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Enhanced performance of bimetallic catalysts based on copper phyllosilicate
in the hydrogenation of dimethyl oxalate to ethylene glycol
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The effect of the second metal (Pt, Pd, Ni and Fe) on the
activity of copper phyllosilicate-based catalysts was
investigated in the selective hydrogenation of dimethyl oxalate
to ethylene glycol at 160-200 °C. The prepared catalysts were
characterized by XRD, DRIFTS-CO and TEM methods. The
conver sion achieved over 10Fe/10Cu-PhySi catalyst was 68 %
at 200 °C; at the sametime, thefull conver sion with selectivity
98% was obtained at the temperature of 180 °C over a
bimetallic 1Pt/Cu-PhyS catalyst.
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Ethylene glycol (EG) is one of the main starting materials for the
production of polyethylene terephthalate (81% of total
consumption). It is also widely used as a solvent and media
component in electrolytic capacitors and hydraulic brake
fluids.3 The chemical industry produced 42 million tons of EG
in 2020. According to analysts, global production capacity of
ethylene glycol increased from approximately 30.24 million tons
in 2014 to almost 57 million metric tons in 2022.4

There are several ways to obtain ethylene glycol. Most of EG
is manufactured by oxidation of ethylene following by its
subsequent hydration. However, production is limited by crude
oil reserves and strict environmental regulations. At the same
time, EG can be produced from syngas which can be obtained
from renewable sources such as natural gas and biomass.
Therefore, the method of EG production via the use of bio-
available compounds is much more economically and
environmentally promising. In a one-step synthesis, CO directly
reacts with H, forming EG, which is technologically efficient but
thermodynamically unfavorable.> In this regard, an indirect
method is more preferable, it includes the reaction of the
combination of carbon monoxide with the formation of dimethyl
oxalate (DMO) and its subsequent hydrogenation that yields the
target product, ethylene glycol .67

The most suitable catalysts for ester hydrogenation are copper-
based catalysts, inasmuch as copper compounds are effective for
the hydrogenation of C=0 carbonyl groups, but are inactive for the
hydrogenolysis of C-C bond cleavage.®-!! SiO, is often used as a
support due to the presence of weakly pronounced acid-base
properties.'2 The main challenge here is EG selectivity, whereas in
the hydrogenation of DMO at temperatures below 190 °C a large
amount of a by-product, methyl glycolate, is observed, while the
carrying out of the reaction at temperatures above 210 °C results
in the EG reduction to ethanol.*3
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Among the variety of different copper-based catalytic systems,
phyllosilicates hold a special place; unlike traditional SiO,-based
copper oxide, phyllosilicate (PhySi) has an improved thermal
stability, higher dispersion of copper particles and larger specific
surface area due to its layered structure.1*1% A. Yin et al.1% reported
that the 10Cu/HMS (SiO,) catalyst with hydrosilicate structure
demonstrated the 87 % conversion in DMO hydrogenation
with a 75 % EG selectivity at 250 °C, 2.5 MPa H, pressure,
H,/DMO = 120 mol mol-* and DMO LSV =0.20 h™2. It should be
noted that on the copper oxide-based catalyst prepared by the
impregnation method DMO conversion was only 41% with 68%
EG selectivity. In our previous work!” we have demonstrated that
copper phyllosilicate are quite effective and promising systems for
selective hydrogenation of unsaturated compounds. Thus, the aim
of this work has been to investigate the catalytic properties of
copper phyllosilicate with different Cu content and the effect of
the second metal (Pd, Pt, Ni and Cu) in bimetallic catalysts on
their activity in the DMO conversion to EG.

The synthesis of the bimetallic copper phyllosilicate-based
catalysts is described.” All the synthesized catalysts proved to be
catalytically active under the reaction conditions (160-200 °C,

T The 5-10% Cu/SiO, catalysts with the chrysocolla structure (xCu-
PhySi) were prepared by deposition—precipitation of Cu(NOs;), on the
SiO, support via thermal hydrolysis of urea (DPU-method). A detailed
synthesis of monometallic copper samples is described in our previous
work.! Supported bimetallic catalysts containing 1 wt% of noble (Pt or
Pd) and 10 wt% of non-noble (Ni or Fe) metals were synthesized by
incipient wetness impregnation of the xCu-PhySi sample with an aqueous
solution of metal precursors. Commercial chemicals, H,PtClg, H,PdCl,,
Ni(NO3),-6H,0, Cu(NO;),-3H,0 and Fe(NOj);, were used as metal
precursors. Then impregnated samples were dried at 110 °C for 12 h and
calcined in air at 300 °C for 3 h. Their phase composition was identified
by X-ray diffraction (XRD) method using an ARL X'TRA diffractometer
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3.0 MPa), however, the activity of Cu-PhySi catalysts was
relatively low and increased with rising Cu content (Figure 1).
The highest DMO conversion (56%) was obtained in the presence
of 10Cu-PhySi sample at a temperature of 200 °C. Therefore,
further catalytic studies were carried out on bimetallic catalysts
with the copper loading of 10 wt%.

The modification of monometallic 10Cu-PhySi samples with
additives of both noble (Pt and Pd) and non-noble (Fe and Ni)
metals made it possible to enhance the efficiency of the catalysts.
Thus, doping of a monometallic 10Cu-PhySi catalyst by 1 wt% Pd
or Pt will increase the DMO conversion from 20 to 60-80% at the
temperature of 160 °C. The use of Fe and Ni as a promoter allowed
us to increase DMO conversion twice as compared with a
monometallic sample. With the temperature rise, the increase of
DMO conversion over almost all catalysts was observed. The
optimal reaction conditions for the catalysts containing the noble
metals (1Pd/10Cu-PhySi and 1Pt/10Cu-PhySi) were 180 °C and
P(H,) = 3 MPa. The use of the samples with non-precious metals,
10Fe/10Cu-PhySi and 10Ni/10Cu-PhySi, required a higher
temperature (up to 200 °C) for this reaction.

Figure 2 demonstrates the EG selectivity over the mono- and
bimetallic 10Cu-PhysSi catalysts at optimal temperature of 180 °C.
Itis clearly seen that for all prepared catalysts the EG selectivity
exceeded 93 %. The by-product in all cases was methyl glycolate,
the ethanol formation was not observed.
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Figure 1 Thetemperature effect on DMO conversion over the Cu-containing

catalysts.
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Figure 2 EG selectivity at the reaction temperature of 180 °C.

(Thermo Fisher Scientific). The morphological properties of the catalysts
were investigated by TEM method using a JEOL JEM-2100 transmission
electron microscope. Diffuse-reflectance IR spectra were measured at
room temperature on a NICOLET Protege 460 spectrometer in the
6000-400 cm™ range with a resolution of 4 cm=2.

Before the experiments, catalysts (fraction of 0.25-0.5 mm) were
reduced in a hydrogen flow at 250 °C for 2 h. The DMO hydrogenation to
EG was investigated in a flow-type reactor in temperature range of
160-200 °C and H, pressure of 3.0 MPa. The catalyst loading was 100 mg,
the volumetric feed rate of the feedstock (raw material) (10 wt% dimethy!l
oxalate in methanol) was v = 0.06 ml min?, the hydrogen feed rate was
v =30 ml min-! and the molar ratio of H, : feedstock (raw material) was
30:1. The reaction products were analyzed on a Kristall-5000 gas
chromatograph on a column with 100% dimethylpolysiloxane (ZB-1,
length 60 m, diameter 0.32 mm) with a flame ionization detector. The
activity of the catalysts was evaluated by the DMO conversion and the
reaction products.
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Figure 3 XRD profile of 10Cu-PhySi catalyst.
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The phase composition of the catalysts was estimated using
the XRD analysis and the electronic state of the metals was
studied by DRIFTS-CO method. On XRD profile (see Figure 3)
of the 10Cu-PhySi sample, broadened reflexes at 20 values of
30.5, 35.8 and 56.9° are distinguishable, which agree with the
standard reflexes of the (132), (023) and (360) chrysocolla
planes (ICDD # 27-0188).18-20 This indicates that copper
nanoparticles are finely dispersed over the surface of the carrier.
No signals from the Pt and Pd phases were detected on the XRD
profiles of bimetallic catalysts, probably because of the noble
metals low content.

The DRIFTS-CO spectra (Figure 4) recorded for the
bimetallic 10Fe/10Cu-PhySi catalyst showed a low-intensity
band at 2360 cm~ corresponding to the Fe?*-CO, complex
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Figure 4 DRIFTS-CO study of (a) 10Fe/10Cu-PhySi and (b) 1Pt/10Cu-
PhySi catalysts.

@

Si

Ca Fe

Cu

Cupy Fe
[——] 0 2 4 6 8 10 12

(b) Si

Pt

Cu Pleu
Pt Pt Pt Pt

Figure 5 TEM images of (a) 10Fe/10Cu-PhySi and (b) 1Pt/10Cu-PhySi
catalysts.
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formed as a result of Fe3* reduction by CO?! and an intense line
at 2127-2128 cm™ that can be assigned to the stretching
vibrations of CO molecules adsorbed on Cu* cations.?? The same
band was observed in the 1Pt/10Cu-PhySi spectra.

TEM-EDX analysis was carried out to examine the distribution
of supported metals (Pt and Fe) over the surface of the 10Cu-PhySi
support (see Figure 5). The micrographs of both bimetallic catalysts
show the “fibrous’ microstructure of the samples characteristic for
the phyllosilicate materials. In addition, microphotographs of both
catalysts show uniformly dispersed metallic phases represented by
spherical nanoparticles. The average calculated size of spherical
particles in the 1Pt/10Cu-PhySi sample is 5 nm. EDX analysis of
this sample indicates the presence of Pt and Cu in the sample. In
case of the 10Fe/10Cu-PhySi catalyst, the size of nanoparticles is
much larger and amounts to 9 nm. The results of the EDX analysis
allows us to conclude that these nanoparticles belong to the
supported iron phase.

Thus, the nature of the second metal affects a synergistic
interaction with the copper phyllosilicate phase, significantly
increasing the activity and selectivity of the catalyst in the
hydrogenation of DMO to EG. Adding 1 wt% of Pt to the copper-
based catalytic system made it possible to increase the conversion
to 99% and to reach the 98% EG selectivity. However, the
replacement of platinum with more affordable and cheaper
metal, iron, allowed one to maintain almost the same selectivity
level (94%) with a slight decrease of DMO conversion to 68%.

This research was supported by Russian Science Foundation,
grant no. 23-73-01034, https://rscf.ru/en/project/23-73-01034/.
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