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Abstract

The superior activity and stability of Au/TS-1 catalysts has allowed the first comprehensive kinetic analysis of the propylene epoxidation system
in the absence of significant deactivation. A unique design of experiments combining the best features of factorial experiments with one-at-a-time
experimentation over the nonflammable range was used to collect kinetic information, from which a power rate law was extracted using the
statistical software package JMP. Explaining the resultant fractional reactant orders (O2 = 0.31±0.04, H2 = 0.60±0.03, and C3H6 = 0.18±0.04)
requires a sequence of elementary kinetic steps having a minimum of two active sites participating in the rate-determining step. A reaction
sequence is proposed that accounts for the experimentally determined reaction orders and is consistent with DFT calculations and other results
from the literature. This mechanism suggests that titanium and gold sites must generate and use the epoxidation oxidant simultaneously rather
than sequentially, as previously suggested in the literature.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

With the discovery of propylene epoxidation activity in the
Au–Ti system by Haruta et al. [1], considerable effort has been
made to understand the nanoscale gold particle size effects
[1–4] and the elemental synergy between gold and titanium
that result in this unique selective oxidation activity [1,5–8].
Although an enhanced understanding of the chemical and phys-
ical properties of these materials has recently led to catalysts
with industrially interesting propylene epoxidation rates [9,10],
mechanistic information derived from kinetic experiments has
been limited, due in part to the poor stability and reproducibil-
ity of many catalysts in the Au–Ti system. With the introduc-
tion of catalysts consisting of highly dispersed titanium centers
and low gold loadings, the on-stream stability has improved
considerably, culminating in Au/TS-1 catalysts capable of the
stable production of propylene oxide (PO) for periods exceed-
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ing 45 h [10]. Nevertheless, reproducibility problems in catalyst
synthesis prevent direct comparison of activity based on metal
loading or gold particle size. In addition, the need for two re-
ductants and an oxidant for the reaction entails safety consider-
ations. Traditional experimental methods involving the manip-
ulation of one reaction variable at a time make it necessary to
operate at process conditions remote from a standard feed of
10/10/10/70 vol% O2/H2/C3H6/diluent, to have a sufficiently
large range of compositions outside of the explosion limit con-
ducive to estimating reliable reaction orders. The kinetic para-
meters provided by Haruta et al. [1], for example, were obtained
from kinetic information far from the standard evaluation con-
ditions, which raises the question of whether data collected un-
der these conditions necessarily reflect the kinetics of the more
widely studied 10/10/10/70 vol% O2/H2/C3H6/diluent reactant
mixture.

This work takes advantage of the high activity and stability
of catalysts prepared by deposition precipitation of gold onto ti-
tanium silicalite-1 to determine reaction orders, rate constants,
and apparent activation energies from a large number of vari-
able levels. It has ultimately allowed the proposal of a viable
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epoxidation mechanism over these materials. Utilization of a
design of kinetic experiments in which all manipulated vari-
ables are changed simultaneously permits the examination of a
wide range of nonflammable reaction conditions near the stan-
dard evaluation conditions. Another attribute of this design is
the ability test for the effects of deactivation and/or catalyst
reproducibility. Finally, the experimental design is inherently
efficient and permits evaluation of the entire experimental re-
gion in a balanced fashion with the ability to check for any
synergisms or interactions among the reaction conditions and
resultant model parameters.

2. Experimental

2.1. Hybridized factorial design of experiments

An experimental design was constructed to meet the fol-
lowing requirements: (1) easily attained feed conditions, (2)
measurable changes in expected product rates, and (3) opera-
tions maintained outside the flammability region. Based on ex-
ploratory experimental observations, the oxygen concentration
ranged from 2 to 8 mol%, whereas the hydrogen and propy-
lene concentrations ranged from 8 to 24 mol%. In addition, Au/
TS-1 catalysts temperatures ranged from 140 to 200 ◦C. Higher
temperatures were not examined because of irreversible deac-
tivation of the catalyst. Lower temperatures were neglected to
avoid confounding the kinetics with the accumulation of PO
on the surface. Based on exploratory experiments, the choice
was made to use 15 ◦C increments over this 60 ◦C temperature
range.

The design itself consists of a hybridization of a factorial
design and the traditional one-at-a-time approach familiar to
catalyst experimenters. As shown schematically in Fig. 1, the
first portion of the design consists of incremental changes in
temperature under constant reactant compositions, which can
be used to give estimates of the activation energy and pre-
exponential factor using a logarithmic transformation. The sec-
ond portion of the design consists of step changes in oxygen
compositions, resulting in the ability to extract an effective oxy-
gen order independent of other factors. The final portion of the
experimental design consists of a symmetrical partial factor-
ial design for hydrogen and propylene that has been linked to
the first two portions through the use of intermediate temper-
atures and concentrations. The design consisted of 29 distinct
reaction conditions, plus 4 replicates to assess experimental er-
ror and check for catalyst deactivation. The reaction conditions
(5/12/12/71 vol% O2/H2/C3H6/diluent, 170 ◦C) were chosen as
the replicate conditions because they consist of roughly mid-
point values of the four process variables. It was felt that re-
peating this middle point would serve as a good measure of
variability over the entire operating region.

2.2. Catalyst preparation and characterization

Two titanium silicalite-1 samples were synthesized in micel-
lar media [11] and named according to the silicon-to-titanium
molar ratio such that Si/Ti = 36 is denoted by TS-1(36) and
Si/Ti = 143 is denoted by TS-1(143). The specifics of the
preparation, as well as the characterization of these support
materials, have been presented previously [10]. A typical syn-
thesis gel began with the addition of 3.5 g of polyoxyethylene
20-sorbitan monolaurate (Tween® 20, Fischer Scientific, En-
zyme Grade) to 56 mL of deionized water under vigorous stir-
ring. This was followed by dropwise addition of 26 mL of
tetrapropylammonium hydroxide (TPAOH, Aldrich, 40 wt%),
followed by dropwise addition 66.5 mL of tetraethylorthosili-
cate (TEOS, Aldrich, >98%). The solution was then stirred for
1 h. A solution consisting of up to 3 mL of titanium (IV) bu-
toxide (TBOT, Aldrich, >98%) in 20 mL of isopropyl alcohol
(IPA, Mallinckrodt, ChromAR) was then added dropwise under
stirring. The final solution was stirred for a minimum of 1 h be-
fore being placed in a Teflon autoclave at 140 ◦C for 18 h. The
resulting solid was separated from the growth liquid via cen-
trifugation, washed thoroughly with approximately 100 mL of
room temperature deionized water, and dried overnight at room
temperature in a vacuum oven. Once dry, the resulting white
Fig. 1. A schematic showing a breakdown of the hybridized factorial design of kinetic experiments. The first two portions of the design are similar to traditional
kinetic analysis in which only one variable is changed at a time, while the final portion is a true factorial design.
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Table 1
Characterization of examined catalysts

Catalyst Bulk
Si/Ti

Ti
loading
(wt%)

Support
particle
diameter
(nm)

Gold content
of DP
solution
(g/L)

Gold
loading
(wt%)

0.04Au/TS-1(143) 143 0.56 261 ± 18 2.36 0.04
0.06Au/TS-1(36) 36 2.2 355 ± 59 2.49 0.06
0.02Au/TS-1(36) 36 2.2 355 ± 59 1.13 0.02

powder was calcined at 535 ◦C for at least 8 h to remove the or-
ganic template. A typical preparation utilizing 3 mL of TBOT
resulted in 8 g of zeolite with a titanium content of approx-
imately 2 wt%. X-ray diffraction patterns showed the crystal
structure to be orthorhombic MFI, whereas diffuse reflectance
ultra-violet/visible (DRUV–vis) spectra were consistent with
the ligand-to-metal charge transfer for tetrahedral titanium in-
serted into the zeolite framework.

Gold was deposited using the method of deposition precip-
itation (DP) as outlined by Tsubota et al. [12]. An appropri-
ate amount of hydrogen tetrachloroaurate(III) (HAuCl4·xH2O,
Alfa Aesar, 99.999%) was dissolved in 50 mL of deionized
water, resulting in the gold solution concentrations given in Ta-
ble 1. Following suspension of approximately 1 g of calcined
support material in the gold precursor solution, the slurry was
neutralized to a pH of 9 using a saturated aqueous solution of
sodium carbonate. The slurry was stirred for 4 h at room tem-
perature, after which the solid was removed via centrifugation,
resuspended in approximately 50 mL of deionized water, sepa-
rated again by centrifugation, and dried under vacuum at room
temperature. In general, <2% of the available gold in solu-
tion was deposited on the support material. Gold loading was
determined by atomic absorption spectroscopy (AAS) using a
Perkin Elmer AAnalyst 300, and support particle size distri-
butions were determined using a JEOL 2000FX transmission
electron microscope (at 200 keV) outfitted with a charge cou-
pled device camera. TEM images are omitted here because of
a lack of discernible gold particles; representative TEM images
of the support materials can be found elsewhere [10]. Catalysts
were named for gold loading and the support material, as shown
in Table 1.

2.3. Kinetic evaluation

Kinetic measurements were made using a 1/2-inch-diameter
steel vertical reactor operating at differential conversion. Cat-
alysts were sieved to 60–80 mesh. The reaction rates were
measured in a reactant mixture of oxygen (99.999%), hydrogen
(99.999%), propylene (99.9%), and nitrogen (99.999%) with a
total flow rate of approximately 55 sccm and a resulting space
velocity of 7000 mL/(h gcat). The measured rates are shown in
Fig. 2. The effects of deactivation were minimized by conduct-
ing the kinetic experiments within 24 h of the preparation of
each catalyst. Each catalyst was evaluated without any pretreat-
ment and activated on stream in a 10/10/10/70 vol% mixture
of O2/H2/C3H6/N2 at 200 ◦C. For catalyst 0.04Au/TS-1(143),
the reactor effluent was separated using a Varian 3700 gas
Fig. 2. Parity plot for the power rate law fit to kinetic data including 95%
confidence intervals obtained from fitting catalysts 0.04Au/TS-1(143), 0.06Au/
TS-1(36) and 0.02Au/TS-1(36).

chromatograph. Organic products were separated using a Su-
pelcowax 10 capillary column (0.53 mm × 60 m) and analyzed
using a flame ionization detector. Inorganic products were sepa-
rated using a Chromosorp 102 packed column (1/8 inch × 8 ft)
and analyzed using a thermal conductivity detector. Effluents
from catalysts 0.06Au/TS-1(36) and 0.02Au/TS-1(36) were an-
alyzed identically to those of 0.04Au/TS-1(143), except that an
Agilent 6890N GC was used. Each catalyst was maintained at
the conditions outlined in the experimental design for at least
30 min before analysis of the reactor effluent. A minimum of
three samples was collected at each experimental condition to
assess the variability in the sampling and analytical measure-
ment. Hydrogen efficiency was calculated directly. However,
use of a nitrogen carrier gas prevented the quantification of car-
bon dioxide and the reporting of accurate product selectivities.
Although carbon dioxide was previously found to be the most
abundant side product in this laboratory, selectivity to carbon
dioxide was still below 10% [10]. External mass transfer lim-
itations were eliminated by operating at a high space velocity.
Internal mass transfer limitations were neglected because the
Thiele modulus was estimated to be <1.

2.4. Data analysis

A log transformation of the rate data generated by the de-
sign of experiments was fit to a power rate law using the linear
regression features of the statistical software package JMP, ver-
sion 5.0.1a. To decrease parametric interaction between the pre-
exponential factor and the apparent activation energy, all data
points were referenced to the rate constant obtained at 170 ◦C.
Because there is no way to count the number of active sites on
each catalyst, any fits involving more than one catalyst include
a bias that serves as a fitting parameter and accounts for the rel-
ative difference in the number of active sites. Care was taken
to ensure proper weighting of the data. To fully account for the
differing number of data points per experimental condition, the
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Table 2
Power rate law parameters obtained for catalysts 0.04Au/TS-1(143), 0.06Au/
TS-1(36) and 0.02Au/TS-1(36). Rate expression (gPO/(h kgcat))

PO rate = k170 ◦C(Bias)e− Ea
R

[ 1
T

− 1
443K

]
[O2]x [H2]y [C3H6]z

Parameter Value 95% conf. int.

k170 ◦C (gPO/(h kgcat atmx+y+z)) 256 56
Ea/R (K) 5077 166
x 0.31 0.04
y 0.60 0.03
z 0.18 0.04
0.04Au/TS-1(143) bias 1 –
0.06Au/TS-1(36) bias 1.33 0.03
0.02Au/TS-1(36) bias 0.15 0.01
R2 0.9878

standard deviation and statistical error for each reaction condi-
tion were propagated through the model.

3. Results

A total of 33 kinetic measurements were performed over
the course of more than 100 h on stream for each of three
catalysts. The experiments were run in the order presented
in Fig. 1, with the exception of (185 ◦C, 6.5/12/20/61.5 vol%
O2/H2/C3H6/N2) for catalyst 0.04Au/TS-1(143), which was
completed following (185 ◦C, 6.5/8/16/69.5 vol% O2/H2/C3H6/
N2). The actual compositions and rate data are given in Ta-
bles A1–A3 in Appendix A. Slight deactivation (<6%) of
catalyst 0.04Au/TS-1(143) occurred during one of the kinetic
experiments (185 ◦C, 6.5/12/20/61.5 vol% O2/H2/C3H6/N2).
This had little effect on the subsequent kinetic experiments,
because the change fell within the statistical error of the
rate measurement (∼6%), and the only remaining kinetic ex-
periment was the re-evaluation of (170 ◦C, 5/12/12/71 vol%
O2/H2/C3H6/N2). There was no evidence of deactivation for
catalysts 0.06Au/TS-1(36) or 0.02Au/TS-1(36), perhaps due to
the shorter time required to obtain the data and analyze the re-
sults using the Agilent 6890N gas chromatograph. The partial
pressures of hydrogen, oxygen, propylene, and PO were mea-
sured directly using gas chromatography, whereas the partial
pressure of water was estimated from the conversion of hydro-
gen across the catalyst bed. Hydrogen selectivity (efficiency)
was defined as the number of moles used to produce PO (be-
cause H2 + O2 + C3H6 → PO + H2O) divided by the total
number of moles of hydrogen consumed. The average partial
pressures of oxygen, hydrogen, propylene, PO, and water, along
with the PO production rate for each of the 33 experiments and
3 catalysts, were supplied to JMP 5.0.1a, and the power rate
law, depicted in Table 2, was fit by varying the pre-exponential
factor referenced to 170 ◦C, activation energy, reactant orders,
product orders, and a bias parameter to account for differences
in the number of active sites between catalysts. Both PO and
water were found to have little effect on the model fit and were
ultimately neglected in the reporting of the final parameters,
shown in Table 2. The model parity plot is shown in Fig. 2,
and a plot of model residuals is given in Fig. 3. The overall
model fit is good, with an adjusted R2 value of 0.9878. The PO
Fig. 3. Percent residual in the power rate law fit for catalysts 0.04Au/TS-1(143),
0.06Au/TS-1(36) and 0.02Au/TS-1(36).

Table 3
Power rate law parameters for a fit only to catalyst 0.02Au/TS-1(36). Rate ex-
pression (gPO/(h kgcat))

PO rate = k170 ◦C(Bias)e− Ea
R

[ 1
T

− 1
443K

]
[O2]x [H2]y [C3H6]z

Parameter Value 95% conf. int.

k170 ◦C (gPO/(h kgcat atmx+y+z)) 36 7
Ea/R (K) 6609 151
x 0.30 0.05
y 0.60 0.03
z 0.16 0.04
R2 0.9850

rate was found to be most dependent on hydrogen partial pres-
sure, whereas propylene partial pressure had the least effect. As
shown in Fig. 2, all of the points fell within the 95% confidence
interval of the parity line. When recast as rate, rather than the
natural log of rate, the error in the four parameters, all of which
are exponents [the software fits ln(k) rather than k to retain a
linear model], increased sharply, as expected. As stated previ-
ously, the bias parameters are meant to account for differences
in the number of active sites among a group of catalysts; there-
fore, a 0.06Au/TS-1(36) bias of 1.33 ± 0.03 has a physical in-
terpretation that catalyst 0.06Au/TS-1(36) has 33% more active
sites than catalyst 0.04Au/TS-1(143), and a 0.02Au/TS-1(36)
bias of 0.15 ± 0.01 means that catalyst 0.02Au/TS-1(36) has
only 15% of the active sites of catalyst 0.04Au/TS-1(143).

A plot of the residuals on a percentage basis shows that
although the overall fit of the power rate law was good, a fea-
ture in catalyst 0.02Au/TS-1(36) was not captured by the fit
to all three catalysts. Comparing the individual fit of catalyst
0.02Au/TS-1(36) (Table 3) with a combined fit of catalysts
0.04Au/TS-1(143) and 0.06Au/TS-1(36) (Table 4) showed that
the discrepancy in Fig. 3 was due to a difference in the apparent
activation energies of the catalysts. Plots of these additional fits
are given in Figs. 4 and 5, where all of the data points overlap
the parity line (i.e., predicted rate equals observed rate). Plots of
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Table 4
Power rate law parameters for a fit to catalysts 0.04Au/TS-1(143) and 0.06Au/
TS-1(36). Rate expression (gPO/(h kgcat))

PO rate = k170 ◦C(Bias)e− Ea
R

[ 1
T

− 1
443K

]
[O2]x [H2]y [C3H6]z

Parameter Value 95% conf. int.

k170 ◦C (gPO/(h kgcat atmx+y+z)) 228 54
Ea/R (K) 4245 173
x 0.28 0.04
y 0.59 0.04
z 0.18 0.04
0.04Au/TS-1(143) bias 1 –
0.06Au/TS-1(36) bias 1.33 0.03
R2 0.9372

Fig. 4. Parity plot for the power rate law fit to kinetic data including 95% con-
fidence intervals obtained from fitting catalyst 0.02Au/TS-1(36).

Fig. 5. Parity plot for the power rate law fit to kinetic data including 95% con-
fidence intervals obtained from fitting catalysts 0.04Au/TS-1(143) and 0.06Au/
TS-1(36).

Fig. 6. Percent residual in the power rate law fit for catalyst 0.02Au/TS-1(36).

Fig. 7. Percent residual in the power rate law fit for catalysts 0.04Au/TS-1(143),
and 0.06Au/TS-1(36).

the residuals in Figs. 6 and 7 show a random distribution about
the zero line. The absence of a trend with increasing PO rate
(corresponding to an increase in PO and water partial pressure)
validates the omission of PO and H2O in the power rate law, be-
cause all of the trends in the data have been efficiently captured
using only the reactant orders, as given in Table 2.

As shown representatively using data from catalysts 0.04Au/
TS-1(143) in Fig. 8, the hydrogen efficiency and hydrogen con-
sumption rate were measured directly and track the PO pro-
duction rate. The hydrogen consumption rate and hydrogen ef-
ficiency (selectivity) were strongly affected by changes in the
reaction mixture. During catalyst activation (the period between
5 and 16 h on stream), the hydrogen selectivity reached a local
maximum before decreasing with time on stream. The decrease
in hydrogen selectivity is commensurate with an increased con-
sumption of hydrogen despite a constant production of PO. As
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Fig. 8. Normalized PO production rate, H2 consumption rate and hydrogen
selectivity versus time for catalyst 0.04Au/TS-1(143). The shaded regions
from left to right represent (1) 200 ◦C, 10/10/10/70 vol% O2/H2/C3H6/N2;
(2) 170 ◦C, 10/10/10/70 vol% O2/H2/C3H6/N2; (3) 170 ◦C, 5/12/12/71 vol%
O2/H2/C3H6/N2; (4) 140 ◦C, 5/12/12/71 vol% O2/H2/C3H6/N2; (5) 155 ◦C,
5/12/12/71 vol% O2/H2/C3H6/N2; (6) 185 ◦C, 5/12/12/71 vol% O2/H2/
C3H6/N2; (7) 200 ◦C, 5/12/12/71 vol% O2/H2/C3H6/N2; (8) 170 ◦C, 5/12/12/
71 vol% O2/H2/C3H6/N2.

the temperature was lowered to 170 ◦C in preparation for the ki-
netic experiments, hydrogen consumption dropped sharply. On
initiation of region 3 of the experimental protocol, after 19 h on
stream in Fig. 8, the hydrogen consumption increased (hydro-
gen selectivity decreased) sharply despite a decrease in the PO
production rate. After this point in the experimental sequence,
PO production rate, H2 consumption rate, and H2 selectivity all
tracked with one another, with the exception of the region at
28–33 h on stream (regions 6 and 7), in which the hydrogen
efficiency remained unchanged despite a 15 ◦C increase in re-
action temperature. At 34 h on stream (region 8), the reaction
conditions returned to those of the first kinetic experiment (re-
gion 3). Despite changes of temperature and an additional 15 h
on stream, hydrogen efficiency, hydrogen consumption, and PO
production were nearly identical to those at the starting condi-
tions.

Under the conditions examined in the design of experiments,
there appeared to be no saturation of the rate with any of the re-
actant partial pressures. Given that rate saturation with oxygen
partial pressure has been observed previously [1], a series of ex-
periments was run on catalyst 0.02Au/TS-1(36) in an attempt
to see whether the rate did indeed saturate over Au/TS-1 cata-
lysts. For this series of experiments, hydrogen and propylene
were maintained at 40 and 5 mol%, respectively, which al-
lowed variation of the oxygen content from 2 to 25 mol% while
limiting the combustibility of the feed. The results, presented
in Fig. 9, show that the PO rate did indeed saturate at oxy-
gen partial pressures above 20 mol%. These experiments took
place at hydrogen partial pressures much higher and propylene
partial pressures much lower than were examined in the hy-
bridized factorial design of experiments. Some of the oxygen
partial pressures also exceeded those used in the model fitting.
Included in Fig. 9 is a prediction of the PO rate under these con-
Fig. 9. Experimental and calculated PO rate for catalyst 0.02Au/TS-1(36) using
a feed mixture of 2–25 mol% oxygen, 40 mol% hydrogen, 5 mol% propylene
and nitrogen as a diluent at 170 ◦C.

ditions to show how well the power rate law represents trends
outside of the range of conditions examined in the design of ex-
periments. The power rate law predicted the general shape of
the PO rate as a function of oxygen partial pressure, but the ab-
solute PO rate appeared to be shifted by approximately 30%.
Because the model is a simple power rate law, it is not capable
of reproducing the saturation in rate at higher oxygen partial
pressures.

4. Discussion

Traditionally, PO is considered to have very strong adsorp-
tion to the catalyst surface and almost certainly to have a neg-
ative reaction order due to site blocking [6]. Thus, PO would
be expected to appear in the power rate law. Similarly, wa-
ter content has been found to have a significant effect on the
combustion of CO over gold-based catalysts [13] as well as to
affect PO rate [14]. The weak interaction between the products
and the PO rate is likely due to the higher reaction temper-
atures used in these experiments relative to other published
studies. Most of our data were obtained at 155 ◦C or higher,
as opposed to some of the more prominent studies that focused
on reaction conditions below 160 ◦C [1,5,9]. In addition, the
effects of products on the PO rate may also have been dimin-
ished by the relatively low activity of the examined catalyst
and the use of a space velocity essentially 50% larger than
is generally used in the literature (6000–7000 mL/(h gcat) vs.
4000 mL/(h gcat)) that culminated in low propylene conversion.
Compared with a catalyst prepared from these supports and
reported previously [10], these catalysts are only one-third as
active at 200 ◦C in a 10/10/10/70 vol% O2/H2/C3H6/diluent re-
action mixture. This relatively low activity corresponds to very
small changes in PO partial pressure in the catalyst bed, partic-
ularly when these values are placed on a log scale. The reason
for this decreased activity is not explicitly known, although cat-



148 B. Taylor et al. / Journal of Catalysis 242 (2006) 142–152
alysts 0.04Au/TS-1(143) and 0.06Au/TS-1(36) were made with
a higher concentration of gold precursor in the gold deposition
solution. As discussed previously [10], high concentrations of
gold in the deposition solution can be detrimental to catalyst ac-
tivity by forcing the catalyst support to uptake more gold than
would be required to produce a stable, active catalyst. However,
all of these catalysts were stable under reaction conditions, and
thus excess gold loading does not appear to account for the un-
usually low activity of catalyst 0.02Au/TS-1(36).

An individual fit of catalyst 0.02Au/TS-1(36) showed that
the apparent activation energy was significantly greater than
that of the other two catalysts while resulting in nearly identi-
cal reaction orders. Residual plots of catalysts 0.02Au/TS-1(36)
alone and catalysts 0.04Au/TS-1(143) and 0.06Au/TS-1(36) fit-
ted in concert showed no trend in the residual errors with PO
rate; therefore, the current set of parameters were sufficient to
reproduce the experimental data. We conclude from this analy-
sis that some variation in both pre-exponential factor and acti-
vation energy was associated with the specific catalyst prepara-
tion, but that there was little effect on the orders of reaction.

The orders of reaction obtained in this study varied signif-
icantly from those reported by Haruta et al. [1]. Although the
weak dependence on propylene was consistent in both stud-
ies, Haruta et al. found the oxygen order to be near 1 and the
rate to saturate at concentrations >10 mol%. Haruta et al. also
found that the hydrogen orders ranged from 0.6 to 0.9 depend-
ing on temperature, which, to a certain extent, is consistent with
the value obtained from the factorial experiments. The primary
difference between this work and that of Haruta et al. is that
although both were active for the epoxidation of propylene,
the catalysts are very different chemically. Haruta et al. exam-
ined Au/TiO2 catalysts at much higher gold loadings, at lower
temperatures, and in the presence of significant deactivation.
Despite the lower activity of the catalysts reported here in com-
parison to others reported more recently in the literature [9,10],
PO was stably produced at three times the rate per gram of cat-
alyst as that presented by Haruta et al. [1].

Careful examination of the hydrogen efficiency during the
first 40 h on stream reveals some very interesting relation-
ships between the reaction environment and hydrogen selec-
tivity. Hydrogen selectivity appears to benefit from activation
in the 10/10/10/70 vol% O2/H2/C3H6/N2 with an inexplicable
spike in hydrogen selectivity as the temperature is decreased
from 200 to 170 ◦C. Altering the reaction mixture to 5/12/12/
71 vol% O2/H2/C3H6/N2 increased the hydrogen consumption
and decreased the hydrogen selectivity with a mere 2% increase
in hydrogen concentration. The implication, as has been shown
previously by Barton et al. [15], is that the hydrogen order for
water production is far greater than that of oxygen. Interest-
ingly, as the temperature was changed from 170 ◦C down to
140 ◦C and incrementally increased to 200 ◦C, the PO rate, hy-
drogen consumption rate and hydrogen selectivity consistently
tracked one another. The implication of this is that on an in-
crease in temperature, the PO production rate increased faster
than the rate of combustion of hydrogen to form water. Because
the combustion of hydrogen appears to be a result of disso-
ciation of hydrogen peroxide to form two surface hydroxides
that are further reacted to form water [15], it would appear that
increasing the temperature does not benefit this peroxide de-
composition as much as it makes either propylene or hydrogen
peroxide more available for the surface reaction. By 200 ◦C, the
hydrogen consumption rate and PO production rate appeared
to be proportional, because a change in reaction temperature
from 185 to 200 ◦C resulted in no change in hydrogen selectiv-
ity. Traditional arguments found in the literature would suggest
that the increased hydrogen selectivity was a result of increased
PO production, allowing more propylene to react with hydro-
gen peroxide before it could decompose [6,15]. At temperatures
above 185 ◦C, PO desorption would no longer be considered to
hamper the reaction, and the system would reach its true hydro-
gen selectivity in the absence of product inhibition. However,
because the PO partial pressure was found to have little effect
on the PO rate at any temperature, this explanation is inconsis-
tent with the kinetic results presented in this work.

The robustness of the power rate law is shown in Fig. 9 in
which kinetic information was collected for a number of points
outside of the range of concentrations used in the design of ex-
periments. Although the power rate law appeared to capture the
trends in the rate, the absolute value of the rate was under-
predicted by the power rate law. The extrapolated predictions
would be expected to be less accurate than values inside of the
concentration space of the kinetic experiments; however, the in-
accuracy of the model fit was increased because the absolute er-
ror in the power rate law became larger at high PO rates. These
conditions were also well above the concentrations examined in
the fitting of the two parameters on which the PO rate is most
dependent: hydrogen and oxygen orders. It is noteworthy that
the model-predicted values fell beneath those measured in the
experiments. It is possible—particularly at high concentrations
of hydrogen and oxygen—that the activity of the catalysts was
actually increased as a result of the oxidation of carbonacious
surface species. Catalysts of this type have been shown previ-
ously to be reactivated using thermal treatments in mixtures of
hydrogen and oxygen [9].

The parameters obtained from the model provide valuable
constraints on mechanisms that are consistent with experimen-
tal data. It is not particularly remarkable that all three reac-
tants have fractional orders; however, it is noteworthy that these
three fractional orders do not appear to be functionally related.
Numerous identical fractional orders, mixtures of fractional or-
ders, and half orders or functional relationships between all of
the orders (e.g., the hydrogen order is always twice the oxy-
gen order and the same as the propylene order) are more easily
explained in the confines of Langmuir–Hinschelwood kinetics,
in which rate expressions take the form of K[A]/(1 + K[A]),
where K is an equilibrium adsorption constant and [A] is a gas-
phase concentration. Kinetic expressions of this form can be
approximated as (K[A])α , resulting in an apparent fraction re-
action order. We note, however, that each such fractional order
term requires a separate [1 + Ki(Ai )] term in the denomina-
tor, and each term in such a product denominator implies a
separate, noncompetitive site in the Langmuir–Hinschelwood
formalism. Thus, the three apparently independent reaction or-
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O2 + S1 ↔ O2–S1 (1)

H2 + O2–S1 + S1 ↔ HOO–S1 + H–S1 (2)

O2 + 2H–S1 ↔ HOO–S1 + H–S1 (3)

H2 + HOO–S1 + S1 ↔ HOOH–Sl + H–S1 (4)

Fig. 10. A series of four elementary steps determined using DFT calculations
from references 15 and 19 to describe the formation of hydrogen peroxide over
a gold site (S1).

C3H6 + S2 ↔ C3H6–S2 (5)

C3H6–S2 + HOOH–S1 → H2O–S1 + PO–S2 (6)

PO–S2 ↔ PO + S2 (7)

H2O–S1 ↔ H2O + S1 (8)

Fig. 11. A series of four elementary steps developed in conjunction with the
mechanism presented in Fig. 6 and implied by the fractional reaction orders
obtained in this work. Step 6 is considered to be the RDS.

ders extracted from these data ensure that, at the very least, two
active sites must be involved in rate-determining step (RDS).

The construction of a viable mechanism for the epoxida-
tion of propylene over Au/TS-1 catalysts must take into account
the apparent bi-functionality of the catalyst. The experimental
[16–18] and computational [15,19] evidence of in situ oxidant
formation over a gold species, followed by epoxidation by a
titanium species [5,20,21], is a reasonable starting point for a
two-site mechanism capable of fitting these experimental data.
The compelling source of information concerning the formation
of oxidants using gold as a catalyst comes in the form of DFT
calculations [15,19]. Fig. 10 outlines a series of mechanistic
steps for the production of hydrogen peroxide as indicated by
DFT calculations presented previously in the literature, where
S1 indicates an active gold site. The reaction is shown to pro-
ceed somewhat differently than would generally be written for
surface reactions. Hydrogen appears to be incapable of adsorb-
ing on a bare gold surface; instead, its adsorption is promoted
by the presence of molecular oxygen on the surface. This re-
action with oxygen produces a hydroperoxy intermediate and
an adsorbed hydrogen atom. Rather than simple addition of
the atomic surface hydrogen to the hydroperoxy intermediate
to complete the formation of hydrogen peroxide, a second hy-
drogen molecule reacts from the gas phase directly with the
hydroperoxy intermediate to form hydrogen peroxide and more
adsorbed hydrogen. With the desorption, reaction, or decom-
position of hydrogen peroxide, the surface is left with adsorbed
hydrogen atoms, which can then react with gas-phase molecular
oxygen to again form a hydroperoxy intermediate. At no point
is there an explicit hydrogen dissociation step, but a linear com-
bination of Eqs. (1)–(3) does produce an effective dissociation
step. The necessity for an oxygen-covered surface to begin the
catalytic cycle is also supported by the saturation in the PO rate
with oxygen partial pressure, as shown in this work and in that
of Haruta et al. [1].

All of the remaining mechanistic steps necessary to produce
PO have been placed at the titanium reaction center, denoted by
S2, as shown in Fig. 11. The primary purpose of this site is to
adsorb propylene so that it can be further reacted to form PO.
This begins with a standard adsorption step. The reaction of
propylene to form PO must be the RDS and must include both
active sites; otherwise, the observed fractional reaction orders
cannot be reproduced. This results in a surface reaction involv-
ing both adsorbed propylene on a titanium center and hydrogen
peroxide on an active gold site. For the sake of this model, this
surface reaction is said to produce PO on a titanium center and
water on an active gold site; however, the details of this aspect
of the site chemistry are not clear, because these species appear
after the RDS and thus do not appear in the rate expression de-
rived from these elementary steps. The placement of water on
a gold site seems to be a reasonable assumption, because gold
nanoparticles in the absence of titanium have been shown to cat-
alyze the combustion of hydrogen to form water [16,18]. The
mechanism completes with desorption of PO and water from
the titanium and gold sites respectively.

Considering step 6 of Fig. 11 to be the RDS, the rate ex-
pression for PO production takes the form shown in Eq. (1),
where k6 indicates the forward rate constant, z[HOOH–S1]/L1
indicates the probability of finding [HOOH–S1] surface inter-
mediates adjacent to [C3H6–S2] species, L1 indicates the total
number of active gold sites, and [HOOH–S1] and [C3H6–S2]
denote surface concentrations of hydrogen peroxide on S1 and
propylene on S2, respectively:

(1)RatePO = k6z

L1
[C3H6–S2][HOOH–S1].

Assuming that all other steps from the combined mechanism
of Figs. 10 and 11 are at quasi equilibrium and that the most
abundant reactive intermediate (MARI) for the titanium sites is
propylene and for the gold sites is the hydroperoxy intermedi-
ate, the rate law presented as Eq. (2) results:

RatePO = k6z

L1

[
L1K5[C3H6]

1 + K5[C3H6]
][

L2K
1/2
3 K4[H2]1/2

K
1/2
1 K

1/2
2

]

(2)×
[

K
1/2
1 K

1/2
2 K

1/2
3 [H2]1/2[O2]

1 + K
1/2
1 K

1/2
2 K

1/2
3 [H2]1/2[O2]

]
.

This expression has already been factored into three portions
such that two of the portions are of the form K[A]/(1 +K[A]),
which can be approximated by (K[A])α . Using this simplifica-
tion, Eq. (3) is obtained:

RatePO = k6zL2
[
K5[C3H6]

]n[K
1/2
3 K4[H2]1/2

K
1/2
1 K

1/2
2

]

(3)× [
K

1/2
1 K

1/2
2 K

1/2
3 [H2]1/2[O2]

]2m
.

The power rate law expression extracted from the hybridized
factorial design of kinetic experiments provides the reaction
orders for each of the reactants. As shown in Table 2, the propy-
lene order was 0.18±0.04, the hydrogen order was 0.60±0.03.
and the oxygen order was 0.31 ± 0.04. Substituting n = 0.18
and 2m = 0.28, the experimental reaction orders were nearly
equivalent, given the error in the experimental measurements,
to those of the proposed reaction mechanism.

It should not be ignored that the ratio of the hydrogen and
oxygen order was essentially 2, which would generally imply
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a much simpler relationship between the hydrogen order and
oxygen order obtained from a series of elementary steps (e.g.,
nondissociative hydrogen adsorption and dissociative oxygen
absorption). The complication is that no sequence of elemen-
tary steps yet proposed or known to occur over gold catalysts of
this type is capable of reproducing a hydrogen order twice that
of oxygen. Presumably, because neither the oxygen nor the hy-
drogen order is 0.5 or 1, the rate expression would have to take
the form K[H2][O2]1/2/(1+K[H2][O2]1/2), which would pre-
dict rate saturation at high hydrogen and high oxygen coverage.
But although PO rate saturation was observed at high oxygen
partial pressures, there was no evidence of a similar effect by
hydrogen at feed concentrations up to 40 mol%. The two-step
addition of hydrogen, as shown by DFT calculations, is the only
way that we have found to produce hydrogen orders higher than
that of oxygen and in excess of 0.5, which is required by the
power rate law obtained in this work and consistent with the
generation and subsequent reaction of hydroperoxy and hydro-
gen peroxide-like species.

The two-site mechanism presented here is the simplest
means of reproducing the kinetic data obtained from this sys-
tem. Hydrogen oxidation was extensively studied by Barton
et al. over Au/SiO2, Au/TS-1, and Au/S-1 catalysts [15]. Al-
though the observed hydrogen and oxygen reactant orders were
similar to those obtained in this work (0.69–0.82 and 0.08–0.19,
respectively), the lack of a functional relationship between the
orders necessitated a mechanism with two sites participating
in the RDS. The fractional propylene order for the gas-phase
epoxidation requires that propylene participate in the RDS,
which would force the overall mechanism to consist of three
active sites working in concert to reproduce the experimen-
tally determined orders of this work. Any number of three site
mechanisms would be capable of reproducing this data, because
introduction of the third site (most likely a hydrogen adsorption
site) would provide direct control over all three of the reactant
orders, but little mechanistic insight.

The mechanism leading to Eq. (3) differs from many pro-
posed in the literature (in the absence of supporting kinetic
data) in that the RDS truly involves two different active sites.
It has been proposed previously that hydrogen peroxide or a
hydropropoxy intermediate was formed over an active gold
species, followed by spillover of that oxidant to a titanium
site, followed by epoxidation of propylene at the epoxidation
site [5]. This view is rooted in the observation that hydrogen
peroxide will epoxidize propylene in liquid-phase reactions us-
ing TS-1 as the catalyst [20], and the observation that mixtures
of hydrogen and oxygen can produce hydrogen peroxide over
gold catalysts [16–18]. However, this reaction mechanism is not
consistent with the experimentally determined orders of reac-
tion. Migration of hydroperoxy species or hydrogen peroxide
to a titanium center followed by epoxidation would (1) force
the hydrogen and oxygen orders to unobserved values (either
they would be the same or hydrogen order would be half that of
oxygen) and propylene to be either zero or first order, (2) cause
propylene to be fractional order and hydrogen and oxygen to
be either both first order, or (3) cause propylene to be fractional
order and oxygen to be first order and hydrogen half order, de-
pending on the mechanism for hydrogen addition to adsorbed
oxygen. In any case, an RDS involving a single reaction site
is ultimately insufficient to reproduce the experimental reaction
orders, particularly the observation that the hydrogen order is
higher than the oxygen order.

It has also been noted in the literature that propylene adsorbs
on Au/TiO2 surfaces to produce surface species nearly identical
to that of adsorbed PO, resulting in the assertion that the pres-
ence of gold activates propylene for epoxidation [22,23]. Simi-
larly, it also has been shown, using Au/TiO2(110) model cat-
alysts and temperature-programmed desorption experiments,
that propylene adsorbs initially at interfacial sites [24]. DFT
calculations have also shown that in the absence of hydrogen
peroxide, propylene interacts very little with the titanium center
in TS-1 [21]. Although our proposed mechanism places propy-
lene at the titanium center, there is nothing in the mechanism
that would prevent activation of propylene at a gold site. In fact,
it would be premature to use any of this information to specif-
ically designate S2 as any more than an active site containing
titanium, because no specifics on the active site are explicitly
provided by kinetic analysis. What this mechanism does sug-
gest is that propylene activation is not rate-determining, nor is
propylene the dominant surface species on gold sites. That be-
ing said, it is possible to consider S2 as an interfacial site that is
somehow bridging the active gold ensemble and titanium site.
This would allow for activation in the presence of gold while
a second, distinct population of gold generates the oxidant. If,
for example, the RDS reported in Fig. 11 were reversed such
that hydrogen peroxide or hydroperoxy species were produced
on gold sites and spilled over to a titanium center, which then
reacted with propylene adsorbed on gold sites, then either the
oxygen and hydrogen orders would be identical or the hydro-
gen order would be half that of oxygen while propylene could
have any order between zero and one. The positioning of the
oxidant on the gold sites is necessary to reproduce the experi-
mentally observed orders in this study, and thus positioning of
the propylene near some kind of titanium containing site is also
required.

Perhaps the most comprehensive kinetic study on catalysts
of the Au/TS-1 family was completed through the examina-
tion of complete hydrogen combustion to form water [15]. To
accurately account for the reaction orders of hydrogen and oxy-
gen, a two-site mechanism had to be adopted. Although the
apparent activation energies observed for water synthesis (37–
41 kJ/mol) were close to the 35 kJ/mol observed in this study
for catalysts 0.04Au/TS-1(143) and 0.06Au/TS-1(36), the ad-
dition of a rate dependence on propylene concentration would
require an additional active site. As discussed previously, three
sites would allow independent control of all reactant orders, but
would not provide much constraint on the elementary steps that
result in propylene epoxidation. Furthermore, a third site adds
complexity that may not be justified. The similarity in apparent
activation energies for PO formation versus hydrogen combus-
tion would suggest that although the rate-limiting formation of
hydrogen peroxide described previously [15] is not the same
RDS as in our system, the mechanisms appear to be energeti-
cally similar.
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5. Conclusion

A design of experiments was used to complete the first ki-
netic analysis of propylene epoxidation over Au/TS-1 catalysts
in the absence of significant deactivation. A power rate law
for the production of PO was extracted from 33 experiments
of the factorial design for 3 catalysts prepared with differing
metal loadings and different TS-1 supports. These orders were
used to show that a minimum of two active sites must work
in conjunction to produce the experimentally observed orders.
A two-site mechanism was presented that accounts for these
orders by producing hydrogen peroxide over gold sites and re-
acting it with propylene adsorbed at a titanium site. The PO rate
was found to be most dependent on hydrogen with an order of
0.60, compared with 0.31 for oxygen and 0.18 for propylene.
The experimental reaction orders were matched with mecha-
nistic insight provided by DFT calculations and by assuming
that the most abundant reactive intermediate on the active gold
sites was a hydroperoxy species and that the most abundant
species on the titanium-containing site was adsorbed propylene.
Quantification of hydrogen consumption showed that hydrogen
combustion was strongly related to hydrogen concentration in
the reactant mixture and that catalyst activation in a 10/10/10/

Table A1
Compositions and rate data for 0.04Au/TS-1(143). The run numbers and tem-
peratures correspond to those in Fig. 1

Exp.
#

Reactant volume (%) PO rate
(gPO/(h kgcat))O2 H2 C3H6

1 3.73 10.75 10.15 18.60
2 3.86 10.98 10.25 9.32
3 3.77 10.85 10.21 12.92
4 3.58 10.47 9.98 24.45
5 3.43 10.14 9.66 28.49
6 3.73 10.71 10.15 17.06
7 1.35 11.25 10.47 12.59
8 2.52 10.98 10.24 14.53
9 4.98 10.65 10.06 17.83

10 5.95 10.60 10.09 18.48
11 3.55 10.13 9.70 14.95
12 3.97 6.96 10.11 12.20
13 3.41 13.83 9.58 17.90
14 3.53 10.09 7.12 14.06
15 3.53 10.08 12.01 15.76
16 3.57 10.14 9.61 14.90
17 2.33 14.28 11.95 11.79
18 2.11 21.67 7.23 12.88
19 2.50 6.71 16.54 7.98
20 2.52 6.78 7.47 7.14
21 1.93 17.29 9.06 23.83
22 2.20 10.00 13.92 19.03
23 2.06 13.87 6.87 19.35
24 2.65 3.68 12.60 8.91
25 4.83 6.42 16.07 9.54
26 4.56 13.60 11.84 14.18
27 4.86 6.55 7.18 8.56
28 4.35 20.89 6.99 15.94
29 4.16 15.68 8.20 32.83
31 4.30 13.13 6.68 25.93
32 4.69 6.30 11.86 16.64
30 4.44 9.67 13.44 20.75
33 3.50 9.91 9.53 13.07
70 vol% O2/H2/C3H6/N2 reactant mixture at 200 ◦C produced
the highest hydrogen selectivity. Alteration of this atmosphere
to a 5/12/12/71 vol% O2/H2/C3H6/N2 irreversibly decreased
the hydrogen efficiency. Hydrogen consumption, hydrogen se-
lectivity, and PO rate were all found to increase incrementally
with increases in temperature up to 200 ◦C, implying that in the
activation, energy for PO production was less than that for water
production. Ultimately, despite changes in reaction conditions,
the hydrogen selectivity was generally between 7 and 15%.
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Appendix A

To allow alternative analyses of the data, the average rate
values and the actual compositions for the experiments depicted
in Fig. 1 are presented for 0.04Au/TS-1(143) in Table A1, for
0.06Au/TS-1(36) in Table A2, and for 0.02Au/TS-1(36) in Ta-
ble A3.

Table A2
Compositions and rate data for 0.06Au/TS-1(36). The run numbers and tem-
peratures correspond to those in Fig. 1

Exp.
#

Reactant volume (%) PO rate
(gPO/(h kgcat))O2 H2 C3H6

1 4.41 9.63 10.44 24.99
2 4.42 10.25 10.53 12.38
3 4.69 10.03 10.47 17.43
4 3.91 9.54 10.50 31.36
5 3.62 9.22 10.46 37.81
6 4.37 9.83 10.49 22.81
7 1.46 9.81 9.61 16.68
8 2.95 9.56 9.82 20.60
9 5.15 8.54 9.63 22.78

10 6.13 8.28 9.69 23.99
11 4.12 8.91 9.61 21.51
12 3.95 5.45 9.82 15.04
13 4.85 13.10 9.58 25.13
14 4.34 9.11 6.57 18.86
15 4.28 9.02 12.66 21.17
16 4.11 9.08 9.73 20.47
17 4.36 9.15 9.80 20.47
18 3.67 13.89 12.87 16.92
19 3.30 22.88 6.44 17.85
20 3.01 5.85 19.73 10.92
21 2.88 6.00 6.66 8.99
22 2.74 17.67 9.72 34.37
23 3.07 9.28 16.23 26.99
24 2.65 5.67 13.03 19.06
25 3.25 13.43 6.58 28.33
26 5.26 5.58 19.59 12.17
27 6.22 13.06 12.95 19.66
28 5.14 5.53 6.84 10.29
29 7.43 21.83 6.65 21.22
30 5.06 8.40 15.97 26.19
31 5.51 12.46 6.45 27.28
32 4.86 5.06 13.00 18.46
33 4.24 8.90 9.65 17.16
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Table A3
Compositions and rate data for 0.02Au/TS-1(36). The run numbers and tem-
peratures correspond to those in Fig. 1

Exp.
#

Reactant volume (%) PO rate
(gPO/(h kgcat))O2 H2 C3H6

1 4.53 10.22 9.76 2.95
2 4.75 10.28 9.69 0.92
3 4.62 10.25 9.67 1.58
4 4.53 10.20 9.67 4.18
5 4.60 10.21 9.68 5.57
6 4.70 10.37 9.74 2.48
7 2.35 10.84 9.94 2.15
8 3.67 10.73 9.95 2.42
9 5.85 10.60 9.98 2.59

10 7.00 10.52 9.97 2.72
11 4.66 10.64 9.92 2.45
12 4.24 6.80 10.06 1.87
13 5.36 15.05 10.00 3.22
14 4.67 10.78 6.86 2.45
15 4.71 10.71 13.22 2.70
16 5.02 11.10 10.46 2.62
17 4.35 15.43 13.50 1.80
18 5.45 23.98 7.01 2.38
19 3.22 6.87 19.63 1.21
20 3.19 7.02 6.98 0.95
21 5.03 19.45 10.24 6.06
22 3.76 10.91 16.58 4.19
23 3.14 6.94 13.52 2.93
24 4.26 15.32 7.02 5.04
25 5.43 6.92 19.57 1.33
26 6.77 15.12 13.25 2.24
27 5.36 6.78 6.88 1.08
28 7.91 23.55 6.79 2.65
29 7.32 19.57 10.31 7.18
30 5.89 10.90 16.37 5.41
31 6.63 15.08 6.91 5.85
32 5.34 6.76 13.27 3.47
33 4.80 10.87 10.06 2.67
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