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ABSTRACT: To determine whether the catalytic roles of extracrystalline and intracrystalline gold nanoparticles supported on titanosilicate-1 
(TS-1) for direct propylene epoxidation are intrinsically different, the kinetics of direct propylene epoxidation were measured in a gas-phase 
continuous stirred tank reactor (CSTR) over polyvinylpyrrolidone-coated (PVP) gold nanoparticles (Au-PVP/TS-1) deposited on TS-1. The 
as-made PVP-coated gold nanoparticles were too large to fit into the micropores of TS-1, even after ligands were removed in situ by a series of 
pretreatments, as confirmed by both TEM and TGA-DSC. The activation energy (51 kJ mol-1) and reaction orders for H2 (1.3), O2 (0.4), 
propylene (0.4), propylene oxide (-0.6), carbon dioxide (0), and water (0) for propylene epoxidation measured on Au-PVP/TS-1 were con-
sistent with those reported for Au/TS-1 prepared via deposition-precipitation (Au-DP/TS-1) (52 kJ mol-1, H2: 1, O2: 0.4, C3H6: 0.4, C3H6O: -
0.6, CO2: 0, H2O: 0). However, while the reaction orders for hydrogen oxidation on Au-PVP/TS-1 (H2: 0.8, O2: 0, C3H6: -0.3, C3H6O: -0.1, 
CO2: 0, H2O: -0.2) were similar to those measured on Au-DP/TS-1 (H2: 0.9, O2: 0.3, C3H6: -0.3, C3H6O: 0, CO2: 0, H2O: -0.1), a decrease in 
activation energy from approximately 30 kJ mol-1 for Au-DP/TS-1 to 4-5 kJ mol-1 for Au-PVP/TS-1 suggests there is a change in rate-limiting 
step and/or active site for hydrogen oxidation. Additionally, an active site model was developed which determines the number of Ti within an 
interaction range of the perimeter of extracrystalline Au nanoparticles (i.e., the number of Au-Ti active site pairs). This model was used to 
estimate catalytic turnover frequencies over solely proximal Au-Ti pairs, assuming that hydrogen peroxide does not desorb and migrate from 
Au sites to Ti sites and instead propylene oxide forms in a concerted mechanism previously termed the “simultaneous” mechanism. Turnover 
frequencies estimated for this active site model for a dataset containing both Au-DP/TS-1 and Au-PVP/TS-1 were ~20x higher than the highest 
previous reported estimates (~80 s-1 vs. 1-5 s-1 at 473 K) for catalytic oxidation on noble metals, suggesting that the simultaneous mechanism 
occurring over proximal Au-Ti sites alone is incapable of explaining the observed rate of propylene epoxidation and that short-range migration 
of hydrogen peroxide is kinetically relevant. The agreement of reaction orders, activation energy, and active site model for propylene epoxida-
tion on both Au-DP/TS-1 and Au-PVP/TS-1 suggests a common mechanism for propylene epoxidation on both catalysts containing small 
intraporous gold clusters and catalysts with exclusively larger extracrystalline gold nanoparticles. Rates of hydrogen oxidation were found to 
vary proportionally to the amount of surface gold atoms. This is also consistent with the hypothesis that the observed decrease in hydrogen 
efficiency and PO site-time-yield per gold mass with increasing gold loading are driven primarily by the gold dispersion in Au/TS-1 catalysts.  

INTRODUCTION 
Propylene oxide (PO) is an important chemical intermediate 

used in the manufacture of a variety of industrial and consumer prod-
ucts, such as polyurethanes and functional fluids.1 However, current 
industrial processes for the production of PO, such as hydrochlorin-
ation, hydrogen peroxide to propylene oxide (HPPO), or epoxida-
tion with organic peroxides, all have significant drawbacks, including 
generation of environmentally harmful byproducts, low selectivity 
to PO, or the requirement for expensive liquid-liquid separations.2,3 
An opportunity to address these challenges exists in the form of a 

highly selective gas phase epoxidation reaction, with water as the 
only major byproduct, using co-fed propylene, hydrogen, and oxy-
gen over gold- and titanium-containing catalysts, as first reported by 
Haruta and co-workers in the late 1990s.4 While these catalysts pre-
sent a unique opportunity, their integration into industrial processes 
has lagged due to low site-time yield (STY), low hydrogen efficiency, 
and poor stability with time on stream. 

Efforts to increase the active site density and stabilize active sites 
remain hindered by a lack of fundamental understanding of the re-
action kinetics and active site requirements, specifically for the gold 
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species in the active sites. Earlier studies focused on the importance 
of titanium dispersion in support materials, where gold supported on 
Al-free MFI with framework titanium heteroatoms (TS-1), prepared 
by deposition-precipitation (DP) (Au/TS-1), was observed to con-
sistently give higher STY per catalyst mass (10/10/10/70 mol% 
C3H6/H2/O2/N2, 473 K, 101.3 kPa) than other gold-loaded tita-
nium-containing materials tested, such as Au supported on crystal-
line mesoporous and amorphous Ti-SiO2.5–9 Others have endeav-
ored to determine if an optimal gold nanoparticle size exists (i.e., a 
size which minimizes both direct hydrogen oxidation and unselec-
tive propylene oxidation reactions), using both experimental  and 
computational  techniques; such efforts resulted in a general agree-
ment that smaller gold nanoparticles or clusters were correlated with 
increased STY per TEM-derived gold surface area or catalyst mass, 
however no optimal size was identified.10–16 

Lee et al. later observed a continuous decrease in PO rate normal-
ized to gold mass, PO selectivity, and hydrogen efficiency with in-
creasing gold loading.17 Lee et al. also observed a PO rate normalized 
to TS-1 mass in a core/shell catalyst consisting of a TS-1 core sur-
rounded by an S-1 shell which was then gold loaded via DP, approx-
imately four times greater than of a conventional Au/TS-1 catalyst 
with the same gold and titanium composition.18 These results im-
plied that active sites that include small gold clusters inside the mi-
cropores of TS-1 are the predominant PO active sites. However, the 
origin of this kinetic variation with gold loading, be it an intrinsic 
cluster size effect or merely improved Au dispersion, has not been 
conclusively determined. These results, in conjunction with kinetic 
data consistent with a two-site ‘simultaneous’ mechanism requiring 
Au-Ti proximity, imply that in addition to large gold nanoparticles 
observable via TEM on extracrystalline TS-1 surfaces, some fraction 
of the gold deposited on TS-1 by DP exists as small, intraporous clus-
ters in proximity to intraporous Ti sites.19,20 Such intraporous gold 
clusters have been studied by Bukowski et al., elucidating the role of 
the TS-1 support as a kinetic trap for small gold clusters.21 Efforts to 
restrict active sites to the micropores of TS-1 resulted in the synthe-
sis of gold nanoparticles encapsulated in TS-1, however compari-
sons of this catalyst’s performance to Au/TS-1 prepared by DP are 
difficult because of the authors’ use of O2/H2O reactants instead of 
O2/H2.22 

Harris et al. determined that mechanisms requiring an equilibra-
tion with gas phase hydrogen peroxide produced in situ were incon-
sistent with the measured reaction orders in oxygen and hydrogen 
(H2: 1 ± 0.2, O2: 0.4 ± 0.06, 473 K, 101.3 kPa, 2.5-10 mol% O2, 2.5-
10 mol% H2), while a simultaneous mechanism in which intact hy-
drogen peroxide diffusion is unnecessary due to proximity between 
Au and Ti sites could not be ruled out by these measurements.20 
These results suggested that gold and Ti sites located in close prox-
imity are necessary for PO production under the reaction conditions 
used (473 K, 101.3 kPa, 10/10/10/70 mol% C3H6/H2/O2/N2, 
14,000 cm3 gcat

-1 h-1). However, due to the lack of control of Au loca-
tion when DP is used to deposit gold on TS-1, the catalytic contri-
butions of intraporous gold clusters could not be distinguished from 
those of extracrystalline gold nanoparticles too large to fit into the 
pores of TS-1 (i.e., those > ~0.6 nm).  

Here, we aim to independently elucidate the catalytic roles of both 
extracrystalline gold nanoparticles and intraporous gold clusters for 
both hydrogen oxidation and propylene epoxidation, by preparing 
Au-TS-1 catalysts using PVP-ligated Au nanoparticles (Au-
PVP/TS-1) deposited onto TS-1 supports, with initial nanoparticle 

sizes too large to enter the micropores of TS-1 (≥1 nm diameter) 
prior to ligand removal. We report apparent activation energies and 
reaction orders for hydrogen oxidation and intrinsic activation ener-
gies and reaction orders for propylene epoxidation, measured on 
both Au-PVP/TS-1 and Au/TS-1 prepared with DP (Au-DP/TS-
1), as well as apparent propylene epoxidation reaction orders on Au-
PVP/S-1. We evaluate active site models which assume, respectively, 
that corner, edge, terrace, perimeter, and all surface Au atoms are ac-
tive sites for propylene epoxidation. We also evaluate a model as-
suming gold nanoparticles are spherical and non-faceted. Finally, we 
use an active site model which estimates the number of externally-
accessible Ti-containing active sites within a specified interaction 
range of a gold nanoparticle perimeter, herein referred to as the 
‘proximal Ti’ model. 

We report that the kinetics of propylene epoxidation measured on 
both Au-PVP/TS-1 and Au-DP/TS-1 agree within error, suggesting 
that no significant differences in catalytic properties, exist when 
comparing PO active sites containing small intraporous gold clusters 
and sites containing large extracrystalline gold nanoparticles. The ki-
netics of hydrogen oxidation differ significantly between Au-
DP/TS-1 and Au-PVP/TS-1 catalysts, suggesting a change in rate-
determining step, reaction barrier, or active site. Additionally, rates 
of propylene epoxidation and hydrogen oxidation follow different 
trends when comparing rates normalized by either gold mass or av-
erage gold nanoparticle diameter, consistent with our previous re-
sults that suggested active sites for propylene epoxidation and hy-
drogen oxidation were distinct.20 This finding suggests that there are 
distinct active sites for propylene epoxidation and hydrogen oxida-
tion, which likely consist of different regions of the same Au nano-
particles. 

EXPERIMENTAL METHODS 
TS-1 and S-1 Synthesis. Synthesis of TS-1 was performed ac-

cording to previously reported procedures.23 Briefly, synthesis began 
by mixing 3.85 g of polyoxyethylene 20-sorbitan monolaurate 
(Tween 20, Fischer Scientific, enzyme grade) and 61.56 g of deion-
ized water (DI water) (Millipore, Synergy UV Water Purification 
System, 18.2 MΩ/cm resistivity) and stirring (5 Hz) for 900 s at am-
bient temperature. Then, 29.38 g of tetrapropylammonium hydrox-
ide (TPAOH, Alfa Aesar, 40 wt%) and 70.00 g of tetraethylorthosil-
icate (TEOS, Sigma Aldrich, 98%) were added, followed by stirring 
(5 Hz) under ambient conditions for 1–2 h. In a separate 15 cm3 dis-
posable centrifuge tube (VWR, sterile polypropylene), 1.14 g of tita-
nium (IV) butoxide (TBOT, Alfa Aesar, 99%+) and 17.26 g of iso-
propyl alcohol (IPA, Sigma Aldrich, 99.5%) were combined and 
stirred with a vortex mixer (VWR Mini Vortex Mixer) and subse-
quently added dropwise to the synthesis gel, with stirring (5 Hz), un-
der ambient conditions. The final molar ratio of the synthesis gel was 
1 SiO2/0.01 TiO2/0.17 TPA+/13.1 H2O/0.0093 Tween 20/0.04 
C4H10O/0.85 C3H8O. The solution was then stirred (6 Hz), for at 
least 1 h at 313–318 K before addition to a Teflon-lined stainless-
steel autoclave (45 cm3, Parr Instrument Company model 4744) 
and placement in an isothermal oven (Yamato DKN402C Constant 
Temperature Oven) and heated without agitation at 413 K for at 
least 18 h. The resulting solid was separated from the slurry via cen-
trifugation (Thermo Scientific Heraeus Megafuge 16, 83 Hz for 
1800 s), and then washed twice with DI water, twice with acetone 
(Sigma Aldrich, 99.5%+), and once more with DI water, with each 
wash using 15 cm3 of DI water or acetone per gram of TS-1 and a 
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vortex mixing time of ~30 s. Once washed, the solid was dried for 
approximately 48 h at 363 K. The dried TS-1 was then treated in 
flowing air (100 cm3 min-1 gcat

-1) at 853 K for 10 h (0.0167 K s-1 
ramp).  

S-1 synthesis was performed identically to TS-1 synthesis, except 
that the additions of titanium(IV) butoxide and isopropyl alcohol 
were omitted. 

Preparation of Au-PVP/TS-1 and Au-PVP/S-1 Catalysts. Pol-
yvinylpyrrolidone (PVP) coated gold nanoparticles (Au-PVP) were 
deposited using the incipient wetness impregnation (IWI) method 
onto TS-1 and S-1 supports, as described in previous reports.24,25 A 
typical aqueous solution of Au-PVP was prepared by dissolving 0.02 
g of hydrogen tetrachloroaurate(III) trihydrate (HAuCl4·3H2O, 
Alfa Aesar, 99.99% (metals basis))  in 50 g of DI water (Millipore, 
Synergy UV Water Purification System, 18.2 MΩ/cm resistivity). 
Then, 555 mg of PVP (40 kDa, Sigma-Aldrich) were added with stir-
ring (5 Hz) before the mixture was placed in a 273 K bath and stirred 
for an additional 1800 s. Next, 5 cm3 of a 0.1 M aqueous solution of 
sodium borohydride (NaBH4, Sigma-Aldrich, 99.99% (trace metals 
basis)) were rapidly added to the solution while stirring at 273 K was 
continued. The resulting solution was then used for IWI of the TS-1 
or S-1 support, followed by drying of the resulting Au-PVP/TS-1 or 
Au-PVP/S-1 in a vacuum oven overnight (>8 h, 298 K, 15 kPa). Due 
to the low concentration of gold in the Au-PVP solution, the IWI and 
vacuum drying procedures were repeated until the target gold load-
ing was reached, which was then confirmed by elemental analysis.  

Catalyst Characterization. Powder X-ray diffraction (XRD) 
patterns were collected using a Rigaku Smartlab X-ray diffractome-
ter equipped with an ASC-6 automated sample changer stage and a 
Cu Kα X-ray source (1.76 kW). A typical measurement procedure 
consisted of packing ~0.01 g of sample into a zero-background, low 
dead-volume sample holder (Rigaku), then scanning a 2θ range of 4-
40° at a scan rate of 0.000417° s-1 with a step size of 0.02°. 

Nitrogen adsorption isotherms (77 K) were measured using a Mi-
cromeritics 3Flex Surface Characterization Analyzer. Prior to meas-
uring isotherms, samples (~0.05 g, sieved to 180-250 μm particle di-
ameter) were degassed under vacuum (<0.005 Torr) with heating to 
393 K (0.0167 K s-1) for 2 h, followed by heating to 623 K (0.0167 K 
s-1) for 8 h. Micropore volumes were determined using a semi-log 
derivative analysis of N2 isotherms (δ(Vads/g)/δ(log(P/P0)) vs 
log(P/P0)) to identify the end of micropore filling. 

Bulk elemental compositions were determined using either 
atomic absorption spectroscopy (AAS) using a PerkinElmer model 
AAnalyst 300 or inductively coupled plasma optical emission spec-
troscopy with a Perkin Elmer ICP-OES (Thermo Scientific iCAP 
7000 Plus Series ICP-OES). 1000 ppm standards (Sigma Aldrich 
TraceCERT) were used to create a series of diluted calibration 
standards, which were used to calibrate the instrument prior to 
measurement for each element. To prepare the samples for ICP-
OES analysis, Au/TS-1 and Au/S-1 samples (~0.10 g) were dis-
solved in 2 g of HF (48 wt%, Alfa Aesar) and 2.5 g of aqua regia (pre-
pared from a 2:1 v/v ratio of 37 wt% HCl, Mallinckrodt Chemicals, 
and 70 wt% HNO3, Mallinckrodt Chemicals) overnight before be-
ing diluted with 30 g of DI water. For elemental analysis with ICP-
OES, samples were further acidified with 2.5 g of HNO3 (70 wt%, 
Sigma Aldrich) before analysis. Titanium content was measured af-
ter calcination but before gold deposition. The Si/Ti ratio for each 

sample was calculated from the titanium mass fraction and the unit 
cell formula for the TS-1 zeotype. 

Diffuse reflectance UV-Vis (DRUV-Vis) spectra were collected 
using a Varian Cary 5000 UV-Vis-NIR equipped with a Harrick 
Praying Mantis in situ diffuse reflectance cell. Spectra were collected 
at a rate of 10 nm s-1 on samples: (i) first exposed to ambient condi-
tions and held in dry flowing helium 4.17 cm3 s-1 (g sample)-1) (re-
ferred to as “ambient spectra”) and (ii) after subsequent treatment 
to 523 K (0.167 K s-1) for 1 h in dry flowing helium (4.17 cm3 s-1 (g 
sample)-1) (referred to as “dehydrated spectra”). Poly(tetrafluoro-
ethylene) (PTFE, 1 μm powder, Sigma Aldrich) was used as a 100% 
reflectance standard, which then allowed conversion of the reflec-
tance spectrum to an adsorption spectrum using the Kubelka-Munk 
(F(R)) function. Adsorption edge energies were calculated from the 
x-intercepts of Tauc plots ([F(R)hν]2 vs. hν).26–28 

Thermogravimetric analysis (TGA) experiments were performed 
on a TA instruments SDT Q600 thermogravimetric analyzer and 
differential scanning calorimeter (TGA-DSC) by heating ~0.02 g of 
as-made Au-PVP/TS-1 or Au-PVP/S-1 in 83.3 cm3 s-1 gcat

-1 dry air 
(Indiana Oxygen, air zero grade, < 1 ppm total hydrocarbon con-
tent) to 423 K and holding for 2 h to remove any physisorbed water 
before further heating in air. To determine total PVP content, sam-
ples were heated to 1073 K (0.17 K s-1) and held for 0.5 h. Combus-
tion of PVP was characterized by a pair of exotherms and mass losses, 
centered at 625 K and 770 K, respectively. 

Transmission electron microscopy (TEM) and high-angle annu-
lar dark-field scanning transmission electron microscopy (HAADF-
STEM) images were obtained on an FEI Talos F200X S/TEM with 
a 200kV X-FEG field-emission source. To prepare TEM samples, 
Au-PVP/TS-1 samples were sonicated in acetone and then drop-
casted onto a carbon-coated Cu grid (Ted Pella). 

Kinetic Testing. Kinetic data for the gas-phase reactions exam-
ined herein were measured in an automated recycle reactor operated 
as a continuous stirred tank reactor (CSTR), which eliminates con-
centration gradients throughout the catalyst bed under all feed con-
ditions and reactant conversions. Details of the reactor system, in-
cluding details of the automation, can be found in the supplemental 
information (Figure S.1), as well as in a previous publication.20 

Kinetic measurements were performed on 0.15 g of as-deposited 
catalysts after sieving to 125-250 μm particle diameter, loading into 
a Pyrex U-tube reactor, and installing this reactor in a furnace con-
trolled by a Eurotherm 2408 controller protected by an over-tem-
perature thermocouple and controller (Omega CN9000A). Reac-
tion temperatures were measured by a thermocouple (Omega, K 
type) housed in a quartz thermowell whose tip was in contact with 
the radial and axial center of the catalyst bed. The reactor is con-
nected to a circular glass manifold serving as a recirculating volume 
(Figure S.1) using 0.25” ultra-torr fittings (Swagelok). The top of 
the reactor and furnace were insulated using fiberglass insulation. A 
leak check was performed at ambient temperature by pressurizing 
the reactor and glass manifold to 122 kPa with nitrogen, and the unit 
was considered leak free when no detectable change in pressure 
(<0.7 kPa) occurred over a period of 600 s.   

For Au-PVP/TS-1 and Au-PVP/S-1 catalysts, flow of air was 
started (SV = 10,000 cm3 h-1 gcat

-1) and the reactor temperature was 
increased to 573 K (0.017 K s-1). This condition was maintained for 
24 h before cooling to 473 K in a nitrogen purge of 0.8 cm3 s-1 and 
switching to a 3/3/94 mol% H2/O2/N2 flow (SV = 10,000 cm3 h-1 
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gcat
-1). Care was taken to stay below the flammable regime of 

H2/O2/N2 mixtures, as well as to avoid reaching the saturation pres-
sure of water under ambient conditions. This condition was held un-
til 12 h after the rate of hydrogen consumption reached steady state, 
typically about 48 h. 

Kinetic experiments were performed by independently varying 
the flowrates of propylene, hydrogen, or air while maintaining a con-
stant total flowrate by adjusting the nitrogen flowrate, following an 
activation procedure. The activation procedure for both Au-
PVP/TS-1 and Au-DP/TS-1 catalysts consisted of exposing the pre-
catalysts to reaction gases (10/10/10/70 mol% C3H6/H2/O2/N2, 
101.3 kPa, 14,000 cm3 h-1 gcat

-1) beginning at ambient temperature 
and ramping to the initial reaction temperature of 473 K (0.0167 K 
s-1). Catalysts were then held at these conditions until a steady state 
was achieved for both the propylene epoxidation and hydrogen oxi-
dation rates. Propylene oxide and carbon dioxide co-feed experi-
ments were performed using gases fed by digital mass flow control-
lers from a CO2 (Indiana Oxygen) cylinder and a 1% PO/N2 cylin-
der (Airgas, 1 ± 0.02% PO in N2, certified standard grade), while wa-
ter co-feed experiments were performed by flowing N2 from a digital 
mass flow controller through a vapor-liquid-equilibrium saturator 
whose temperature was monitored by a thermocouple which was 
mounted in a quartz thermocouple well filled with water and sealed 
with parafilm. To avoid flammable or explosive gas mixtures, con-
centrations of propylene, hydrogen, and oxygen were decreased 
from the standard 10 mol% in a non-monotonic fashion. Apparent 
activation energy measurements were performed starting from the 
standard 473 K condition and varying the temperature in a non-
monotonic fashion in the range 443-483 K. For both apparent reac-
tion order and apparent activation energy experiments, a minimum 
of three repeated GC injections was taken at each condition and the 
reported data represent the average of the last two, or more, of these 
injections. 

Products were injected into an on-line Agilent 6890 GC. C2 and 
C3 hydrocarbon products were quantified with a Supelcowax-10 ca-
pillary column (Agilent, 60 m x 530 μm, 1 μm film thickness) con-
nected to a flame-ionization detector (FID). CO2, O2, and H2 were 
quantified with a 60/80 Chromosorb 102 packed column connected 
to a thermal conductivity detector. Both columns and detectors used 
N2 as the carrier gas. GC peak areas were quantified using (2) pre-
measured response factor calibrations for propylene, propanal, eth-
anal, acetone, acrolein, and propylene oxide on the FID, and H2, O2, 
and CO2 for the TCD. Propylene conversions calculated based on 
the decrease in the effluent propylene concentration were typically 
less than 5%, which is within the uncertainty of the instrument. As a 
result, reported propylene conversions (XC3H6) were calculated as 
the moles of C3 in the products divided by the moles of C3H6 in the 
feed (Eq. 1): 

𝑋𝑋𝐶𝐶3𝐻𝐻6 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝐶𝐶3𝑖𝑖𝑖𝑖 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑚𝑚𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒 𝐶𝐶3 𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

         (1) 

The product carbon selectivity for each carbon-containing prod-
uct was defined as: 

𝑆𝑆𝑐𝑐,𝑖𝑖 = (𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑖𝑖 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)𝑥𝑥(𝐶𝐶 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑖𝑖𝑖𝑖 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑖𝑖)
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝐶𝐶 𝑖𝑖𝑖𝑖 𝑎𝑎𝑎𝑎𝑎𝑎 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

      (2) 

  the hydrogen selectivity was defined as: 

𝑆𝑆𝐻𝐻2 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑃𝑃𝑃𝑃 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝐻𝐻2 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

         (3) 

and the rate of hydrogen oxidation is calculated as: 

𝑟𝑟𝐻𝐻2𝑂𝑂 = (𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝐻𝐻2 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)−(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑃𝑃𝑃𝑃 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)
𝑔𝑔𝑐𝑐𝑐𝑐𝑐𝑐∙𝑠𝑠

       (4) 

assuming one mole of hydrogen is consumed in water formation 
per mole of propylene oxide formed, according to the overall reac-
tion for PO formation (Eq. 5). 

𝐶𝐶3𝐻𝐻6 + 𝐻𝐻2 + 𝑂𝑂2 → 𝐶𝐶3𝐻𝐻6𝑂𝑂 + 𝐻𝐻2𝑂𝑂        (5) 

 

RESULTS AND DISCUSSION 
Characterization of Titanosilicate-1 and Silicate-1. Structural 

characterization data (XRD, N2 micropore, UV-Vis spectroscopy) 

for the TS-1 and S-1 samples used in this report can be found in fig-
ures S.2-S.5. XRD patterns were consistent with those reported for 
titanium MFI zeotypes previously.17,20 The lack of splitting of the 
peak at 2θ = 24.6° indicates the presence of the orthorhombic unit 
cell(see Figure S.2b).29 Nitrogen adsorption isotherms for TS-1 and 
S-1 samples were typical of the MFI structure, and micropore vol-
umes were consistent with values typically reported for TS-1 (mi-
cropore volumes: 0.16-0.18 cm3 g-1).17,20,30 

DRUV-Vis spectra indicated the presence of primarily isolated 
Ti4+ sites in TS-1. DRUV-Vis peak centers were between 220 nm and 
230 nm (Figure S.4), which is consistent with values reported previ-
ously for dehydrated, isolated Ti4+ in TS-1  as well as Ti-Beta-F zeo-
lites.17,20,31 The edge energies calculated from DRUV-Vis spectra for 
dehydrated TS-1 samples are all greater than 4.9 eV (Tauc plots 
shown in Figure S.5, edge energies reported in Table S.1), which is 
characteristic of samples with primarily isolated, tetrahedrally coor-
dinated Ti4+ sites. However, the existence of a minor fraction of the 
Ti in small, octahedrally coordinated TiO2 domains cannot be ruled 
out, as the edge energies of such domains increases with decreasing 
size due to quantum confinement effects.32 The presence of TiO2 do-
mains larger than three nanometers can be ruled out by the lack of 
distinct peaks in X-ray diffractograms at 25.7°, 27.9°, and 31° for TS-
1(73) and TS-1(126) (Figure S.2).33,34  The gold nanoparticles on 
Au-PVP catalysts used in this work had similar geometries and par-
ticle size distributions to one another. For all samples used in this 
study, the gold nanoparticles have a size distribution centered 
around particles of 6 – 8 nm in diameter (Figures 1, 2, S.11-S.14), 
with number averages and standard deviations shown in Table 1. 

In Situ Removal of PVP Ligands. PVP ligands were removed 
with a combination of in situ treatments, and their absence was 

Figure 1: TEM micrograph of gold nanoparticles 
on 0.082Au-PVP/S-1, after kinetic experiments. 
The scale bar represents 10 nm. 
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confirmed with a combination of TGA and TEM data. Figures 3a 
and 3b show TGA mass loss and heat flow data, respectively, for as-
made (solid line), post-air treatment (long dashes), and air and 
H2/O2/N2-treated (short dashes) samples. The air treatment con-
sisted of flowing dry air at a space velocity of 10,000 cm3 gcat

-1 h-1 and 
temperature of 573 K. These  

Table 1: Gold nanoparticle number average diameters and 
standard deviations calculated from TEM-derived particle size 
distributions for all samples used in this study. Particle size dis-
tributions were measured after air treatment, H2/O2/N2 treat-
ment, and the conclusion of all kinetic experiments for all sam-
ples. 

conditions were chosen because a ‘light off’ temperature of ap-
proximately 573 K for Au-PVP samples was observed in an initial 
TGA experiment with as-made 0.083Au-PVP/TS-1(126) (Figure 
S.7). The conditions for the H2/O2/N2 treatment were a mixture of 
3/3/94 mol% H2/O2/N2 at the same space velocity and a tempera-
ture of 473 K. These conditions were chosen based on previous ex-
periments showing CO2 evolution on Au-DP/TS-1 samples at 473 
K flowing only H2/O2/N2 after flowing C3H6/H2/O2/N2 at 473 K 
(Figure S.6) and because they are close to the conditions used for 
measurement of propylene epoxidation rates. The data from TGA 
measurements on all samples (Figure 3a) shows a rapid loss of mass 
in the temperature range 320-420 K corresponding to approximately 
5% of the total sample masses. The heat flow data for all samples 
(Figure 3b) show an endothermic feature in the same temperature 
range, thus these features are attributed to water desorption. In the 

sample mass data for the as-made Au-PVP/TS-1 two additional 
mass losses are observed in the range 500 – 800 K sample (Figure 3a, 
dashed-dotted line). These mass losses correspond to a pair of exo-
thermic features in the heat flow data (Figure 3b, dashed-dotted 
line) over the same temperature range, the first centered at approxi-
mately 625 K and the second centered at approximately 770 K. The 
feature centered at 625 K can be attributed to thermal degradation 
of any inorganic salts and of PVP to a carbonaceous overlayer and 
lower molecular weight volatile species, while the feature centered at 
770 K can be attributed to oxidation of the remaining carbonaceous 
species.35 The air-treated Au-PVP/TS-1 sample (Figure 3, long 

Catalyst Average diameter [nm] 

0.083Au-PVP/TS-1(126) 7.6 ± 3.3 

0.083Au-PVP/TS-1(126), re-
peat 

6.5 ± 2.9 

0.082Au-PVP/S-1 6.6 ± 2.5 

0.11Au-PVP/TS-1(73) 7.4 ± 2.9 

Figure 2: Gold nanoparticle size distribution, measured 
from TEM micrographs taken on 0.083Au-PVP/TS-
1(126) after kinetic experiments. The number average 
gold nanoparticle diameter is 6.5 ± 2.9 nm and the distri-
bution is based on a count of 498 gold nanoparticles. 

Figure 3: Sample mass (a) and heat flow (b) over the course of a TGA experiment. Calcined TS-1(126) (solid line), as-made 0.083Au-
PVP/TS-1(126) (dash dot), post-air treatment (long dashes), and air and H2/O2/N2-treated 0.083Au-PVP/TS-1(126) (dots) catalysts 
were held at ambient temperature with 1.67 cm3 s-1 of dry air flowing for 900 s before ramping to 1073 K (10 K/min) and holding for 1800 
s. The strong negative trend in the heat flow at high temperature is an artifact of the instrument. 

/ nm 
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dashes) lacks the initial mass loss and exothermic feature in the 500 
– 800 K temperature range, however the second mass loss and exo-
thermic feature centered at approximately 780 K are both observed.  
In the data for the post-H2/O2/N2 treated Au-PVP/TS-1 sample 
(Figure 3, dots), neither of the features in the 500 – 800 K range as-
sociated with PVP decomposition and combustion is observed.  

TEM images of the air-treated and post-H2/O2/N2 treated Au-
PVP/TS-1 samples were also used to track the progress of PVP re-
moval from the catalyst surface. They reveal the presence of a 1-2 nm 
thick layer primarily covering the gold nanoparticles. This overlayer 
is likely carbon from thermal PVP decomposition, due to the lack of 
regular atomic spacing and lesser intensity in the HRTEM images, 
both of which are consistent with an amorphous carbon-rich over-
layer. An additional pretreatment under a standard set of reaction 
conditions (10/10/10/70 mol% C3H6/H2/O2/N2, 14,000 cm3 h-1 
gcat

-1 SV, and 473 K), removed this overlayer (Figure 4). The rate of 
propylene epoxidation during this final treatment slowly increased 
until it plateaued at a maximum value (~7 gPO h-1 kgcat

-1) after approx-
imately 15 ks (Figure 5), which is consistent with the catalyst under-
going some structural or chemical change, such as loss of any remain-
ing surface-bound species and/or rearrangement due to sintering. 
Further TEM images (Figure 4c) do not show an overlayer, alt-
hough we cannot rule out the presence of minute amounts of ada-
toms bound to gold surfaces. Although none was observed, any re-
maining carbon can also not be distinguished from carbon deposited 
during the propylene epoxidation reaction. 

After development of the pretreatment procedures for removal of 
PVP ligands, as discussed above, a typical Au-PVP/TS-1 or Au-
PVP/S-1 catalyst considered here was exposed to the following sets 
of conditions: i) 573 K flowing dry air (10,000 cm3 h-1 gcat

-1) for 24 
hours, ii) 473 K flowing H2/O2/N2 (3/3/94 mol% H2/O2/N2, 

10,000 cm3 h-1 gcat
-1) for 48 hours, and iii) a reaction mixture of 

C3H6/H2/O2/N2 (10/10/10/70 mol% C3H6/H2/O2/N2, 14,000 
cm3 h-1 gcat

-1) at 473 K. This final condition was held until the rates of 
propylene epoxidation and hydrogen oxidation reached steady-state 
(Figure 5). After these three sets of pretreatment conditions were 
used, the kinetic experiments were conducted. 

Propylene Epoxidation Reaction Kinetics on Au-PVP/TS-1 
and Au-PVP/S-1. Measurement of reaction orders and activation 
energies was performed after in situ removal of PVP ligands. Internal 
and external mass transfer limitations were estimated to be negligi-
ble by calculation of the Mears criterion (<< 0.15, Section S.5) and 

the Thiele modulus (between 10-2 and 10-3, Section S.5), and inter-
nal mass transfer limitations for Au-PVP/TS-1 catalysts would be ex-
pected to be negligible given the location of gold nanoparticles on 
external crystallite surfaces. The measured reaction orders and acti-
vation energy for propylene epoxidation over Au-PVP/TS-1 cata-
lysts were similar to previously reported values over Au-Ti catalysts 
(Table 2). Reaction orders for oxygen, hydrogen, and propylene, 
once corrected for the measured PO inhibition (reaction order for 
PO was -0.6) by multiplication by a factor of 1.6 (see Harris et al.20), 
were 0.5, 1.3, and 0.2, while the activation energy for propylene 
epoxidation was 51 kJ mol-1. 

While the reaction orders and activation energy for propylene 
epoxidation on Au-PVP/TS-1 catalysts are similar to values re-
ported for conventional Au/TS-1 catalysts prepared by deposition-
precipitation and are consistent with a ‘simultaneous’ mechanism re-
quiring proximity of the Au and Ti active sites, the average value of 

Figure 4: HRTEM micrographs of typical gold nanoparticles on (a) 0.08 Au-PVP/TS-1(126) after treatment in air and H2/O2/N2, (b) 
0.11Au-PVP/TS-1(73) after treatment in air and H2/O2/N2 as well as an activation period in C3H6/H2/O2/N2 (Figure 5) , and (c) 0.08Au-
PVP/TS-1(126) after all three treatments (air, H2/O2/N2, and an activation period in C3H6/H2/O2/N2) and the conclusion of all kinetic 
experiments. The scale bars represent 10 nm. 

Figure 5: The rate of propylene epoxidation for 0.11Au-
PVP/TS-1(73) during the first six hours of reaction time 
after treatment in air at 573 K and 3/3/94 mol% H2/O2/N-

2 at 473 K. Reaction conditions: 10/10/10/70 mol% 
C3H6/H2/O2/N2, T = 473 K, SV = 14,000 cm3 h-1 gcat

-1, P 
= 101.3 kPa. 
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the hydrogen reaction order is greater than one (1.3) and cannot be 
rationalized in the ‘simultaneous’ mechanism (Scheme 1) without 
including a third H2(g)-derived hydrogen atom in the rate-deter-
mining step.19,20 Alternatively, mechanisms which include a second 
rate-determining step with three participating H2(g)-derived hydro-
gen atoms are consistent with hydrogen reaction orders of up to 1.5; 
such a mechanism was proposed by Lu et al. that invoked H2O2 spill-
over from Au sites to Ti-OH.36 Mechanisms such as the one pro-
posed by Lu et al.  

 

 

 

Scheme 1: Proposed series of elementary steps for propylene 
epoxidation on Au/TS-1 catalysts known as the ‘simultaneous’ 
mechanism.19,20 ⁕ is an Au site and □ is a Ti site and they are as-
sumed to be in proximity, such that a gold-adsorbed HOOH and 

titanium-adsorbed propylene can react to form propylene ox-
ide. 

are consistent with this requirement for explaining hydrogen re-
action orders greater than unity for propylene epoxidation due to the 
inclusion of a second rate-determining step with three H2 (g)-de-
rived hydrogen atoms (Eq. H-4, 36).36 

The rate of propylene epoxidation on 0.082Au-PVP/S-1 is 5-10% 
of the rate on Au-PVP/TS-1 catalysts, or roughly 1% of the rate on 
Au-DP/TS-1, or 10% of the rate on 0.083Au-PVP/TS-1(126) (Ta-
ble 3). However, the rates of unselective C1-C3 byproduct produc-
tion on 0.083Au-PVP/TS-1(126) and 0.082Au-PVP/S-1 are identi-
cal within error (Table 3), implying PO and C1-C3 byproducts are 
produced in parallel reaction pathways. The kinetics of propylene 
epoxidation on Au-PVP/S-1 are markedly different from those 
measured on Au-PVP/TS-1 and Au-DP/TS-1 (Table 2), which sug-
gests the existence of secondary site(s) on gold surfaces and/or the 
gold-support interface capable of catalyzing propylene epoxidation 
by a reaction mechanism that differs from that over catalysts that 
contain both Au and Ti. The PO reaction order for propylene epox-
idation over Au-PVP/S-1 was not able to be measured due to appar-
ent negative rates of propylene epoxidation upon co-feeding PO 
(Figure S.8), presumably due to reactions of PO to form other prod-
ucts, although this reaction pathway was not investigated here. 

Hydrogen Oxidation Reaction Kinetics on Au-PVP/TS-1 and 
Au-PVP/S-1. The kinetics of hydrogen oxidation were measured 
simultaneously with the kinetics of propylene epoxidation. The rate 
of direct hydrogen oxidation (i.e., H2 consumption beyond the one 
mol H2 consumed per mol PO produced) was measured indirectly 
according to equation 4, due to our inability to directly measure ef-
fluent water concentrations via GC. Our inability to measure gas-
phase water concentrations is because the thermal conductivity of 
air saturated with water (298 K, 101.3 kPa) is nearly identical to the 
thermal conductivity of the GC carrier gas, N2, used here.37 Equation 
4 assumes that all hydrogen consumed in excess of the PO produced 
forms water, which is consistent with our observation of the absence 
of any other species to which hydrogen could go to (e.g., alcohols, 
saturated hydrocarbons) in the reactor effluent. 

 

𝑟𝑟𝐻𝐻2𝑂𝑂 =
𝑘𝑘𝐾𝐾𝑂𝑂𝑂𝑂𝑂𝑂𝐾𝐾𝑂𝑂2𝑃𝑃𝑂𝑂2�𝐾𝐾𝐻𝐻2𝑃𝑃𝐻𝐻2𝑃𝑃𝐻𝐻2

(1+�𝐾𝐾𝐻𝐻2𝑃𝑃𝐻𝐻2+𝐾𝐾𝑂𝑂2𝑃𝑃𝑂𝑂2+𝐾𝐾𝑂𝑂𝑂𝑂𝑂𝑂𝐾𝐾𝑂𝑂2𝑃𝑃𝑂𝑂2�𝐾𝐾𝐻𝐻2𝑃𝑃𝐻𝐻2)(1+�𝐾𝐾𝐻𝐻2𝑃𝑃𝐻𝐻2)

  

1) 2H⁕ ⇌ H2 + 2⁕ 

2) O2 + ⁕ ⇌ O2⁕ 

3) H2 + O2⁕ + ⁕ ⇌ HOO⁕ + H⁕ 

4) O2 + 2 H⁕ ⇌ HOO⁕ + H⁕ 

5) H2 + HOO⁕ + ⁕ ⇌ HOOH⁕ + H⁕ 

6) C3H6 + □ ⇌ C3H6□ 

7) C3H6□ + HOOH⁕ + H⁕ → C3H6O□ + 

H2O⁕ + H⁕ 

8) C3H6O + ⁕ ⇌ C3H6O⁕ 

9) C3H6O + □ ⇌ C3H6O□ 

10) H2O + ⁕ ⇌ H2O⁕ 

 

Catalyst 

Reaction orders Eapp 

kJ mol-1 H2 O2 C3H6 PO CO2 H2O 

Au-DP/TS-1 a, b 1 ± 0.2 0.4 ± 0.1 0.4 ± 0.1 -0.6 ± 0.2 0 0 52 ± 6 

Au-PVP/TS-1a, c 1.3 ± 0.2 0.5 ± 0.1 0.2 ± 0.1 -0.6 ± 0.1 0 0 51 ± 4 

Au-PVP/S-1d 0.6 ± 0.1 0.4 ± 0.1 0.5 ± 0.1 --e 0 0.7 ± 0.1 3 ± 3 

Table 2: Reaction orders and activation energies for propylene epoxidation on 0.083Au-PVP/TS-1 and 0.082Au-PVP/S-1 
compared with previously reported values for Au/TS-1 prepared with deposition precipitation. Reaction conditions: 2.5-
10/2.5-10/2.5-10/bal. mol% C3H6/H2/O2/N2, SV = 26,000 cm3 h-1 gcat

-1, T = 473 K (443-483 K for Eapp), P = 101.3 kPa. 

 

a Reactant orders and Eapp corrected by a factor of (1-d), where d is the PO order,        

b Kinetic parameters from Harris et al.20 Values are averages over eight separate ca  

c Average values from two separate sets of kinetic experiments using 0.083Au-PVP  

d Not corrected for inhibition. 

e PO order for PO production not able to be measured due to excessive PO consu  
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Scheme 2: Dual-site reaction mechanism for hydrogen oxida-
tion on gold nanoparticles, proposed by Barton and Podkol-
zin.16 ⁕ represent Au sites accessible to all species, and □ repre-
sent Au sites accessible only to hydrogen. Reproduced from 
Barton and Podkolzin, J. Phys. Chem. B 2005, 109, 6, 2262-
2274. Copyright 2005 American Chemical Society. 

1) O2 + ⁕ ⇌ O2⁕ 

2) H2 + 2⁕ ⇌ 2H⁕ 

3) H2 + 2□ ⇌ 2H□ 

4) O2⁕ + H□ ⇌ HOO⁕ + □ 

5) HOO⁕ + H2 + □ → HOOH⁕ + H□ 
 

The kinetics of hydrogen oxidation on Au-PVP catalysts differ 
from those previously reported for Au/TS-1 prepared by DP, for 
both feeds containing propylene and feeds containing only hydro-
gen, nitrogen, and oxygen (Table 4). While direct hydrogen oxida-
tion reaction orders measured on Au-PVP/TS-1 (H2: 0.8, O2: 0, 
C3H6: -0.3, PO: -0.1, CO2: 0, H2O: -0.2) and Au-PVP/S-1 (H2: 0.9, 
O2: 0, C3H6: -0.2, PO: -0.1, CO2: 0, H2O: -0.3) are similar, the rate of 
hydrogen oxidation on both Au-PVP/TS-1 and Au-PVP/S-1 cata-
lysts is relatively insensitive to temperature when compared to Au-

DP/TS-1 catalysts, which is reflected in the difference in activation 
energies (4 kJ mol-1 versus 30-40 kJ mol-1). This is consistent with a 
difference in either the reaction barrier, rate-determining step, 
and/or active site between the smaller gold nanoparticles and clus-
ters on Au-DP/TS-1 catalysts and the larger gold nanoparticles on 
Au-PVP/TS-1 and Au-PVP/S-1 catalysts discussed here. Addition-
ally, the oxygen reaction order for hydrogen oxidation differs be-
tween Au-PVP/TS-1 and Au-DP/TS-1 catalysts (0 and 0.4, respec-
tively), suggesting differences in either coverages of O2-derived sur-
face species or rate-determining steps (i.e., the rate-determining step 
for hydrogen oxidation on Au-PVP/TS-1 and Au-PVP/S-1 catalysts 
differs from that proposed for Au-DP/TS-1 catalysts by Barton and 
Podkolzin16 (Scheme 2)). 

While the activation energy for hydrogen oxidation on Au-PVP 
catalysts is significantly lower than values reported for Au-DP cata-
lysts, it is in rough agreement with the activation energy calculated 
for O2 adsorption on gold wire by Kul’kova and Levchenko and Choi 
et al., who estimated values of 13 kJ mol-1 and 12 kJ mol-1 for this step, 
respectively, as well as the activation energy for O2-assisted hydro-
gen dissociation on Au(211), estimated to be 10 kJ mol-1.16,38,39 Fur-
thermore, we posit that it is unlikely that there are slower diffusion 
rates for H2, O2, and/or H2O during H2 oxidation on Au particles on 
the external surface of TS-1 than those for H2 oxidation over Au par-
ticles within the micropores of TS-1, as would be required if mass 
transfer limitations were to explain the observed difference in appar-
ent activation energies. This suggests that either i) the rate-

Catalyst 

Site-Time Yields 

C3H6 epoxidation 

gPO h-1 kgcat
-1 

H2 oxidation 

µmolH2 s-1 gcat
-1 

Total C1-C3 byproducts 

(mol C3) h-1 kgcat
-1 

0.11Au-PVP/TS-1(73) 7 0.22 0.53 

0.083Au-PVP/TS-1(126) 11 0.83 0.11 

0.082Au-PVP/S-1 0.4 1.2 0.095 

 

Catalyst 

Reaction orders Eapp 

kJ mol-1 H2 O2 C3H6 PO CO2 H2O 

Au-DP/TS-1a 0.9 ± 0.1 0.3 ± 0.1 -0.3 ± 0.07 0 ± 0.2 0 -0.1 ± 0.07 31 ± 10 

0.083Au-PVP/TS-1(126)b 0.8 ± 0.2 0 ± 0.2 -0.3 ± 0.2 -0.1 ± 0.1 0 -0.2 ± 0.1 4 ± 1 

0.082Au-PVP/S-1b 0.9 ± 0.1 0.1 ± 0.1 -0.2 ± 0.1 -0.1 ± 0.1 0 -0.3 ± 0.1 4 ± 1 

Au-DP/TS-1c,d 0.7 – 0.8 0.1 – 0.2 n.m.e n.m. n.m. 0 37 – 41 

Table 3: Comparisons of catalytic STY of propylene epoxidation, unselective hydrogen oxidation (Eq. 4), and total C1-C3 byprod-
uct generation on 0.11Au-PVP/TS-1(73), 0.083Au-PVP/TS-1(126) (averaged over two sets of experiments), and 0.082Au-
PVP/S-1. Reaction conditions: 10/10/10/70 mol% C3H6/H2/O2/N2, SV = 14,000 cm3 h-1 gcat

-1, T = 473 K, P = 101.3 kPa. 

 

 

Table 4: Apparent reaction orders and activation energies for hydrogen oxidation on 0.083Au-PVP/TS-1 and 0.082Au-PVP/S-1 
compared with previously reported values for Au/TS-1 prepared with deposition precipitation. 

 

a Kinetic parameters from Harris et al. [20]. Values are averages over eight separate catalysts. 

b Reaction conditions: T = 473 K (443-483 K for Eapp), 2.5 – 10/2.5 – 10/2.5 – 10/0 – 0.24/0 – 5/0 – 0.3/Bal.  mol%   

  H2/O2/C3H6/PO/CO2/H2O/N2, SV = 26,000 cm3 h-1 gcat
-1, P = 101.3 kPa. 

c Kinetic parameters from Barton and Podkolzin [16]. 

d Reaction conditions: T = 433 K (383-483 K for Eapp), 0.5 – 19.7/0.5 – 39.5/0 – 3/Bal. mol% H2/O2/H2O/N2, SV =   

  15,000 – 150,000 cm3 h-1 gcat
-1, P = 101.3 kPa. 
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determining step for hydrogen oxidation on gold surfaces changes as 
the size of the gold nanoparticle increases, or that ii) the barrier for 
hydrogen oxidation decreases on larger Au nanoparticles. Addition-
ally, while non-zero hydrogen oxidation reaction orders for oxygen 
have been reported for Au-DP/TS-1 catalysts, no significant O2-de-
pendence on the rate of hydrogen oxidation was observed for Au-
PVP/TS-1 catalysts, which, in the context of a Langmuir-Hinshel-
wood type mechanism, suggests that the larger gold nanoparticles 
present on Au-PVP/TS-1 and Au-PVP/S-1 catalysts have higher 
coverages of adsorbed oxygen than the gold nanoparticles and small 
clusters on Au-DP/TS-1 catalysts studied by Harris et al. and by Bar-
ton and Podkolzin.16,20 This can be demonstrated using Eq. 6, de-
rived from the two-site hydrogen oxidation mechanism proposed by 
Barton and Podkolzin.16 

Active Site Models and Rate Normalization for Au-DP/TS-1 
and Au-PVP/TS-1. To further evaluate the hypothesis that the gold 
actives sites responsible for propylene epoxidation on Au-DP/TS-1 
and Au-PVP/TS-1 catalysts are similar, the rates of propylene epox-
idation normalized to estimates of the fraction of gold which is in 
PO-producing active sites for  

several active site models were calculated for each catalyst consid-
ered here. Given that the geometry of gold nanoparticles on Au-
PVP/TS-1 and Au-PVP/S-1 catalysts studied here was not able to 
be determined, we cannot propose a new physical model. However, 
we can use the model of a truncated cubo-octahedron with a 
Au(111) top facet  (Figure S.8) proposed for gold nanoparticles by 
Feng et al. under propylene epoxidation reaction conditions, which 
is similar to the model proposed for gold nanoparticles by Williams 
et al. for gold nanoparticles under water-gas shift reaction condi-
tions, as a basis for comparison.40–42 Using this physical model in con-
junction with TEM-derived gold nanoparticle size distributions and 
bulk gold loadings, we predicted the functional dependence of the 
PO rate on the prevalence of each atom type and evaluated the 
model regressions after minimizing the squared residuals for each 
case using equations 7 and 8, where r is the experimentally measured 
rate of propylene epoxidation, Csite is a fit parameter which is the rate 
per site for the site type being considered, s(d) is the number of sur-
face atoms of the given type (e.g., corner atoms) in a given particle, 
and t(d) is the total number of  atoms in a given particle. While these 
models can be used with nanoparticles of uniform size, to account 
for the size variation observed with gold nanoparticles on these cat-
alysts, the following process was used to avoid this limitation of our 
analysis: For each nanoparticle, a TEM-measured diameter was used 
in conjunction with the nanoparticle models in section S.9 to deter-
mine the edge length in atoms that correspond to the measured di-
ameter of each nanoparticle. The relationships in tables S.4 and S.5 
were then used to determine the population of each type of atom 
(e.g., corner, edge, etc.) for each nanoparticle. These counts of atom 
types were then summed over the entire size distribution for the cat-
alyst being considered. Therefore, this analysis is not limited to con-
sidering only one nanoparticle diameter and is representative of the 
entire measured distribution of nanoparticles. 

𝑟𝑟 = 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠[∑𝑠𝑠(𝑑𝑑) /∑𝑡𝑡(𝑑𝑑)]        (7) 

 

𝑚𝑚𝑚𝑚𝑚𝑚(𝑟𝑟 − 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠[∑𝑠𝑠(𝑑𝑑) /∑ 𝑡𝑡(𝑑𝑑)])2        (8) 

 

Models for corner, edge, terrace, surface, and perimeter atoms on 
a truncated cubo-octahedron with a Au(111) top facet were created 

(equations shown in the SI, Section S.9). The corner, edge, and ter-
race atoms are mutually exclusive, however, the perimeter model in-
cludes a combination of corner, edge, and terrace atoms, and the sur-
face model includes all accessible surface Au. These models assume 
that a single type of site (e.g., only 5- and 6-coordinate corner atoms 
closest to the support surface) makes up the vast majority of gold ac-
tive sites. Further details of these models are shown in the Support-
ing Information (Sections S.9 and S.11). Additionally, a model of a 
non-faceted spherical nanoparticle was considered, as the TEM data 
considered here shows no clear evidence of faceted nanoparticles.43 
For the model regressions to propylene epoxidation rate data (Sec-
tion S.11), in general the residual plots exhibited trends which re-
sulted in clustering around y=x in the lag plots. This indicates the 
presence of systematic errors, meaning that the spherical nanoparti-
cle model may not be a suitable fit for the data. 

Since all the models mentioned so far only consider Au sites and 
do not consider Au-Ti interactions, we attempt to develop a new ac-
tive site model here. Assuming a Langmuir-Hinshelwood-Hougen-
Watson type mechanism, the reaction orders reported here, as well 
as all others reported previously  are consistent with a reaction mech-
anism which requires the Au and Ti sites to be close enough to allow 
for interaction of Au- and Ti-bound reaction intermediates during 
the rate determining step.19,20,36,44 An alternative mechanistic pro-
posal requires the desorption and migration of hydrogen peroxide.36 
All reported  reaction orders for the gas phase epoxidation of propyl-
ene with oxygen and hydrogen over Au/TS-1 catalysts typically have 
a hydrogen order near unity and an oxygen order of approximately 
0.5, if one assumes a PO reaction order of  -0.6, as this is the 

Figure 6: Model fits of experimental data for the data set consisting 
of 0.083Au-PVP/TS-1(126) catalysts (▲), 0.11Au-PVP/TS-1(73) 
(♦) and Au-DP/TS-1(100) catalysts (●) reported in [20], for the cor-
ner (black line), edge (blue dash-dot), perimeter (short orange 
dashes),  proximal Ti (black dashes), terrace (green dash-dot), and 
surface (red dots) models. Reaction conditions: 10/10/10/70 mol% 
C3H6/H2/O2/N2, SV = 14,000 cm3 h-1 gcat

-1, T = 473 K, P = 101.3 kPa. 
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approximate value reported by all those who have measured the re-
action order with respect to PO and corrected measured H2 and O2 
reaction orders accordingly.19,20,36,44  Therefore, given the hypothesis 
that Au-Ti proximity is necessary for PO-producing Au-Ti active 
sites, such proximity was used as a constraint for this active site 
model which we refer to as the ‘proximal Ti’ model in an attempt to 
test this hypothesis. This model predicts the number of Ti-contain-
ing sites on the external surfaces of TS-1 within a specified distance 
of the base of a gold nanoparticle which is itself on an external crys-
tallite surface. We refer to the range in which Ti are considered prox-
imal to a gold nanoparticle as the interaction range, and the bounds 
on this range are as follows: the distance from the center of the gold 
nanoparticle to the Ti site must be greater than the nanoparticle’s 
radius, such that it is not covered by the nanoparticle, but less than 
the combined lengths of propylene and hydrogen peroxide (Figure 
S.16), which gives a maximum allowable distance of 0.44 nm before 
a gold nanoparticle and Ti site are no longer considered close 
enough to interact. This interaction range could be modified to in-
crease physical accuracy in the future, but this was used as an initial 
guess to allow prediction of trends by the model. As a result of using 
the combined lengths of hydrogen peroxide and propylene for the 
maximum interaction range, turnover frequencies estimated using 
this assumption for the Au-Ti interaction range represent a mini-
mum of the estimated catalytic turnover frequency required for the 
simultaneous mechanism alone to explain the observed rate of pro-
pylene epoxidation. Increasing this range decreases the predicted 
TOF, and decreasing this range increases the predicted TOF (Figure 
S.20). Using this model we can predict the approximate number of 
‘proximal Ti’ per Au nanoparticle for a given Ti surface density, 
(here, the surface Si/Ti ratio was assumed to be equal to the bulk 
Si/Ti ratio), maximum interaction distance, and Au nanoparticle 
size. Further details of this model are shown in the Supporting Infor-
mation (Section S.11) and a comparison of the regressions for all 
models considered here is shown in Figure 6. 

For each model considered, the regression to the dataset consist-
ing of rate vs. average diameter data for both Au-PVP/TS-1 and Au-
DP/TS-1 catalysts was determined (Figure  6) by minimizing equa-
tion 7. For the catalyst samples in this study, the fraction of terrace 
and surface atoms scaled linearly with the average diameter and were 
therefore not considered. The corner, edge, perimeter, and ‘proxi-
mal Ti’ site densities were best approximated by power law relation-
ships of d-3.43, d-2.31, d-2.51, and d-2.45, respectively. The rate of propylene 
epoxidation varies with the average diameter as d-3.35. While the ter-
race and surface atom models can be disregarded due to their poor 
fits of the data, the corner, edge, perimeter, and proximal Ti models 
are difficult to distinguish and appear to all capture the trends in the 
data similarly (residual plots and lag plots in Section S.11). Since the 
‘proximal Ti’ model is a modified perimeter model which accounts 
for Ti effects, and the edge model is essentially a perimeter model in 
which only a subset of perimeter Au atoms are considered (see Sec-
tions S.7, S.9), we chose to consider only the corner and proximal Ti 
models. 

These active site models were used in conjunction with estimates 
of Ti densities on external crystallite surfaces and TEM measure-
ments of the gold nanoparticle size distribution to calculate the cat-
alytic turnover frequency required to explain the measured rate for 
each sample. Although there is the potential for Au clusters too small 
for detection by TEM on the ~200 nm TS-1 crystallites, the esti-
mated turnover frequencies on Au-PVP/TS-1 catalysts, which have 
exclusively extracrystalline gold nanoparticles, span the range of pre-
dicted turnover frequencies for the Au-DP/TS-1 samples (Figure 
7). Therefore, it is unlikely that a subset of Au clusters which is un-
detectable by TEM for Au-DP/TS-1 samples significantly influences 
the predicted values of TOF for each model considered here, and 
any contributions from such sites would reduce the calculated TOF 
values. The range of these predicted TOFs as a function of the frac-
tion of corner Au sites or proximal sites are shown in Figure 7, and 
the relationship between the estimated active site density and the 
rate of propylene epoxidation normalized to gold content is shown 

Figure 7: Plots of predicted TOF for the corner model (a) and proximal Ti model (b) as a function of the calculated site densities for Au-
PVP/TS-1 (Si/Ti = 126) (▲), Au-PVP/TS-1 (Si/Ti = 73) (♦) and Au-DP/TS-1(100) catalysts ([40], ●). Reaction conditions: 
10/10/10/70 mol% C3H6/H2/O2/N2, SV = 14,000 cm3 h-1 gcat

-1, T = 473 K, P = 101.3 kPa. For the proximal Ti model, a Au-Ti interaction 
range of 0.44 nm was used. 
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in Figure 8. For the reaction conditions used to measure catalytic 
rates of propylene epoxidation  on Au/TS-1 catalysts (10/10/10/70 
mol% C3H6/H2/O2/N2, 473 K, SV = 14,000 cm3 gcat

-1 h-1), the upper 
limit on the turnover frequency set by collision theory (assuming 
every collision of  gas-phase propylene with an adsorption site results 
in product formation, regardless of whether the propylene must mi-
grate to an active site or not) is approximately 140 s-1. These limits 
were calculated using equation 7 (adapted from 45) with the assump-
tions that propylene behaves as an ideal gas and that propylene may 
adsorb at any T-site on an exposed TS-1 surface. 

𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝜌𝜌𝑛𝑛�
𝑅𝑅𝑅𝑅
2𝜋𝜋𝜋𝜋

          (9) 

Both models predict turnover frequencies (~30 s-1 and ~80 s-1 for 
the corner and proximal Ti models, respectively) which are of a sim-
ilar value to the collision theory estimated maximum rate, and these 
estimated turnover frequencies are also significantly higher than 
those reported previously for oxidation reactions on metal catalysts 
under similar reaction conditions, including estimates for propylene 
epoxidation on Au and Ag clusters (~0.4 s-1 and ~2.5 s-1, respectively, 
473 K), CO oxidation on Pt (0.002-0.05 s-1, 473 K), and WGS on Pt 

Figure 8: PO rate normalized to total gold mass vs. corner Au fraction (a) and proximal Ti per Au (b) for Au-PVP/TS-1 (Si/Ti = 126) (▲), 
Au-PVP/TS-1 (Si/Ti = 73) (♦), and Au-DP/TS-1 ([40], ●) catalysts. For the proximal Ti model, a Au-Ti interaction distance of 0.44 nm 
was used. The slope of the plotted line corresponds to the best-fit turnover frequency for the entire data set, which is shown in the upper 
righthand corner of each plot. Reaction conditions: 10/10/10/70 mol% C3H6/H2/O2/N2, SV = 14,000 cm3 h-1 gcat

-1, T = 473 K, P = 101.3 
kPa. 

Figure 9: (a) Model fit of experimental data for the hydrogen oxidation rate data set consisting of 0.083Au-PVP/TS-
1(126) catalysts (▲), 0.11Au-PVP/TS-1(73) (♦) and Au-DP/TS-1(100) catalysts (●) reported in [40] for the surface 
atom model (prediction shown by dashed line). (b) Residual plot for the model regression in (a). Reaction conditions: 
10/10/10/70 mol% C3H6/H2/O2/N2, SV = 14,000 cm3 h-1 gcat

-1, T = 473 K, P = 101.3 kPa. 
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and Au (both ~0.2 s-1, 473 K).46–50 For the corner model, which was 
originally employed by Feng et al. assuming a sequential mechanism 
involving hydrogen peroxide migration, this suggests that corner at-
oms alone are not capable of explaining the observed rates of propyl-
ene epoxidation.40 For the proximal Ti model, this implies that the 
simultaneous mechanism alone cannot explain the observed rates of 
propylene epoxidation, and that invoking short range migration of 
hydrogen peroxide over at least several nanometers is necessary to 
explain the observed rates with plausible calculated TOFs.  Increas-
ing the interaction range for Ti sites and Au nanoparticles in the 
proximal Ti model to ~10 nanometers decreases the calculated TOF 
to values consistent with previous reports (Figure S.20). This sug-
gests that while the simultaneous mechanism cannot be conclusively 
invalidated here, hydrogen peroxide migration is necessary to ex-
plain the observed catalytic rates of propylene epoxidation on 
Au/TS-1 catalysts. 

The active site models discussed for propylene epoxidation were 
then regressed to the measured catalytic rates of hydrogen oxidation. 
The active site model which ‘best’ fit the hydrogen oxidation data, as 
determined by examination of the residual plots (Section S.11), was 
the surface atom model, which assumes all surface Au atoms contrib-
ute to hydrogen oxidation (Figure 9). Magnitudes of hydrogen oxi-
dation turnover frequencies normalized per surface Au atoms are on 
the order of 1 s-1, consistent with previous reports of oxidation reac-
tions on noble or transition metal catalysts.46,47,49,50 The agreement of 
this model across both Au-DP/TS-1 and Au-PVP/TS-1 catalysts 
suggests that differences observed in the activation energy and oxy-
gen reaction order between these two types of samples (Table 4) are 
not due to a difference in active site type. We speculate that these 
observations may instead be rationalized by a change in either sur-
face coverage regime or rate-determining step, though further inves-
tigation into the origins of this discrepancy are beyond the scope of 
the present study. Additionally, the agreement of estimated turnover 
frequencies across these catalysts suggests that hydrogen oxidation 
on gold nanoparticles is a structure insensitive reaction that can po-
tentially be used for estimation of accessible Au surface areas under 
these reaction conditions. 

CONCLUSIONS 
Au-PVP/TS-1 catalysts were synthesized by a repeated incipient 

wetness impregnation procedure and cleaned of organic PVP ligand 
residue by a series of in situ pretreatments. The reaction orders and 
activation energies for propylene epoxidation measured over Au-
PVP/TS-1 catalysts were measured in a CSTR, free from tempera-
ture and concentration gradients, and were identical within experi-
mental uncertainty to values previously reported for Au-DP/TS-1 
catalysts. This agreement suggests that gold active sites on catalysts 
with some fraction of gold existing as small, intraporous clusters in-
side TS-1 (Au-DP/TS-1) and gold active sites on catalysts with ex-
clusively larger, extracrystalline gold nanoparticles (Au-PVP/TS-1) 
are energetically similar (i.e., similar binding energies, reaction bar-
riers, catalytic turnover frequencies). Additionally, this similarity 
demonstrates that propylene epoxidation on Au-PVP/TS-1 cata-
lysts likely occurs through the same mechanism as on Au/TS-1 cat-
alysts prepared by deposition-precipitation. Estimates of turnover 
frequencies for propylene epoxidation derived from model regres-
sions considered herein suggest that models which assume a rela-
tively constant number of active sites per gold nanoparticle (corner, 
proximal Ti models) are most capable of explaining measured 

catalytic propylene epoxidation rates on Au/TS-1 catalysts. The 
magnitude of the TOF predictions for the corner model suggest that 
corner atoms alone cannot produce hydrogen peroxide at a rate con-
sistent with the observed rates of propylene epoxidation on the cat-
alysts studied here. The estimated TOFs for propylene epoxidation 
via the simultaneous mechanism over active sites described by the 
proximal Ti model are much larger than those for previously re-
ported metal-catalyzed oxidation reactions, and approach the colli-
sion theory limit of approximately 140 s-1. This suggests that the sim-
ultaneous mechanism alone cannot explain the measured data, and 
that hydrogen peroxide migration from Au sites to Ti sites is neces-
sary to explain the observed rates of propylene epoxidation on the 
catalysts considered here. 

The kinetics of hydrogen oxidation on Au-PVP/TS-1 and Au-
DP/TS-1 catalysts primarily differ in the measured values of activa-
tion energy (Au-PVP/TS-1: ~4 kJ mol-1, Au-DP/TS-1: ~30 kJ mol-

1) and oxygen reaction order (Au-PVP/TS-1: 0, Au-DP/TS-1: 0.4). 
The measured activation energy for hydrogen oxidation on Au-
PVP/TS-1 catalysts is similar to estimates of the activation energy 
for O2-assisted hydrogen dissociation on gold surfaces. Rates of hy-
drogen oxidation on both Au-PVP/TS-1 and Au-DP/TS-1 were re-
gressed to the same active site models as discussed for propylene 
epoxidation. The rate of hydrogen oxidation correlates best with a 
surface Au atom model, suggesting that all surface gold atoms partic-
ipate in hydrogen oxidation. Additionally, the agreement of active 
site model for hydrogen oxidation across both Au-DP/TS-1 and Au-
PVP/TS-1 catalysts implies that there is no change in active site be-
tween the two catalysts, and that the difference in activation energy 
and oxygen order must be the result of a change in surface coverage 
regime or rate-determining step. Magnitudes of hydrogen oxidation 
turnover frequencies normalized per surface Au atoms are on the or-
der of 1 s-1, consistent with previous reports of oxidation reactions 
on noble or transition metal catalysts. These findings suggest that Au 
particle sizes should be minimized, in order to maximize the fraction 
of Au sites which participate in propylene oxide formation in con-
junction with Ti sites, but that all Au sites on these Au particles will 
also participate in deleterious hydrogen oxidation, placing an upper 
limit on the possible H2 selectivities over Au-Ti catalysts for direct 
propylene epoxidation. 
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