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Key Mechanistic Insight into the Direct Gas-Phase
Epoxidation of Propylene by the RuO,-CuO-NacCl/SiO,

Catalyst

Anusorn Seubsai,*™ Bahman Zohour,”™ Daniel Noon,® and Selim Senkan™

The discovery of the RuO,-CuO-NaCl/SiO, catalyst for the
direct gas-phase epoxidation of propylene to propylene oxide
created a potentially promising path towards developing
a high-performing catalyst of substantial commercial value and
opened a new challenge in catalysis research. In this work,
studies following up this discovery are presented to reveal crit-
ical insight into the catalytic mechanism on the trimetallic cat-
alyst. Small crystalline CuO particles, in close proximity of RuO,,
were determined from temperature-programmed reduction
and high-resolution transmission electron microscopy studies
to be the site for propylene oxide synthesis. In addition, the
presence of NaCl was confirmed to suppress the formation of
CO,.

Propylene oxide (PO) is widely used in the preparation of vari-
ous textiles and plastics' with over 8 million pounds of propyl-
ene-derived PO produced annually.” However, because some
of the current production methods result in environmentally
hazardous chlorinated byproducts that entail significant
costs,” the search for an alternative method to achieve a high
production rate of PO on an industrial scale has intensified. Al-
though the direct gas-phase epoxidation of propylene to PO
by molecular oxygen with the use of heterogeneous catalysts
under atmospheric pressure is still, in theory, the most promis-
ing route, it has proven to be the most challenging production
method thus far, as no breakthrough has yet been made.®
Several research groups have been exploring a number of
alternatives, such as silver-based catalysts,” gold particles on
titania with H, as a co-reactant,”’ titania-based catalysts,
molten salts of metal nitrates,”” O, and nitrous oxide as reac-
tants,”™ and copper-modified catalysts.”'” All of these methods
suffer from low PO selectivities,"®'? low propylene conver-
sions,> '™ short catalyst lifetimes,”” high pressure require-
ments," or costly co-reactants."*'® Consequently, no econom-
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ically viable catalysts are currently available for the direct gas-
phase epoxidation of propylene to PO by molecular oxygen.

Recently, we reported the discovery of RuO,-CuO,-NaCl/SiO,
catalysts for the direct gas-phase epoxidation of propylene to
PO that were prepared by the co-impregnation method.'” It
was shown that the catalyst system delivered a promising
combination of PO selectivities (in the 40-50% range) and pro-
pylene conversions (10-20%) between 240 and 270°C at at-
mospheric pressure. The best PO yield was obtained at a Ru/
Cu/Na ratio of 4:2:1 at 12.5 wt% total metal loading on SiO,.
Although the catalyst deactivated over time, as a result of the
loss of chlorine content, we found that adding a small amount
of a chlorocarbon (1-100 ppmv) such as chloroethane or
1,2-dichloroethane prevented deactivation by replenishing the
chlorine content of the catalyst."® The chlorinated additives
were found to play a critical role in maintaining high PO selec-
tivities for at least 10 h under the conditions owing to geomet-
ric/ensemble and electronic effects, as well as gas-phase kinetic
effects.

Herein, we report a critical key in understanding the mecha-
nism of the epoxidation of propylene to PO facilitated by the
SiO,-supported RuO,-CuO-NaCl catalyst by using oxygen as
the only co-reactant. The desired propylene epoxidation reac-
tion is shown in Equation (1).

C3H6+1/2 0, — GHsO (1)

However, the deep oxidation products CO, and H,O were
also formed with the use of the title catalyst. Other detected
trace byproducts included acetone (AT), acetaldehyde (AD),
acrolein (AC), and propanal.

In earlier studies, the copper oxide phase was denoted as
CuO,. However, recent XRD studies showed no evidence of
Cu,0, which indicated the sole presence of CuO in the RuO,~
CuO,-NaCl system. Given that the SiO,-supported RuO,-CuO-
NaCl catalyst has multiple phases and contains more than one
active metal, to understand the mechanism of propylene epox-
idation to PO, the key active site for the formation of PO must
first be identified. As reported earlier,'” of the single catalyst
systems (RuO,/SiO,, CuO/SiO,, and NaCl/SiO,), only CuO/SiO,
produced detectable amounts of PO under the testing condi-
tions, whereas the RuO,/SiO, catalyst led to complete combus-
tion, and the NaCl/SiO, catalyst generally exhibited no activity.
This implied that the CuO site may also be the key site for PO
synthesis in our RuO,—CuO-NaCl system. To confirm this hy-
pothesis, various catalytic materials were prepared and tested.
The selectivity—conversion results of these catalysts are pre-
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Figure 1. XRD spectra of the various catalysts investigated in this study.

sented in Table 1, and their XRD patterns are shown in
Figure 1. The reference catalyst (ref.cat.) in Table 1 was pre-
pared by using (NH,),RuCly as the RuO, precursor. To avoid re-
sidual chloride in the catalytic materials after calcination,
Ru(NO)(NO;); (denoted as *RuO,, which has chemical activity
similar to that of RuO,) was used as the source of Ru.

These results revealed several important aspects of this cata-
lytic system, including the following:

1) Na,O (catalyst #8) and NaCl (catalyst #9) on SiO, were inac-
tive for propylene reactions

2) The reference catalyst (ref.cat) prepared from the
(NH,),RuClg precursor provided a higher yield of PO than
catalyst #1 prepared from the Ru(NO)(NO,); precursor, be-
cause the excess amount of Cl (in the form of NaCl) pro-
moted the formation of PO"®

3) Importantly, Cl-free catalyst #2 exhibited very little reactivity
with no PO formation. Comparison of the XRD spectra of
catalysts #1 and #2 (Figure 1) also showed that the crystal-
line CuO phase (indicated by B) in catalyst #1 was absent in
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crystals

5) Comparison of the reactivity results in Table 1 for cata-
lysts #2, #5, and #7 revealed that Na,O strongly inhibited
the reaction. Na ions also appear to have reduced the parti-
cle size of RuO,, as seen by comparing the XRD spectrum
of catalyst #3 to the spectra of #1, #2, #6, and #7 at approx-
imately 26-28°. However, because the *Ru0O, peaks become
broader, especially for catalyst #1, this appears also to im-
prove the PO selectivity

6) Comparison of catalysts #6 and #7 in Table 1 revealed that
NaCl is important not only to suppress the formation of
CO," but also to initiate the reaction. Catalyst #6 gave
higher conversions of propylene than catalyst #7, but the
product was primarily CO,

7) Comparison of catalysts #4 and #6 revealed that NaCl plays
a critical role only in the presence of both *RuO, and CuO.
This indicates that *RuQ, is also an active catalytic site but
for the complete combustion

8) Comparison of catalysts #1 and #6 revealed that these two
samples exhibited similar conversions of propylene but visi-
bly different PO selectivities, which clearly points to CuO as
an important site for the transformation of propylene into
PO after initial activation over *RuO, crystals. This indicates
a cooperative effect between *RuO, and the CuO crystals.
In contrast, catalyst #3 indicates that even in the absence
of the Cl source, CuO and RuO, may cooperate and convert
propylene into PO, but with lower PO selectivity.

In summary, for the SiO,-supported RuO,-CuO-NaCl cata-
lysts, crystalline CuO is implicated as the main catalytic site for
the formation of PO with promotion by crystalline RuO, and
CO, suppression by NaCl. To test this hypothesis, a series of ex-
periments were performed to study the effects of the NaCl
loading on the RuO,—CuO/SiO, catalysts. The catalysts were
prepared by using (NH,),RuCl;, Cu(NO;),:2.5H,0, and Na(NO,)
as precursors, followed by impregnation on SiO,, drying, and
calcination as described earlier. It was also assumed, for calcu-
lation purposes, that all Na atoms would form crystalline NaCl
in the final materials as a result of the excess amount of the Cl
source. The performance test results of this series of catalysts
are shown in Figure 2.
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Figure 2. Results of the RuO,-CuO/SiO, catalysts at different Na loadings.
Precursor: RuO, = (NH,),RuCl,;, CuO =Cu(NO,),-2.5H,0, Na,0 =Na(NO,),
weight ratio Ru/Cu=7.14:3.57, SiO, and Na were varied. Measurements
were taken with no chlorinated hydrocarbon co-feed after 2 h of startup if
the catalyst performance remained in a pseudo-steady-state.

As seen in Figure 2, in the absence of Na loading, propylene
conversion was approximately 19% with a PO selectivity of
15%. Increasing the Na loading to 2% increased the PO selec-
tivity to a maximum of approximately 49%, whereas the con-
version of propylene decreased to approximately 99%. At
higher Na loadings, the PO selectivity started to decrease,
whereas the conversion of propylene remained relatively con-
stant at approximately 10 %.

At low Na loadings, the NaCl crystals are expected to be
well dispersed and small, and they could even be incorporated
into the solid structure. They also primarily occupy highly
acidic sites on the catalysts, which causes CO, suppression.
This initially results in lower conversions of propylene, but in-
creased PO selectivity owing to electronic effects."® After all of
the highly acidic sites are capped, however, the remaining Na
(as NaCl) forms larger NaCl crystals and/or aggregates. After
a certain point (~2% Na loading in our experiments, Figure 2),
the excess amount of NaCl leads to the formation of larger
crystals, which then separate from the RuO,—CuO clusters; this
lowers the PO selectivity, whereas the conversion of propylene
remains approximately the same. The XRD spectra of this
group of catalysts confirmed this explanation (see the Support-
ing Information).

A temperature-programmed reduction (TPR) experiment was
also performed to gain insight into the nature and interaction
of the surface sites, especially for *RuO, and CuO (see
Figure 3). The TPR profile of CuO/SiO, shows a single broad
peak at 423°C, whereas that for catalyst #4 shows two peaks:
a main peak at 423°C and a shoulder at approximately 330°C.
The peak at 423°C is due to the reduction of bulk CuO, and
the lower-temperature peak corresponds to the reduction of
the highly dispersed copper species (e.g., small 2D or 3D clus-
ters), including isolated Cu®" ions that interact with the SiO,
support."™ As seen in Figure 3, all *RuO,-containing catalysts
exhibit two TPR peaks. The peak at the lower temperature (be-
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Figure 3. TPR profiles of all combinations of *Ru0,, CuO, and NaCl on SiO,.
Each catalyst had a weight percent of Ru, Cu, and Na on SiO, of 7.19, 3.57,
and 1.79%, respectively.

tween 230 and 250°C) corresponds to the complete reduction
of Ru*™ to Ru’, and the shoulder (~320°C) corresponds to the
ruthenium species interacting with the support.?” Mass spec-
trometric monitoring of the effluent gases during the TPR ex-
periments revealed no CO, or CH,"" This suggests that the
above explanations for the observed TPR shoulders are likely
correct.

A close inspection of the TPR profiles in Figure 3 revealed
that the maximum peak for catalysts #1 and #6 was shifted to-
wards lower temperatures relative to that of *Ru0,/SiO,, that
is, from 253 to 230°C. In contrast, the shoulder was shifted to-
wards higher temperatures, that is, from 310°C for the *RuO,/
SiO, catalyst to 370 and 350°C for catalyst #1 and #6, respec-
tively. These shifts may be due to a decrease in the size of the
*RuO, particle in the presence of Na. A similar trend was also
observed for the TPR profile of catalyst #3 relative to that of
*RuO,/SiO,. In this case, a combination of effects may be re-
sponsible for the observed TPR shifts. First, the particle size of
*RuO, in catalyst #3 is smaller than that in *Ru0O,/SiO, as a con-
sequence of the presence of CuO."" Second, the observed
shifts can be due to the presence of strong interactions be-
tween *RuO, and the CuO crystals.

As mentioned above, the main TPR peaks were at 423 °C for
CuO in catalyst #4 and CuO/SiO,. However, such peaks were
absent in other CuO-containing catalysts such as catalysts #1
and #3. This is because both *RuO, and CuO were reduced si-
multaneously in catalysts #1 and #3 owing to a spillover effect
induced by the rapid reduction of RuO,. That is, at lower tem-
peratures the RuO, TPR peak becomes larger, which is caused
by a larger consumption of H,?? by the combined reduction
of RuO, and CuO, concomitant with the loss of the individual
CuO peak at higher temperatures. This phenomena was also
observed in the study of the Ru-Cu system for butane hydro-
genolysis.”™ That study concluded that CuO was well spread
on the surface of RuO, and that RuO, and CuO were in very
close proximity. Our TPR results presented in Figure 3 are in
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harmony with this picture. A close inspection of the TPR profile
for catalyst #3 revealed the presence of a very small and broad
peak at approximately 500°C. This could be due to some iso-
lated CuO clusters that remained on the SiO, surface that were
distant from the RuO, crystals in the absence of Na.

Shown in Figure 4 is a high-resolution transmission electron
microscopy (HR-TEM) image in support of the TPR experi-
ments. Although it is difficult to identify the small CuO crystals
(3-5 nm) on the surface of the RuO, crystals (~10x30 nm), the
use of a crystal plane unique (fast Fourier transform) to RuO,
and CuO can identify these components. The TEM images also

Figure 4. HR-TEM image of the SiO,-supported RuO,-CuO-NaCl catalyst. The
RuO, + CuO clusters are in close proximity. Fast Fourier transform of the HR-
TEM image was used to identify crystal planes unique to RuO,, CuO, and
NacCl.

confirmed that CuO and RuO, were distinct crystal structures
that were in close proximity. Notably, NaCl crystals were also
present as cubic structures (=30 nm) but are not shown in
this particular TEM image.

By taking into account all of the aforementioned findings,
a model for the RuO,-CuO-NaCl/SiO, catalyst and a plausible
mechanism for the epoxidation of propylene over this catalyst
system may be formulated. The proposed model and mecha-
nism are shown in Figure 5a,b. According to this mechanism,
an O, molecule first adsorbs (chemisorption) onto an active
center on the RuO, surface and dissociates into two surface O
atoms (O,). The O, migrates across the surface to a neighboring
CuO site, which is in close proximity, to form CuO-O. Gas-
phase propylene then interacts with CuO—0 ultimately to form
PO through the formation of relevant intermediates such as an
oxametallocycle and other species.”®

In conclusion, a mechanism for the direct epoxidation of
propylene by O, over a SiO,-supported RuO,-CuO-NaCl cata-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 5. a) Schematic structure of the RuO,~CuO-NaCl/SiO, catalyst. b) Pro-
posed mechanism for the epoxidation of propylene, showing the dissocia-
tive adsorption of O, onto the RuO, surface, surface migration of adsorbed
oxygen to CuO surface, and the formation of PO.

lyst, previously discovered in our laboratories, was developed.
The trimetallic catalyst at 12.5 wt% total metal loading was
characterized by using powder XRD, HR-TEM, and TPR tech-
nigues. These studies confirmed that this catalyst system con-
sists of distinct nanocrystals of RuO,, CuO, and NaCl. Further-
more, the crystalline RuO, and CuO particles are in close prox-
imity, and the CuO particles are generally smaller than the
RuO, particles with the result that the CuO particles are likely
to be positioned on the surface of the RuO, structures. In in-
vestigations of the effects of Na and Cl, Na,O showed itself to
be a strong inhibitor of PO synthesis, whereas NaCl played two
important roles: it reduced the RuO, crystal size, which favored
PO activity,"” and suppressed CO, combustion, which led to
higher PO selectivity. A critical finding ascertained from com-
paring the XRD patterns and the performance test results of
single and bimetallic subsets of the RuO,-CuO-NaCl/SiO, cata-
lyst, along with chlorinated and unchlorinated variants, indicat-
ed that the active site of the catalyst is likely the CuO crystal. A
mechanism was therefore proposed in which RuO, adsorbs di-
atomic oxygen from the gas phase; then, the adsorbed oxygen
undergoes surface migration onto CuO, from which it is trans-
ferred to propylene to form PO. Further improvements of this
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catalyst thus could be made by precise arrangement of the
crystalline RuO,, CuO, and NaCl phases on the SiO, support.

Experimental Section

SiO,-supported mono-, bi-, and trimetallic heterogeneous catalysts
were prepared by co-impregnation. For the monometallic catalysts,
the metal salt aqueous solutions with aqueous solution mixtures
of Ru [(NH,),RuCl,, Aldrich or Ru(NO)(NO,),, Alfa Aesar, Ru 31.3%
min], Cu [Cu(NO,),-2.5H,0, Alfa Aesar, ACS, 98.0-102.0%], and Na
(NaNO,, Alfa Aesar, ACS, 99.0% or NaCl, Alfa Aesar ACS, 99%)?!
were prepared to achieve a predetermined weight percent (by
metal atomic weight) loading on the SiO, support powder (SiO,,
Alfa Aesar, surface area 145 m*g~"). Each metal salt solution was in-
troduced to SiO, and left to penetrate the support for 24 h in air.
The resulting materials were dried (120°C, until dry) and calcined
(500°C, 12 h) in air.

These materials (5.0 mg.) were investigated for their catalytic
performance by using previously developed high-throughput het-
erogeneous catalysis screening tools.”” The array channel reactor
was used to test 80 different catalysts in a single experiment by
using a computer-controlled system. All experiments were per-
formed under atmospheric pressure at a gas hourly space velocity
of 20000 h™' controlled by using mass flow controllers (MKS, And-
over, MA). The feed gas consisted of 1vol% propylene (C;Hg),
4 vol% O,, and balance He at a reactor temperature of 250 °C. Data
analysis was conducted by an online Micro-Gas Chromatograph
(Varian, CP-4900) equipped with a thermal conductivity detector
(TCD), Porapak U (10m), and 5 A molecular sieves (10m). The de-
tected products were propylene oxide, acetone, acetaldehyde, CO,,
and acrolein. The propylene conversion, product selectivity, and
yield (calculated as selectivity of a product x propylene conversion)
of the products were determined on the basis of carbon balance.
The reproducibility of the experiments was within +10%.

Powder XRD patterns were obtained with an X-ray powder diffrac-
tometer (Panalytical X'Pert Pro) by using CuK, radiation, 45 kV, and
40 mA to identify different phases. TEM studies were performed by
using a FEI Titan 80-300 TEM. For high-resolution TEM imaging
a field emission gun operating at 300 kV was used.

TPR measurements were made by using an apparatus developed
in the laboratory.”® Each TPR run was performed by passing a H,-
He mixture (5% H,) over the catalyst (160 mg) placed in a quartz
reaction tube (0.8 cm in diameter and 45 cm long) positioned in
a furnace (Vulcan 3-550) at a total gas flow rate of 20 mLmin ". A
heating rate of 10°Cmin~" was set by using the furnace’s program-
mable temperature controller (PID). Hydrogen consumption was
monitored online by a quadruple mass spectrometer (QMS, RGA
200, Stanford Research System, Santa Clara, CA) from 100 to
600°C. Prior to the TPR measurements, the catalysts were treated
in situ by flowing He at 20 mLmin~" from RT to 200°C at a heating
rate of 10°Cmin~' and maintaining these conditions for an addi-
tional 1 h, after which it was cooled down to 100 °C.
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