and TEM to determine ries of catalysts prepareding gold solution concentra-
the resulting gold loadings and particle diameters. Based ontions of 0.98-6.37 wt% and pH of 4-10, whil€g. 1b
the results of these experiments, discussed below, catalystshows the wt% of gold available in the solution that was
with gold loadings of 0.06-0.74 wt% and gold particle di- deposited on the support. Unlike similar studies conducted
ameters of 2—7 nm were prepared using DP solutions with with Au/TiO, catalysts[25], there was no optimum pH
gold concentrations of 0.15-0.86 wt% and pH of 9-10. DP found for maximum gold loading on TS-1. Instead, the gold
procedures for this set of gold catalysts were as noted abovdoading on the support increased with pH. TEM analysis on
except that 1.0 g of crushed support was used, and catalystsamples A and B that were prepared at pH 7 and 10, respec-

were washed with 6-18 ml DI watégcat tively (Fig. 2), demonstrates that although the particle-size
distributions are different for samples A and B, the mean
2.3. Characterization of supports and gold catalysts sizes for both samples are between 4 and 5 nm. Thus, the

DP pH does not significantly affect the average gold particle
The TS-1 supports were characterized by XRD (Siemens diameter on the support. Although not showririg. 2, gold

D500 Diffractometer, Cu-K radiation, 40 kV, 20 mA) to catalysts with Au average diameters of 2—-3 nm were also
confirm the product identity and DRUV-vis (Perkin Elmer successfully prepared at pH 9—10 when gold solution con-
Lambda 40, RSA-PE-20 diffuse reflectance lab sphere) to centrations of less than 0.5 wt% were used, consistent with
determine the quality of the supports. TEM (JEOL 2000 FX, observations by Haruta and co-workers that the average Au
200 keV) was used to obtain the TS-1 and Au patrticle size particle diameters depositedually decrease with decreas-
and distribution, while the actual Au, Ti, and Si contents ing gold loadind4,5,7]. In accord with this analysis, all gold
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Fig. 1. Dependence of (a) Au loadingd(b) % Au available deposited on170-nm TS-1 (type 1 support) on gold DP solution concentration and pH.

catalysts in this work were prepared at pH 9-10 because thisparticles were averaged to measure the average TS-1 parti-
pH allowed for a maximum amount of gold to be deposited, cle diameters and gold particle diameters, respectively, using
while still maintaining a small average gold particle diame- two image analysis software packages: Optimus Version 6.1
ter of 2-5 nm. At this pH, 1-3 wt% of available gold in the and UTHS CSA Image Tool Version 3.0. Both of these soft-
solution was ConSiStentIy depOSited onto the Supports. Due tOWare packages use differendﬂsgray scale to discriminate

the extremely low Ti contentin the TS-1 prepared (1-3wt% the particles from the background. However, this method
Ti) and the hydrophobicity of the TS-1 material, the amount e not allow for a clear resolution of individual gold parti-

of gold deposited is significantly lower than the 60 wt% Of o5 from a cluster of gold particles. Therefore, each cluster
available gold that was reported to be deposited on AWTIO of gold particles was magnified, scrutinized, and resolved

atpH 6 by Haruta and co-workefas]. with the human eye for gold particle diameter measure-
ments. Because the number of gold particles observed on
fresh catalysts was small and insufficient for particle averag-
ing, the average gold particle sizes reportedable 1were
3.2.1. AASand TEM those seen after the kinetic measurements were performed.

For all the gold catalysts studied in this wokable 1 The gold catalysts are designated by their Au loading, Si:Ti
lists Au loadings and Si:Ti ratios determined by AAS and ratio, and TS-1 particle diameter, i.e., 0.16Au/TS1_36_174
average TS-1 and gold particle diameters determined fromcorresponds to a 0.16 wt% Au loaded catalyst on a support
TEM analysis of postreaction samples. At least 20 and 200 with a Si:Ti ratio of 36 and particle diameter of 174.

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

Table 1 Fig. 3 shows typical TEM images of the support parti-
Characterization of gold catalysts cles, indicating homogeneous berry-like particles with aver-
Type Catalyst Si:TiDyg1 Au loading Dp age particle diameters of 150-175 and 519 Rig. 4shows
(nm) (Wt%) (nm) typical TEM images of the gold catalysts made from the two
1 006Au/TS1_48_162 48 164+229 006 306+ 2.25 different TS-1 supports. These images were taken after ki-
0.07Au/TS1_36_165 35 165+367 007 423+3.96 netic measurements were performed and show a dispersion
0.14AU/TS1_48 162 48 160+229 014 212+ 0.69 £ Au with icle di £9_5 nm for the 150
0.16AUTSL 36_174 36 178+332 0.16 393+101 of Au with average particle diameters of 2-5 nm for the 150-
0.21Au/TS1_35_165 35 165+367 021 3134147 to 175-nm supports, and 4—7 nm for the 519-nm support.
0.25AU/TS1_36_174 36 178+332 025 3724297
0.26Au/TS1_36_174 36 1783+332 026 325+221 N
0.52Au/TS1_48 162 48 163+229 052 447+ 247 3.22. XRD and DRUV-vis .
0.63AU/TSL 36 152 36 152+367 063 413+ 207 The structures of the two different types of TS-1 sup-
0.72Au/TS1_36_152 36 152+367 072 307+1.25 ports prepared were confirmed by XRBig. 5 shows that
0.74Au/TS1_36_152 36  152+367 074 314+174 the supports are highly crydiae TS-1 with the MFI struc-
2 006Au/TS1 33 519 33 5184831 006 615+ 441 ture [28-30] The incorporation of 1Y into the framework
0.11Au/TS1_33 519 33 518+831 011 401+294

is indicated by the conversion of the monoclinic structure of

0.31Au/TS1_33 519 33 518+831 031 674+ 2.09 e . .
== silicalite-1 to an orthorhombic structure, evidenced by the
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(a) TS1_36_174 (a) TS1_36_174

(b) TS1_33 519

(b) TS1_33_519

Fig. 4. TEM micrographs of (ay 170-nm (type 1) and (b) 519-nm (type 2)

Fig. 3. TEM micrographs of (a}- 170-nm conventional TS-1 (type 1) and AU/TS-1 catalysts after kinetic measurements.

(b) 519-nm large particle TS-1 (type 2) supports.

disappearance of peak splittings a@ 2 24.5° and 2 = Fig. 6aare at an offset. This figure confirms that, consistent
29.5° [30], marked with arrows offfig. 5. Because of the ~ With literature, anatase pses (peak at 320-340 nm) were
low Ti content in the support materials (i3 wt%), addi- only present for the TS-1 sample with the lower Si:Ti ratio

tional TiO, crystalline phases, i.e., anatasé £225.5°)and  (Si:Ti = 35). Fig. 6bshows that a weak 260-nm absorption

rutile (20 = 48.2°), were not identified in the XRD patterns.  (indicated by arrow), attributed to Ti in an octahedral en-
Excess of anatase and/or extraframework Ti in Au— Vironment, was observed for TSl_33_519, indicating that

Ti catalysts has been reported to be the cause of cata-extraframework Tiis presentin this sample.

lyst deactivation; these dense octahedral Ti sites acceler-

ate PO oligomerization, which subsequently blocks the ac- 3.3. Propylene epoxidation over Au/TS 1 catalysts

tive sites[5,18,31] Since anatase and/or extraframework

Ti are normally present in TS-1 samples that have greater3.3.1. Catalyst stability: S:Ti ratio and Au loading effect

than 2.5 at.% Ti (Si:Tk 39) [32-34] the quality of our Catalyst instability is a problem for the Au—Ti catalyst

TS-1 samples was determined by DRUV-vis spectroscopy.systems. The activity of Au/Ti@catalysts decreases with

DRUV-vis spectra of silicalite-1 and the two different types time on stream after 10-20 m[4,5] and can diminish by

of TS-1 samples preparefig. 6, show that isolated tetrahe- 50% in 2 h[18]. Stability has been improved by isolating

dral framework TV centers are evidentin our TS-1 samples, the Ti sites; using catalyst supports like TS-1, and Ti-MCM

evidenced by strong absorptions at 209-220 [@8+30] materials that have dispersed, tetrahedral Ti sites and have

For a clearer distinction, the DRUV-vis spectra shown in a limited amount of TiQ (anatase) phasgg,14,15] This
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’5 TS1.36_174 Fig. 6. DRUV-vis spectra of the two different types of TS-1 supports:
b 1 - (a) ~ 170-nm conventional TS-1 (type 1) with varied Si:Ti ratios and
(b) 519-nm large particle (type 2) TS-1.
catalyst was not observed on the Au/Ti-MCM materials by
Silicalite-1 Haruta and co-worker§7,8,11,13] suggesting that factors
0 . . . . . in addition to high octahedral Ti content contribute to cata-

lystinstability. Since high Au loading accelerates Au particle
sintering, which subsequently promotes combustion, high
26 Au loading could be such a factor.
(®) In this work, we studied the epoxidation performance
Fig. 5. XRD patterns of silicalite-1 and the two different types of TS-1 of AU/TS.-:L C?‘talySts with gold loadings of 0'06-_(-)'-74 wie
supports:~ 170-nm conventional TS-1 (type 1), and 519-nm large parti- and SiTi ratios of 33-48. Theteady-state activities of .
cle TS-1 (type 2). these catalysts at 413, 443, and 473 K are presented in
Table 2 To examine the stability of the catalysts, besides
obtaining steady-state kinetic data at various temperatures,
improvement has led to the hypothesis that PO oligomer- we also monitored the catalyst activity as a function of
ization on Ti sites that are in close proximity could be the reaction time. The effect of Au loading and Si:Ti ratio
cause of catalyst instabilit}p,18,31] Catalyst deactivation  on catalyst stability was studied by comparing the kinetic
could also be caused by secondary reactions of PO on silanotrends of two catalysts over a 36-h peridéig. 7). The
groups present on the exterior and interior channels of TS-1first is a catalyst with low Au loading, but high Si:Ti ra-
[35,36] However, since catalyst stability has been demon- tio, 0.14Au/TS1_48 162, while the second is a catalyst with
strated to be quite dependent on Si:Ti ratio and the presencehigh Au loading but low Si:Ti ratio, 0.74Au/TS1_36_152.
of anatase phases, it is more likely that the effect of the As discussed, DRUV-vis spectroscopy shows the TS-1 ma-
silanol groups on catalyst deactivation is weaker than that terials with low Si:Ti ratios (Si:Ti 39) to have an anatase
of the effect of Ti loading and the presence of octahedral Ti. phase and/or extraframework Ti (Ti in octahedral environ-
Interestingly, although both TS-1 and Ti-MCM-41 materi- ment).Fig. 7 shows that the catalyst with low Au loading
als have dispersed tetrahedral Ti sites, the excellent catalysbut high Si:Ti ratio, 0.14Au/TS1_48 162, demonstrated re-
stability observed by Nijhuis et a]18] with their Au/TS-1 markable catalyst stability; this catalyst showed no signs of

20 22 24 26 28 30 32
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Table 2
Activity and selectivity of gold catalysts
Catalyst 413 K 443 K 473 K
C3Hg conversion (%) PO selectivity (%) 4Elg conversion (%) PO selectivity (%) 4Elg conversion (%) PO selectivity (%)
0.06AU/TS1_48_ 162 4 60 27 60 41 54
0.07Au/TS1_36_165 2 87 27 82 43 67
0.14Au/TS1_48_162 & 78 33 74 51 66
0.16Au/TS1_36_174 2 85 46 78 61 53
0.21Au/TS1_35_165 ¥ 84 33 80 50 62
0.25AU/TS1_36_174 B 84 44 79 59 60
0.26Au/TS1_36_174 23 84 42 75 57 51
0.52Au/TS1_48 162 2 76 62 71 75 33
0.63Au/TS1_36_152 23 76 a7 70 64 54
0.72Au/TS1_36_152 2 71 57 63 75 42
0.74Au/TS1_36_152 2 75 55 67 72 51
0.06Au/TS1_33 519 © 84 24 76 40 58
0.11Au/TS1_33.519 ¥ 86 38 80 56 58
0.31Au/TS1_33 519 2 84 53 77 68 51
25.0
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deactivation and yielded the same PO activities when the tivated more rapidly than the untreated catalyst; i.e., at 2.3 h
reaction temperature sequence was repeated. A long inducen stream, the rates of PO production were 80 and

tion period was also observed for this catalyst. However, 2 x 10'® moleculeg(gs), respectively, for the pretreated and
a similar induction period was not observed for a similar Au untreated catalyst.

loaded catalyst with a lower Si:Tiratio, 0.16Au/TS1_36_174 A long induction period was not observed for a catalyst
(Fig. 9), suggesting that the small amounts of both Ti and Au with high Au loading but low Si:Ti ratio, 0.74Au/TS1_36_
in 0.14Au/TS1_48 162 may increase the diffusion lengths 152. Instead, this catalyst gave an activity spike at the be-
needed for Au to find Ti centers to form the active sites. ginning of the reaction, but later showed a degradation in
During pretreatment, migration of Au to form gold parti- catalytic performance with time. This result suggests that di-
cles was seen in TEM analysis, which showed the emer-lute Au and Ti loading are essential for catalyst stability, but
gence of gold particles after 0.16 Au/TS1_36_174 was pre- does not confirm if low Si:Ti ratio and/or high Au loading is
treated with a 20% @JHe mixture at 543 K for 3 h. Prior  the cause of catalyst deactivaii We further examined these
to pretreatment, no gold particles were observed on thetwo factors by performing two experiments. First, to check
fresh samples. The pretreated 0.16 Au/TS1_36_ 174 also acif the carbon formed on the alyst surface during reaction
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(caused by PO oligomerization) was sufficient to poison the trend of 0.11Au/TS1_33 519 which demonstrated catalyst
active PO-forming sites, we determined the total amount of deactivation with time, whileéFig. 8c shows no improve-
carbonaceous material that accumulated on the surface of anent in catalyst activity after the fHe treatment. Simi-
catalyst that had exhibited catalyst degradation with time. lar unsuccessful catalyst regeneration efforts were also ob-
This catalyst, 0.11Au/TS1_33 519, has a relatively low Au served by Haruta and co-workdf2,13]and Nijhuis et al.
loading and Si:Ti ratio. Second, to determine if the gold par- [18] on Au/Ti-MCM and Au/TiQ catalysts. The total car-
ticles had sintered under reaction conditions, we tracked thebon burnoff during the @He treatment was calculated to
growth of the gold particles during reaction. This particle be approximately 1.55 mm@jcar Based on the fact that
progression experiment was performed on two catalysts, the0.11Au/TS1 33 519 has a Ti loading of 2.10 wt%, a total
first, 0.16Au/TS1_36_174, has a low Au loading and Si:Ti of 3 C per Ti site was obtained if the carbon cokes all the
ratio while the second, 0.52Au/TS1_48 162, has a high Au Ti sites, while a higher number of 400 C per Ti site was
loading and Si:Ti ratio. obtained if the carbon only cokes the external Ti sites. How-
As noted above, high extraframework Ti content (low ever, since not every external Ti site is interacting with a gold
Si:Ti ratio) accelerates PO glbmerization on the catalyst particle, if all the gold in 0.11Au/TS1_33 519 forms 4-nm
surface, which could subsequently block potential active gold particles, the C atom:Au particle ratio is approximately
epoxidation sites. Carbonaceous material was observed by8 x 10° atomgparticle. This quantitative analysis clearly
Nijhuis et al.[18] to be a source of deactivation on their Au— indicates that the carbon that was removed by théH©®
Ti catalysts using thermogravimetric analysis (TGA) in syn- treatment could sufficiently coke and poison the possible Au
thetic air. Although they observed two types of carbonaceousand Ti sites. However, as the activity was not restored by this
materials, one that combusted at 500 K and another thattreatment, it is quite possible that the reaction or théH@
combusted at 600 K, they attributed only the first material treatment conditions caused irreversible rearrangement of
to be the catalyst-poisonirgpmpound as catalyst deactiva- the active Au and/or that the catalyst-poisoning material was
tion was not observed on used Au-Ti catalysts that containednot fully removed at 523 K.
the 600 K carbonaceous material. To examine whether PO  To determine if gold particle sintering could contribute
oligomerization was the cae of catalyst deactivation for to catalyst instability, the progression of the gold particle-
our Au/TS-1 catalysts, we treated 0.11Au/TS1_33 519 with size distribution throughout ghreaction time was studied
a 20 vol% G/He mixture at 523 K (above the combustion for 0.16Au/TS1_36_ 174 whichedctivated with time de-
temperature of the catalyst-poisoning compound observedspite its low Au loading. As shown ifig. 9, the reaction
by Nijhuis et al.[18]) for 3 h after the standard kinetic mea- was quenched at various times on stream for six separate
surements were performed. During this treatment, the carbonsamples: A (1 h), B (2.5 h), C (3.5 h), D (7.3 h), E (24 h),
burnoff (CG production) was tracked with a TCD detec- and F (36 h). TEM analysis was then performed on those cat-
tor every 6 min(Fig. 8b) Fig. 8ashows the 36-h kinetic  alyst samples to determine the size of the gold particles. The
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Fig. 10. TEM images to show the progression of gold particles through8&thareaction time period for 0.16Au/TS1_36_174. Number of particles used f

average particle diameter measurements is shown in brackets.

progression of TEM images and gold particle diameters for erates of gold particles were also observed giving a larger

this experiment is shown iRig. 10 The results confirm that

for this low gold loaded catalyst, the gold particles, formed
by the initial reaction exposure, did not grow during reac-
tion. Thus, catalyst instability observed for this catalyst was

average gold particle diameter a#Z+ 2.47 nm. This result
suggests that although sintering of observable gold particles
is not the cause of catalyst instability for low gold loaded
catalysts, such is not the case for catalysts loaded with more

not caused by sintering of gold particles large enough to bethan 0.5 wt% gold. As observed Fig. 113 the CQ rate

seen with TEM.

at 473 K increased at the expense of PO rate, indicating

The particle progression experiment was also performedthat some of the gold that was initially active for PO has

on a higher gold loaded catalyst, 0.52Au/TS1 48 162,

converted into larger gold particles that are more active for

where catalyst samples were quenched at three reactiorcombustion. The appearance of more gold particles deco-

times; A (4 h), B (7.5 h), and C (27 h). The kinetic trend

rating the TS-1 support after 27 Rjg. 11h suggests the

and patrticle-size progression of this catalyst are shown in possibility that reation conditions caused the migration of

Fig. 11 After 4 and 7.5 h on stream, the gold particle-size

atomic Au (not observable by TEM) from either internal or

remained much the same. However, after 27 h, more gold external sites to form observable gold particles at the exte-

particles per TS-1 particle were observed. Large agglom-

rior of the TS-1 crystallites.
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Fig. 11. (a) Catalytic performance as a functidireaction time for 0.52Au/TS1_48_162. Steady-staggig conversion and PO selectivity shown refer to

the second 443 K temperature window. A, B, and C represent the different times when the catalyst was quenched for TEM analysis, (b) TEM images to
show the progression of gold particles throughout &2@action time period (samples A through C). Naenof particles used for average particlendeter
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3.3.2. Reactivity and stability of atomically dispersed Fig. 12compares the PO and GOOFs for catalysts with
internal Au-Ti sites TS-1 particle diameters of 170 and 519 nm at three gold
To further probe the possibility of active internal Au-Ti loadings:~ 0.07 wt% Au, ~ 0.1 wt% Au, and~ 0.3 wt%
sites, the PO rates of Au/TSehtalysts were compared for Au. The TOFs were calculated by normalizing the rates of
gold catalysts with different stace-to-volume ratios result-  production to the total Au content. The kinetic measure-
ing from different TS-1 particle diameters. The170-nm ments show that the PO and g DOFs are not greatly influ-
TS-1 particles have a larger surface-to-volume site ratio (S:V enced by the TS-1 particle dianees. The largest difference
~ 0.021) than the 519-nm TS-1 particles (S:v0.0068). in PO TOF was observed for the 0.1 wt% Au catalysts,
Therefore, if epoxidation is proportional to the number of Fig. 12k at 473 K. However, this result does not support the
external framework Ti sites, the PO rate per gram of cata- external surface activity argument since the PO TOF for the
lyst for the larger diameter catalyst should be approximately larger particle catalyst demonstrates the higher activity. The
3.1 times (0.0210.0068) lower than that for the 170-nm PO TOFs for the~ 170- and 519-nm catalysts initially start
catalyst. On the other hand, if the active sites are uniformly out similar at 413 K. Thus, the larger disparity at 473 K is at-
distributed in the volume of the catalyst, the rates would be tributed to more pronounced catalyst deactivation or loss of
unchanged by the TS-1 particle diameter. Au-Ti sites at higher temperatures for 0.16Au/TS1_36_174.
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Fig. 13. PO rates as a function of Au loading at 413, 443, and 473 K for
conventional Au/TS-1 catalysts with Si:Ti ratio of 48.

site model and does not require that the active sites are ex-
clusively internal.

Since higher temperatures increase PO rate and mitigate
poisoning by PO inhibition, stability of these catalysts at
high temperature is an important factor. For our conven-
tional Au/TS-1 catalysts that have no extraframework Ti
(Si:Ti = 48), Fig. 13 shows that the PO rates do increase
with Au loading at 413 and 443 K. At 473 K, the PO rate
initially starts to increase with Au loading, but drastically
drops at~ 0.5 wt% Au loading, consistent with the insta-
bility of the Au—Ti POforming sites under these conditions.
Therefore, for the “clean” (no extraframework Ti) materials,
both high Au loading and high temperature conditions con-
tribute to catalyst instability. It is possible that these extreme
conditions accelerate the migdi@ of atomic Au to coalesce
and form gold particles at the external Ti sites which are less
active for PO formation. When we studied the activity of our
conventional Au/TS-1 catalysteat have extraframework Ti
content (Si:Ti ratios< 39) as a function of Au loading and
temperature, we found that as expected, these catalysts ex-
hibited more severe catalyst instability, i.e., increasing the
Au loading by a factor of 10 (0.07-0.7 wt%) caused no in-
crease in the PO rate of 12 x 10'® moleculeg(gs) at
473 K.

Evidence supporting the existence of small Au molecular
cluster sites is provided by TEM analysis, where the observ-
able gold particles decorating the TS-1 particles were found
to not fully account for the actual gold content of the cat-
alyst, indicating that some of the gold atoms have formed
active “invisible” Au-Ti sites. The total number of observ-
able gold atoms per gram of catalyst was estimated by the
following procedure. First, we counted the number of gold

A linear regression analysis on the PO rates as a functionparticles decorating a single TS-1 particle from the TEM mi-
of several experimental parameters varied in this work (Au crographs. Assuming hemispherical gold particles, from the
loading, reaction temperature, Si:Ti ratio, and TS-1 particle number of gold particles per TS-1 particle, one can easily
size) also showed that the TS-1 particle size demonstratedcalculate the number of gold atoms per TS-1 particle using
the least influence on catalyst activity, consistent with cata- the average gold particle diareeti.e., since the diameter

lyst activity uniformly distributed in the volume of the cata-

of a gold atom is B8 x 10~10 m, approximately 4 atoms

lyst particles. However, this result only disfavors the external can fill the radius of a 2-nm patrticle, leading to an estimate
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of 134 atoms per 2-nm hemispherical gold particle. For a 4. Conclusions

better average, at least 10 TS-1 particles and more than 500

gold particles were analyzed to obtain the number of observ- 1. A study of the effects of DP parameters for Au deposi-

able gold atoms per TS-1 particle. The number of observable
gold atoms per gram of catalyst was then estimated using the
density of TS-1 £ 1.89 g/cm?) and the measured effective
average TS-1 particle diameter. For this estimation, the TS-1
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 cat-
alysts, 88% of gold atoms was not accounted for in the
Au particles large enough to be observed using TEM. For
the highly loaded gold catalyst, a lower but still sizable
percentage of 67% of gold atoms was not accounted for. In-
terestingly, both the high and the intermediate gold catalysts
have very similar unaccounted Au:internal Ti atom ratios of
0.07-0.08 (assuming that for all the gold atoms unaccounted
for, one Au atom interacts with one Ti atom), suggesting that
the active Au—Ti sites are very limited, and after a gold load-
ing of 0.5 wt%, these sites arefeftively saturated. Since
the PO rates do not increase proportionally with gold con-
tent, it is highly unlikely that the epoxidation occurs at every
Au site and/or Au—Ti site. The low gold efficiency is more
likely due to a limit in the formation of active Au—Ti sites.
As there is an ample number of internal framework Ti sites
available (only~ 3% of these sites are occupied with 4 Au
atoms for a 0.7 wt% gold loaded catalyst), it is unclear what
could be limiting the formation of these active sites. Perhaps
the active internal Au—Ti site will only preferentially form at
Ti sites that are close to a defect as suggested by recent DFT
computation$37].

The small (molecular) size of the Au active material sug-
gested by the TEM results is strongly supported by recent
DFT calculations showing that a cluster of 3 Au atoms can
catalyze a low activation energy pathway for hydrogen per-
oxide production and that the hydrogen peroxide can, in turn,
catalyze PO production at a Ti site in T§3B]. The impor-
tance of the hydroperoxy intermediate is further supported
by both the experimental observation that supported Au can
produce hydrogen peroxidi@9] and the direct spectroscopic
observation of an OOH intermediate during reaction ef H
and @ on Au/TiO; [40]. A question that remains is whether
the small Au clusters are on the exterior or interior of the
TS-1. Because our gold loadings are so low, there are sulffi-
cient exterior Ti sites to accommodate all the gold on the

catalysts presented here, and a quantitative assignment of

tion on TS-1 has shown that DP at pH 9-10 is preferred
because this pH allowed for a maximum amount of gold
to be deposited, while still maintaining a small average
gold particle diameter of 2-5 nm. At this pH, 1-3 wt%
of available gold in the solution was consistently de-
posited onto the conventional TS-1 supports.

. Depending on the Au loading and extraframework Ti

content, our Au/TS-1 catalysts achieved propylene con-
versions of 2.5-6.5% and PO selectivities of 60—85% at
443 K and a space velocity of 7000 miLph~1.

. Time-dependent kinetic measurements have shown that

the stability of the Au/TS-1 catalyst is highly depen-
dent on Au and Ti loading. Dilute Au and Ti systems
produce stable and active Au/TS-1 catalysts. For the cat-
alysts that deactivated, an(Ble treatment at 523 K was
unsuccessful in regenerating the catalysts. Since quan-
titative calculations showed that the carbon that was
burned off during the @He treatments was enough to
poison the possible Au and Ti sites, it is quite possi-
ble that the reaction or thesHe treatment conditions
caused irreversible rearrangement of the active Au. This
rearrangement of the active Au was also evidenced by
TEM patrticle progression experiments where at high Au
loading and temperature (473 K), the Au particles grew
larger and more Au particles per TS-1 particle were ob-
served. Under these conditions, the PO rates also take
a sharp dive, suggesting that the altered state of the Au
particles under these conditions corresponds with the in-
stability in reactivity.

4. Similar rates per Au atom for Au ot 170 nm TS-1

supports with gold catalysts made from larger particle
(519 nm) TS-1 show that the rate does not scale with
external surface area and strongly suggest that the active
Au-Ti sites are not exclusively the external 2- to 5-nm
Au particle/Ti sites suggested in the literature.

. TEM analysis shows that the observable gold particles

decorating the TS-1 particles do not account for the to-
tal gold content of the catalyst, indicating that some of
the gold atoms have formed “invisible” Au-Ti sites. The
~ 0.7 and~ 0.5 wt% gold catalysts have very small
similar unaccounted Au:internal Ti atom ratios of 0.07—
0.08, suggesting that the active Au-Ti sites are very
limited in number.
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