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Ag/[SiO, prepared by a sol-gel process is highly effective for
selective gas-phase hydrogenation of dimethyl oxalate to
corresponding alcohols. The catalysts are of great potential as
industrially viable and novel catalysts for the production of
methyl glycolate and ethylene glycol.

Methyl glycolate (MG), as an important fine chemical inter-
mediate, has been widely applied in various fields.! Many
catalytic and non-catalytic procedures have been developed
for the synthesis of MG, > however the harsh reaction conditions
and lower yields (lower than 70%) hindered its further
application in industry.® Therefore, the development of a more
efficient and green catalytic synthetic procedure is still a
challenging subject in the modern chemical industry.

Ethylene glycol (EG), due to its water solubility with
arbitrary ratio, high boiling point and low freezing point, is
extensively used as antifreeze, lubricant, plasticizer, surfactant
and so on. Besides, it has also been widely applied in synthe-
sizing polymer and polyester.* Nowadays, ethylene oxidation
is a universal industrial approach to produce EG. However, as
crude oil resources shrink, synthesis of EG from syngas is
attracting more and more interest.’> Alternative methods
that proceed under mild reaction conditions with stable and
easy-to-handle heterogeneous catalysts are therefore economically
and environmentally benign.

The hydrogenation of esters to alcohols is a conversion of
industrial importance, being employed in the production of
fatty alcohols, and being a potential route to EG via dimethyl
oxalate (DMO).® DMO has been the most widely examined
substrate to feature in literature reports of ester hydrogenation, ’
and so can be taken to represent a benchmark reaction in this
type of catalysis. Furthermore, its hydrogenation to alcohol is
of industrial interest.® Our previous investigation showed that
more than 95% yield of EG could be obtained over a copper-
based catalyst,  however, the hydrogenation intermediate MG
could not be gained via the copper catalyst because the
thermodynamic constant of the second hydrogenation step
is two orders of magnitude larger than that of the first
hydrogenation step. Hence, how to design an efficient catalyst
that could control the hydrogenation production dynamically
is still a great challenge.

Herein, we not only present a new strategy for highly
efficient synthesis of MG and EG simply by regulating the
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reaction temperature via hydrogenation of DMO but also
design a highly efficient catalyst with high activity and stability.
(Scheme 1)

Silver-based catalysts have long been extensively studied as
oxidizing catalysts and have been applied industrially in the
epoxidation of ethylene.'® However, the general lack of affinity
of silver toward H, due to the filled d-band of silver has limited
its further application in hydrogenation reactions.'' Nagase
et al. and Hohmeyer et al. have reported the selective hydro-
genation of unsaturated aldehydes to the corresponding
alcohols over silver catalysts supported on metal oxides,'?
showing that the activity and selectivity were only moderate.
In this work, we report an Ag/SiO, catalyst, prepared by a
novel synthetic method, exhibiting unprecedented catalytic
activity and temperature controlled selectivity for the hydro-
genation of DMO to the corresponding alcohols. To the best
of our knowledge, this is the first report on the catalytic
properties of a supported silver catalyst for the gas-phase
selective hydrogenation of ester.

15Ag/SiO, catalyst with 15 wt% silver loadings was
prepared by a new sol-gel procedure. The Ag/SiO, catalysts
were prepared in three steps: (1) preparation of silver ammonium
solution using silver lactate as the original silver precursor, (2)
silica polymerization in the as-obtained silver solution,
generating the as-synthesized mesostructure of silica and (3)
deposition of silver on silica by calcinations to produce
Ag/SiO, catalysts. The details for the preparation process
can be found in the supporting information.t Fig. 1A shows
a typical TEM image of a freshly reduced Ag/SiO, catalyst,
from which it can be seen that the silver nanoparticles exhibit a
spherical shape with an average size of 12 nm and are highly
dispersed on the silica support. The highly dispersed silver
particles might originate from the formation of Age(Si,O7)
species due to the stronger interaction between silver and the
SiO, support, which pre-suppress the aggregation of silver
nanoparticles. Fig. 1B shows the XRD patterns of the freshly
calcined 15Ag/SiO, catalyst, reduced 15Ag/SiO,-re catalyst
and the 15Ag/SiO,-po catalyst working for 250 h under
reaction conditions. For calcined 15Ag/SiO, catalyst (graph
a), besides a wide peak from amorphous silica, a strong peak
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Scheme 1 Temperature controlled selective hydrogenation of DMO
to MG and EG over 15Ag/SiO, catalyst.
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positioned at 20 = 33.8° corresponding to the Agg(Si,O7)
(JCPDS 85-0281) could be observed; no other silver-containing
peaks were detected, implying that the silver particles are in a
nano regime or exist in the form of silver silicate, which could
be reduced to highly dispersed silver nanoparticles under the
reducing conditions. This could be further proved by the TPR
results (Fig. S17). Silver supported catalysts with different
loadings exhibited the same peak only with different intensities
(Fig. S2t). The H, uptake per mol Ag calculated from the TPR
result is almost constant. (Table S21) After reduction at 573 K
under 5% H,/Ar atmosphere, the four peaks positioned at
20 = 38.2°,44.3°, 64.5° and 77.6° ascribed to the (111), (200),
(220), and (311) lattice planes of the metallic Ag appeared,
which indicated that the silver silicate decomposed into silver
nanoparticles with the average size of 10 nm as calculated
according to the Scherrer equation. Although Ag particle
size increased with the increase of the Ag loading, the
textural structure (pore size distribution and N, adsorption
and desorption) did not change much. (Table S1 and Figs.
S3-S47)

The catalytic performance of 15Ag/SiO, catalyst for
the temperature controlled synthesis of MG and EG was
investigated for the continuous gas-phase hydrogenation of
DMO. Prior to the hydrogenation reaction, the 15Ag/SiO,
catalyst was reduced in 5% H,/Ar at 573 K for 4 h. Fig. 2
presents the results of the hydrogenation of DMO over
15Ag/SiO, catalyst at 493 K for 120 h and 553 K for 120 h
respectively. The DMO conversion could be up to 100% and
the selectivity to MG and EG could reach 92% and 96%
respectively after 10 h on stream, with no further change
observed over prolonged reaction time. After recovering, the
catalyst could still keep high catalytic performance. The high
activity and stability of the reduced 15Ag/SiO, catalyst in the
gas-phase hydrogenation reaction are compatible to the XRD
results that the particle size of silver was only slightly enlarged
from 12 to 14 nm after 250 h on stream, indicating a confinement
effect of the silica on the sintering of the silver particles during
the hydrogenation reaction. In addition, the surface silver
content and the chemical environment investigated by XPS
(Fig. S57) almost did not change, which is consistent with the
excellent catalytic performance of the silver catalyst.

For comparison, the silver and silica were also tested for
catalytic performance evaluation. The absence of silver or the
silica does not cause measurable activities, which suggests a
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Fig.1 (A) TEM image of freshly reduced 15Ag/SiO, catalyst and (B)
XRD patterns of 15Ag/SiO,: (a) calcined catalyst at 673 K; (b)
reduced catalyst of (a) at 573 K in 5% H,/Ar for 4 h; (c) post-reacted
catalyst of (b) after running for 120 h at 473 K, then 553 K for 120 h.
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Fig. 2 The performance of the catalytic hydrogenation of DMO over
15Ag/SiO; catalyst. (A) Conversion of DMO and MG selectivity vs.
time on stream. (B) Conversion of DMO and EG selectivity vs. time on
stream. Reaction conditions: catalyst (2 g), 493 K for A and 553 K for
B, 2.5 MPa, LHSV = 0.2 h™', and H,/DMO = 100 (mol mol™").

synergetic effect of the silver and silica. The reaction was also
carried out at lower temperature, but no satisfactory yields
were obtained. To optimise the silver loading, a series of
Ag/SiO, catalysts with Ag loading from 5 to 20 wt% were
synthesized and tested for hydrogenation activity. The highest
activity and selectivity to MG and EG could be obtained over
15Ag/SiO; catalyst; higher silver content would not increase
the hydrogenation activity which might be a result of the
saturation of silver on the surface of silica. Taking XPS results
into consideration (Fig. 3), higher silver dispersion on the
surface would be beneficial to obtain high yield of MG and
EG, however, larger silver nanoparticles would greatly
decrease the yield of MG. The intrinsic origin needs to be
investigated in future work.

The highly efficient silver catalyst is also tolerant for the
hydrogenation of various alcohols, esters and unsaturated
aldehydes, which showed that the silver catalyst prepared by
a sol-gel method was still active in chemoselective hydrogenation
of both C=C bond and C=O bond. Table 1 presents the
results for the synthesis of various alcohols and unsaturated
aldehydes under continuous gas-phase conditions.

In summary, we have demonstrated a facile and efficient one
pot route for the fabrication of MG and EG over the Ag/SiO,
catalyst embedded with highly dispersed silver particles by a
sol-gel method. The catalytic study revealed the remarkable
stability, activity and selectivity in the gas-phase continuous
hydrogenation of DMO. Therefore, this process has the
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Fig. 3 Surface Ag dispersion (Xag/si) calculated by XPS results and
yield of MG and EG vs. the Ag loading.
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Table 1 Selective hydrogenation reactions over fresh 15Ag/SiO,
catalyst?

Entry t/h T/K P/MPa Conversion/% Selectivity/%
Dimethyl oxalate 12 493 2.5 100 92b
Dimethyl oxalate 12 553 2.5 100 96¢
Dimethyl maleate 12 473 5.0 99 844
Dimethyl glutarate 12 373 0.1 62 100°
Crotonaldehyde 9.5 413 2.0 96 40
Acetone 12 493 4.0 41 1005

“ Reaction conditions: catalyst (1 g), Ha/substrate = 100 (mol mol ™).
b MG. ¢ EG. ¢ Dimethyl  succinate. ¢ Pentylene  glycol. / Crotonyl
alcohol. ¢ Tsopropanol.

potential to enable a more sustainable MG and EG synthesis
in industry.
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