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Introduction

Oxalic acid hydrogenation to glycolic acid:
heterogeneous catalysts screening+
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To meet our ambitions of a future circular economy and drastically reduce CO, emissions, we need to
make use of CO, as a feedstock. Turning CO, into monomers to produce sustainable plastics is an attrac-
tive option for this purpose. It can be achieved by electrochemical reduction of CO, to formic acid
derivatives, that can subsequently be converted into oxalic acid. Oxalic acid can be a monomer itself and
it is a potential new platform chemical for material production, as useful monomers such as glycolic acid
and ethylene glycol can be derived from it. Today the most common route from oxalic acid to glycolic
acid requires multiple steps as it proceeds via oxalic acid di-esters as intermediates. In this work, we aim
to avoid the extra reaction step of esterification. We explore the direct conversion of oxalic acid to glycolic
acid in a two-step approach. In the first step, we define the ideal reaction conditions and test commer-
cially available catalysts. We show that the reduction of oxalic acid can be performed at much lower
temperatures and glycolic acid yields higher than those reported previously can be obtained. In the
second step, we explore the design principles required for ideal catalysts which avoid the formation of
acetic acid and ethylene glycol as side products. We show that ruthenium is the most active metal for the
reaction and that carbon appears the most suitable support for these catalysts. By adding tin as a promo-
tor, we could increase the selectivity and yield further whilst maintaining high activity of the resulting cata-
lyst. This research lays the foundation for the efficient direct reduction of oxalic acid to glycolic acid and
defines the design parameters for even better catalysts and the ideal process and conditions.

products from CO, require improvements before becoming
commercially viable.'>'® One of those routes (Fig. 1) is aiming

As we strive to reduce atmospheric CO, levels, we need to find
sustainable alternatives to fossil feedstocks. Today, the chemi-
cal industry is a major greenhouse gas emitter that relies on
fossil-based feedstocks." However, unlike many other sectors,
the chemical industry can use CO, as a feedstock and turn
from a non-circular CO, emitting industry to a circular indus-
try providing a net carbon sink.>”” In fact, the only non-fossil
alternative carbon sources to produce carbon-based materials
or fuels are biomass and CO,.>° CO, is an economically inter-
esting feedstock as it has low or even negative costs and is
highly abundant.>®'>'" Yet many routes leading to valuable
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at polymers from CO, with oxalic acid at the end as a platform
chemical for monomers and other chemicals.'*"*

Oxalic acid, the simplest of the dicarboxylic acids, is one of
the oldest known acids which was discovered by Scheele in
1734."® Oxalic acid can be used as a platform chemical to
produce well-known compounds such as mono ethylene glycol,
glyoxylic acid, glyoxal, glycolaldehyde and glycolic acid.™ All five
C2 compounds derived from oxalic acid are of increasing inter-
est for the manufacture of high-performance polymers. Ideally,
monomers for sustainable polymers should be derived by
linking the consumption of CO, with the production of circular,
potential long-term carbon storage in materials.

In this work, we focus on the fourth step of the OCEAN
process (Fig. 1), the reduction of oxalic acid to glycolic acid.
We aim to identify key parameters for catalyst design and reac-
tion conditions. Our primary indicator at this stage is catalyst
performance defined by its activity, selectivity and stability.
The most suitable options are developed further and we inves-
tigate the reasoning behind their superior performance in
greater detail in a follow-up study. As oxalic acid from other
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Fig. 1 "OCEAN" process for CO, utilization via (i) electrochemical reduction to formate, (ii) thermal formate coupling to oxalate, (iii) electrochemical

oxalate acidification, (iv) thermocatalytic reduction of oxalic acid to glycolic acid, and (v) polymer production from oxalic acid and its derivatives.

renewable sources is available (CO,, CO, formate, ethylene
glycol, ethylene, and sugars) this work is also applicable to
these processes.'” Glycolic acid is an alpha-hydroxy acid that
occurs naturally in many fruits such as grapes, pineapple,
sugarcane, cantaloupe, and sugar beets. Moreover, glycolic
acid is an interesting compound in the development of new
polymers for which a detailed account from our group was
published recently by Murcia et al.*®

The glycolic acid market volume in 2020 was 310 M$ and is
projected to reach 530 M$ by 2027.'° Based on our work on gly-
colic acid production and applications,'® we expect that with
much lower glycolic acid prices the PLGA polyester volume
potential can be much larger than these projections. Several
commercial routes towards glycolic acid exist today. They
include the hydrolysis of methyl glycolate or glyconitrile, both
produced from methanol; the hydrolysis of chloroacetic acid
obtained from acetic acid; and the carbonylation of formal-
dehyde which today is the dominant industrial production
method.**"*° All these routes are fed by fossil feedstocks today.
In the future fossil feedstocks need to be replaced by sustain-
able carbon and energy sources. Zhou et al., suggested to
produce glycolic acid from ethylene glycol using biomass as a
source for carbon and energy.”” Their technoeconomic ana-
lysis shows that this process is favourable over existing fossil
processes. However, with growing land use pressure in the
future - we believe that the only truly sustainable carbon
source of the future is CO,.>®*° Hence, all feedstocks for sus-
tainable glycolic acid should be obtained from CO, and water.
This allows to perform a species comparison based on the
complexity of the different routes towards glycolic acid. The
overall reaction from CO, and water to glycolic acid is indepen-
dent of the pathway and requires two CO, molecules and two
water molecules, leading to an overall standard enthalpy of
reaction AnH = 775.7 k] mol™"'. However, each route requires
a different number of steps (Table 1, Fig. S17}). The pro-
duction of glycolic acid from CO, via direct electrochemical
oxalate formation followed by acidification to oxalic acid and
hydrogenation of oxalic acid to glycolic acid requires five steps
((i) 2€O, + Zn to Zn(C,0,) (oxalate); (ii) Zn(C,0,4) to C,H,04
(oxalic acid) and (iii) Zn>" to Zn; (iv) 2H,0 to 2H, and O, and
(v) C,H,0, + 2H, to C,H,0;3 (glycolic acid) + H,0) and thus the
least steps of all pathways.

In a simplified approach we estimate the cost price for the
production of glycolic acid assuming optimal heat integration

2410 | Green Chem., 2023, 25, 2409-2426

Table 1 Comparison of reaction steps and resulting cost price for sus-
tainable production of glycolic acid using CO,, water and renewable
energy as feedstock. For the estimation of the cost price, we assume a
50% power efficiency, 98% yield per step, 200$/step processing fee and
an electricity price of 50$/MWh

Reaction Steps  Estimated cost price ($/ton)
Carbonylation of formaldehyde 7 1729
Glyconitrile route 7 1729
Chloro acetic acid route 10 2350
Methyl Glycolate route 9 2143
Hydrogenation of Oxalic acid 5 1316

using 200$/ton processing fee for each step, CO, and water at
zero cost, an electricity price of 50$/MWh, a fully optimized
mature process with 50% power efficiency, and a default
optimal yield of 98% for each step independent of the
pathway.*® The estimated cost price for each route with sus-
tainable feedstocks is shown in Table 1. The reduction of
oxalic acid proposed here has the lowest overall cost-price
($1316) and is thus a valid option to produce sustainable glyco-
lic acid in the future.

A short history of the oxalic acid hydrogenation

Carboxylic acid reduction catalysed by ruthenium-based cata-
lysts is known since the 1950s and ever since many appli-
cations were reported in the literature.’* However, before
the start of this work, only a general publication for the
reduction of organic acids to alcohols by Carnahan et al
covered the catalytic reduction of oxalic acid using a ruthe-
nium catalyst. They reduced oxalic acid using ruthenium
dioxide as a catalyst and produced ethylene glycol at tempera-
tures between 94-150 °C.** Notably, they used very high hydro-
gen pressures of 630-900 atmospheres and long reaction times
of 10 hours. Although they didn’t produce glycolic acid from
oxalic acid, they used glycolic acid as a reactant. They found
that glycolic acid could be effectively reduced to ethylene
glycol at temperatures above 110 °C. Both ruthenium oxide
and commercially available ruthenium on carbon were suit-
able catalysts but platinum and palladium were ineffective as
catalysts. Overall, they noted that higher yields could be
achieved if the acids were first converted to esters and then
reduced to the desired products. Our work started as a collab-
oration between Seton Hall University and Liquid Light Inc.

This journal is © The Royal Society of Chemistry 2023
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initially. After the acquisition of Liquid Light by Avantium the
University of Amsterdam got involved and developed the
process further. Until the start of our work, only the catalytic
reduction of oxalic acid esters was an active field of
research.’®™*' We used the findings of Carnahan et al, as a
starting point for our work. Yet, so have others and both Lange
et al., and Santos et al., have since reported further details on
the reduction of oxalic acid to glycolic acid and ethylene glycol
using heterogeneous catalysis.*>*?

Lange et al., presented a process to produce glycolic acid
from oxalic acid. Their process made use of a hydrogenation
metal catalyst and they used 4 wt% ruthenium supported on
TiO, as a catalyst in their examples.*”> The lowest temperature
in their examples is 100 °C at which they achieved their
highest glycolic acid yield of 76% at 80% conversion after
4 hours in batch. As this reaction is already quite slow at
100 °C, lower temperatures were not investigated. At higher
temperatures of 120 °C and 135 °C, the glycolic acid yield
dropped to 6% and ethylene glycol was produced primarily.
They recommend the use of hydrogen pressures below 150 bar
and a starting concentration of oxalic acid between 5 and
25 wt%. Although they define the ideal metal loading of the
catalyst as 2-20 wt%, they do not explain the role of the metal
in the catalyst, effects of catalyst preparation methods or the
role of the support further and only show examples with ruthe-
nium-based catalysts. Interestingly, they found that contrary to
the reports of Carnahan et al, the presence of water did not
cause the decomposition of oxalic acid.*’

The most recent report from Santos et al., discusses the
mechanism of oxalic acid reduction using ruthenium sup-
ported on carbon as catalysts. They studied the reaction in a
slurry reactor with self-made catalysts and fitted a kinetic
model to their results to investigate the mechanism. They
achieved a glycolic acid selectivity of 70% at 120 °C where they
produced 70.6% glycolic acid, 15% acetic acid and 15% ethyl-
ene glycol at an oxalic acid conversion of 90%. When increas-
ing the temperature to 150 °C stepwise, they observed a shift
towards the production of volatile compounds.

Santos et al., also suggested a Langmuir-Hinshelwood
mechanism as shown in Fig. 2, with distinct sites for oxalic
acid and hydrogen adsorption. First, oxalic acid is adsorbed by
an interaction of the C=0 bond of the carboxylic acid groups
with a ruthenium site (6,) of the catalyst. Molecular hydrogen
adsorbs on an acid-activated carbon (6g) site. In a second step,
a reaction occurs by hydrogen transfer to the adsorbed oxalic
acid. This results in a de-hydroxylation step that yields
glyoxylic acid. After, the hydrogenation of oxalic acid to
glyoxylic acid, the glyoxylic acid is reduced to glycolic acid and
desorbs from the surface. As glyoxylic acid can’t desorb from
the surface, it cannot be observed in this system. The reaction
of oxalic acid to glycolic acid follows the same mechanism as
the reduction of glycolic acid to ethylene glycol. Effectively, the
formation of ethylene glycol requires the reduction of both
acid groups. The formation of acetic acid however proceeds via
the hydrogenolysis of the H,C-O bond. Interestingly, the
reduction of the second acid group to form ethylene glycol

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Reaction mechanism for oxalic acid hydrogenation reproduced
with permission from Santos et al.**

from glycolic acid has a lower energy barrier of 16 k] mol ™
compared to 17.8 k] mol™" for the reduction of oxalic acid to
glycolic acid. However, according to Santos et al., oxalic acid
adsorbs much easier on the catalyst as it has two acid groups
and therefore the oxalic acid to glycolic acid reduction is domi-
nant. The role of the much lower pK, of oxalic acid (1.27)
which is the lowest of all carboxylic acids, was not considered.
This means that 5% of oxalic acid are present as anion com-
pared to 0.2 %o of glycolic acid (pKa 3.83) which should favour
oxalic acid adsorption. The formation of acetic acid has a
higher activation barrier of 23 kJ mol™". Overall, this results in
the reaction scheme illustrated in Fig. 3.

Ruthenium based catalysts

Ruthenium is widely used as a hydrogenation catalyst.*>**™

As carboxylic acid reduction depends on the adsorption of the
acid group on the catalyst surface, we also drew inspiration
from work on other substrates such as the reduction of lactic
acid, adipic acid but also fatty esters or aldehyde reductions.
Takeda et al., investigated the hydrogenation of lactic acid to
1,2-propanediol using modified ruthenium on a carbon cata-
lyst containing a small percentage of molybdenum.*”~** The
addition of molybdenum increased the turnover frequency
(TOF) compared to the mono-metallic ruthenium catalyst as
molecular hydrogen can dissociate easier at the intersection of
the ruthenium metal and molybdenum oxide species. The
addition of tin to ruthenium-based catalysts is used in many
hydrogenation reactions.*®>°~>

Active metals for hydrogenation reactions

Although most popular, ruthenium is not the only metal
reported for the reduction of carboxylic acids or CO,. Kong
et al., investigated the hydrogenation of dimethyl oxalate
(DMO) to ethylene glycol by using a CuMg/ZnO catalyst.>® All
of the DMO was converted in their reaction, with about 95%

Green Chem., 2023, 25, 2409-2426 | 2411
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acid (17.8 kJ mol™). (C) Overreduction to ethylene glycol (16 k3 mol™). (D) Formation of Acetic acid (23 kJ mol™). (E) Decomposition to volatile

compounds dominant at temperatures above 120 °C.

selectivity for ethylene glycol. The catalyst proved stable for
300 hours. Pouilloux et al, replaced a ruthenium-tin catalyst
with a cobalt-tin catalyst for the hydrogenation of methyl
oleate to oleyl alcohol and reported similar selectivity but
57,38 Wang et al., report the NiFe/C catalysed
selective hydrogenation of stearic acid to stearic alcohol.>
They examined different metal ratios and observed the best
performance (98% selectivity and 100% conversion) for a
metal ratio of Ni, gFe, 5. NizFe particles on the surface of the
catalyst were responsible for the activity. Tayao et al., examined
many different metals (Re, Pt, Ir, Ru, Rh, Pd, Ag, Cu, Ni, and
Co) supported on titania catalysts for the hydrogenation of
3-phenyl propionic acid and reported the highest conversion
and selectivity with a rhenium catalyst.®® They then used these
2 wt% Re/TiO2 catalysts and reached alcohol yields of 90% in
the hydrogenation of 14 different carboxylic acids. High-
surface area indium oxide nanoparticles were used success-
fully in the hydrogenation of CO, to methanol by Frei et al.,
and can be produced in an easy synthesis.*

Our goal is to develop a process for the reduction of oxalic
acid to glycolic acid and avoid the over reduction to ethylene
glycol and the formation of volatiles or acetic acid. We use a
high-throughput screening approach with a strong emphasize
on catalyst performance testing to identify key parameters for
catalyst design and reaction conditions. We would like to
emphasize, that this work is intended to inform on the influ-
ence of each parameter as independently as possible and
should not be read as a consecutive approach in which we
stepwise exclude parameters. This work is the culmination of
two independent studies performed at Seton-Hall University
and the University of Amsterdam over the span of 8 years. We
decided to combine this work to allow the reader a compre-
hensive overview of the key parameters for this reaction. We
establish suitable conditions for the reaction using a commer-
cially available ruthenium catalyst known to perform well for
carboxylic acid reduction. The variables include reaction temp-
erature and pressure, reaction time and stirring rate, pre-
reduction of the catalyst and catalyst loading, reactant concen-
tration and reactor materials. We explore the suitability of

lower conversion.
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hydrogenation catalysts introduced above and develop new cat-
alysts for which we vary the support material and active metal,
the metal loading and secondary metal, metal precursors and
catalyst-preparation methods.

Experimental

We performed all reactions at the University of Amsterdam
(UvA), Avantium or Seton Hall University (SHU). The batch
reactors used at Avantium allow for performing reactions and
testing many variables in parallel.’® In this setup sampling
rates are limited and only liquid samples can be analysed. At
SHU we used a single batch reactor which allows for high
sampling rates and analysis of liquid and gas phase and moni-
toring of gas consumption during the reaction, yet only one
catalyst could be tested at a time. In a first step at SHU we opti-
mized reaction conditions including reaction temperature
(75-150 °C), hydrogen pressure (0-150 bar), reaction time
(1-24 h), oxalic acid concentration (5-20 wt%) and investigated
the role of reactor materials. At the UvA we used the ideal reac-
tion combinations determined at SHU to test newly developed
catalysts.

All chemicals, metal precursors and support materials were
reagent grade and obtained from Sigma-Aldrich. The catalysts
used during this work included commercial catalysts, repro-
ductions of catalysts presented in literature and new catalysts
developed in-house. We obtained commercial catalysts shown
in Table S3f from Johnson Matthey, Alfa Aesar and Sigma
Aldrich. For the preparation of catalysts presented in the litera-
ture, we followed their synthesis protocols (for details see ESI
3.1-3.5%) there. During the development of new catalysts, we
used incipient wetness impregnation) at the SHU (for details
see ESI 3.61) and wet impregnation at UvA (for details see ESI
3.71). After impregnation, all catalysts were calcined and
reduced under a 7% hydrogen atmosphere at 350 °C for
3 hours in a tubular furnace. Before use, the catalysts were ana-
lysed wusing nitrogen adsorption analysis at 70K in a
BELSORP-Max II (BET) pre-treated at 180 °C for 6 hours in

This journal is © The Royal Society of Chemistry 2023
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vacuum and X-ray diffraction (XRD) measurements using a
Rigaku Miniflex at an angle (26) of 3 to 90 degrees at a rate of
1° min~" and a step size of 0.05°. After the reaction, a qualitat-
ive and quantitative analysis of liquid products was performed
by liquid chromatography measurements. At Seton Hall
University the samples were prepared by diluting the samples
in the mobile phase and adding internal standards. A
Shimadzu HPLC instrument with refractive index detector
(RID) was used to measure the concentration of oxalic acid,
glycolic acid, glyoxylic acid, acetic acid, and ethylene glycol.
The exact conditions are listed in Table S67. At the University
of Amsterdam the samples were prepared by diluting the
samples in demineralized water to a theoretical stock solutions
concentration of 0.67 mg stock mL™'. High Performance
Liquid Chromatography (HPLC) was used to determine oxalic
acid, glycolic acid, glyoxylic acid, acetic acid, and ethylene
glycol concentration on an Agilent 1260 Infinity II HPLC
system equipped with an autosampler, heated column com-
partment, diode-array detector (DAD) and RID. The column
was an Aminex HPX-87H (300 x 7.8 mm; dp 9 pm). All con-
ditions are listed in Table S7.7

The qualitative and quantitative analysis of gaseous reac-
tion products was performed using a HP 5890 gas chromato-
graph with FID detector (for details see ESI section 51).

Results and discussion

In our previous work, we discuss the formate coupling reaction
to oxalate and oxalic acid which is an interesting feedstock for
new polymers.'”'86364 Next to oxalic acid as monomer itself
(which thermal instability can be overcome by using appropri-
ate ester derivatives) it can also be the starting material for
other monomers.®*"®” One of those is glycolic acid for which
one of the acid groups is reduced to an alcohol. Effectively this
can be done by first converting the oxalic acid into an ester
and then reducing the ester to glycolic acid. In this work,
however, we desire to evaluate the boundary conditions under
which oxalic acid can be directly reduced to glycolic acid. We
identified potential reaction products, determined a range of
reaction conditions and tested interesting catalyst concepts,
newly developed and commercially available catalyst for the
reaction.

Products, temperature, and reaction time

First we aim to explore and optimize the reaction conditions
starting with reaction temperature and time. In principle,
oxalic acid can be converted in two ways: Either we reduce the
acid groups to aldehydes (such as glyoxylic acid) and alcohols
(glycolic acid or ethylene glycol) or we decompose it to single
carbon compounds such as formic acid and CO,. These pro-
ducts can be divided into volatile compounds found in the gas
phase after the reaction, and dissolved solids or liquids found
in the aqueous phase. We started by first assessing the
thermal stability of oxalic acid in a hydrogen atmosphere in
the absence of a catalyst and started in a 140-170 °C tempera-
ture range (details ESI 4.8T). We show that oxalic acid is highly
unstable and decomposed completely at 150 °C and 170 °C

This journal is © The Royal Society of Chemistry 2023
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(Table S1 and Fig. S31). This decomposition occurs within the
first two hours of reaction and the main reaction products are
formic acid (found in the aqueous and gaseous phase) and
CO, (gas phase). When the reaction temperature was lowered
to 140 °C, the rate of decomposition was reduced significantly.
The decomposition after two and four hours were 20.9% and
29.4% respectively, and near-complete decomposition was
observed after 21 h. Consequently, efficient hydrogenation of
oxalic acid can only be accomplished at reaction temperatures
below 140 °C.

The analysis of both the aqueous and the gas phase shows
that the main thermal decomposition product is formic acid
and CO,. This is in line with the suggestion for using reaction
temperatures lower than 140 °C as stated by Lange et al*?
However, we found a more diverse range of decomposition pro-
ducts compared to Santos et al.** We repeated the experiment
at 170 °C in the presence of hydrogen (100 bars) and a catalyst
(5 wt% Ru/C). The oxalic acid was completely consumed in the
first two hours and glycolic acid and formic acid were formed
at 18% and 20% selectivity (Table S2, Fig. S4t). After this
initial 2-hour period, the formic acid decomposed further
while the glycolic acid was converted to ethylene glycol at a 5-6
times lower rate compared to the oxalic acid to glycolic acid
hydrogenation. The analysis of the gas phase showed the pres-
ence of CO,, CO, Methanol, Formaldehyde, Methane and C,-
Ce hydrocarbons.

As we are primarily interested in the production of glycolic
acid, we reduced the temperature to a range of 75-130 °C
(details ESI 4.91). We took samples every hour of the reaction
for a total span of 5 hours as shown in Fig. 4. The reactions at
120 °C and 130 °C were continued for another 15 hours as
shown in Fig. 7 and S3.f With increasing temperature, the con-
version increased. At 130 °C almost all the oxalic acid (92%)
was converted after 1 hour, whilst at 75 °C, 30% of the oxalic
acid was still left after five hours of reaction. The glycolic acid
yield continually increased with time at 75, 80 and 85 °C. The
highest glycolic acid yield of 76% equalling the best result of
Lange et al., was already achieved at 85 °C after 5 hours of reac-
tion whilst Lange et al., required 100 °C and 4 hours
(Fig. 4B).*> At higher temperatures, the glycolic acid yield
decreased over time, especially at 130 °C. This was caused by
the over-reduction of glycolic acid to ethylene glycol with
increasing temperatures (Fig. 4C). In Fig. 4A and B, we can see
that reduction of oxalic acid is preferred over the reduction of
glycolic acid to ethylene glycol. At 100 °C (red) and 120 °C
(dark blue), the glycolic acid yield increased until the oxalic
acid was fully converted. However, the formation of ethylene
glycol from glycolic acid already started to increase when 70%
of oxalic acid was converted. After full oxalic acid conversion,
the ethylene glycol yield rises strongly and the glycolic acid
yield declines. With lower amounts of oxalic acid present,
more and more active sites become available for the adsorp-
tion of glycolic acid and its subsequent reduction to ethylene
glycol. Overall, higher temperatures allow reaching high glyco-
lic acid yield quicker and the over reduction to ethylene glycol
can be controlled by reducing the reaction time. However,

Green Chem., 2023, 25, 2409-2426 | 2413
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Fig. 4 Influence of reaction temperature on the reduction of 5% oxalic acid in aqueous feed on (A) oxalic acid conversion, (B) glycolic acid yield, (C)

ethylene glycol yield, and (D) carbon balance. All reactions were performed using a 100 mL all Hastelloy batch reactor filled with 0.275 g (0.45 g for
75 °C) of 5 wt% Ru/C (Johnson Matthey, type 5R600) catalyst, reduced at 250 °C no pre-reduction in the reactor; substrate = 41.5 g of 5 wt%
aqueous oxalic acid; stir rate = 400 rpm; pressure = 100 bar H2; temperature = 75 °C — 130 °C.

lower reaction temperatures are still preferable as the acetic
acid production and formation of volatile compounds increase
with higher temperatures. The formation of volatile com-
pounds expresses itself in a decrease of the overall carbon
balance shown in Fig. 4D. The trend again shows a decrease in
the carbon balance with temperature. Above 120 °C, the for-
mation of volatile compounds increased strongly. Interestingly,
no volatiles formed from ethylene glycol or glycolic acid as the
carbon balance stayed stable at prolonged reaction times as
shown in Fig. S5D.T Due to the high production of volatiles
and acetic acid at higher temperatures, we narrowed the temp-
erature range to 75-105 °C. In the second set of experiments,
we increased the concentration of oxalic acid from 5 wt% to
10 wt% and pre-reduced the catalyst in the reactor to increase
its activity. As Fig. S6AT shows, the conversion increases with
temperature and ethylene glycol production increases once
oxalic acid reaches full conversion. Glycolic acid was reduced
to ethylene glycol even at 75 °C with longer reaction times. The
overall carbon balance was again higher at lower temperatures
(Fig. S6DY). The selectivity towards acetic acid was indepen-
dently high with an average of selectivity of 9% at 75, 85 and
95 °C. At 105 °C, the production of acetic acid increased to
15%, which is in agreement with the higher activation energy
required for this reaction according to Santos et al.*’

Overall, various products were formed by a combination of
pathways as illustrated in Fig. 5. At temperatures above 120 °C
oxalic acid decomposes mainly to formic acid and CO, follow-
ing pathway a. The desired hydrogenation pathway A leads to

2414 | Green Chem., 2023, 25, 2409-2426

the glycolic acid as described by Santos et al.** Glycolic acid

can also be further hydrogenated towards ethylene glycol in
pathway B. At higher reaction temperatures, the decompo-
sition of oxalic acid, glyoxylic acid, and glyoxal leads to the for-
mation of CO,, CO and formaldehyde following pathway b.
Formaldehyde is the main precursor to higher hydrocarbons
(pathway c) and methanol (pathway d). Methanol can be
further reduced to methane via pathway e. Acetic acid is
formed in a parallel reaction as has been proposed by Santos
et al.*® The formation of glycolic and acetic acid probably takes
place through a common intermediate which either is hydro-
genated to Glycolic acid (path A) or trough hydrogenolysis gen-
erates Acetic acid (path C). Based on the results from the
thermal decomposition and catalytic hydrogenation reactions,
we propose, that the overall oxalic acid conversion in the pres-
ence of a 5 wt% Ru/C catalyst takes place through a series of
reactions via pathway a-e (thermal decomposition) and path-
ways A and B (catalytic hydrogenation), and pathway C (acetic
acid formation). The overall rate ratio between the pathways
depends on the reaction temperature, the catalyst, the hydro-
gen pressure, and the solvent. For efficient hydrogenation of
oxalic acid to take place, the reaction temperature should prob-
ably be below 100 °C to keep the rate of thermal decompo-
sition sufficiently lower than the hydrogenation rate along
with pathway A. Given the low solubility of oxalic acid com-
pared to glycolic acid, the separation of reactant and product
can be achieved by crystallization. The separation of ethylene
glycol and acetic acid from glycolic acid however is more chal-

This journal is © The Royal Society of Chemistry 2023
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formation of volatiles. (B) Glycolic acid can be reduced further towards ethylene glycol. (C) Acetic acid is produced in a competing reaction that
occurs in parallel to the glycolic acid formation but at a lower rate. All compounds were detected in the aqueous phase during this work.

lenging as all dissolve well in water. Hence, it is highly desir-
able to avoid the formation of these side-products not only to
improve the overall yield but also to avoid a costly downstream
separation process.

We decided to continue our work using a reaction tempera-
ture of 75 °C as this avoids the formation of volatiles. We did
not reduce the temperature further at this stage as the required
reaction times were already long and we decided to explore
lower temperatures at a later stage, after developing a more
active catalyst which we will be presenting in an upcoming
publication. Compared to Lange et al., and Santos et al., we
could show that using reaction temperatures below 100 °C is
beneficial to prevent the formation of acetic acid and
especially volatiles.*>** Even without further optimizing the
reaction conditions, we could achieve higher yields of glycolic
acid compared to both previous publications. Lower tempera-
tures require longer reaction times which we attempt to coun-
teract with increased catalyst loadings and higher hydrogen
availability at higher hydrogen pressures.

Hydrogen pressure

To reduce oxalic acid to glycolic acid and ethylene glycol the
co-reactant hydrogen is supplied as gas. Hydrogen must dis-
solve in the reactant solution to reach the active sites of the
catalyst. Consequently, the pressure of hydrogen dictates the
availability of hydrogen for the reaction as its solubility
increases with pressure. We tested the effect of three hydrogen
pressures of 50, 100 and 135 bar at the reaction temperature.

This journal is © The Royal Society of Chemistry 2023

As a negative control, we pressurized the reactor with 40 bar of
inert Argon (details ESI 4.10%).

In the absence of hydrogen, at 75 °C, in the presence of
5 wt% Ru/C catalyst, oxalic acid is neither reduced nor
decomposed to volatiles (Fig. 6B-D). With increasing hydro-
gen pressure, the conversion of oxalic acid increased as
Fig. 6A shows. When increasing the pressure from 50 bar to
100 bar, the oxalic acid conversion increased 30% to 92%
(after 7 hours reaction). Increasing the pressure to 135 bar
only increased the conversion with 8% from 68% to 76%
(after 4 h of reaction). The hydrogen pressure did not influ-
ence the selectivity or increase the formation of volatiles as
the carbon balance stayed constant for all pressures as shown
in Fig. 6D. Consequently, a higher hydrogen pressure is ben-
eficial for the reduction of oxalic acid to glycolic acid. If all
other parameters are kept equal, higher hydrogen pressures
increase the reaction rate and allow for shorter reaction
times. For the catalyst development, we continued using a
pressure of 100 bar.

Catalyst loading

As the reaction is catalysed by an active metal site, increasing
the number of metal sites in the reactor should increase the
overall reaction rate. The number of active sites can be
changed by increasing either the amount of metal on the cata-
lyst itself, by changing the amount of catalyst in the reactor, or
by increasing the available active surface with a smaller catalyst
particle size.

Green Chem., 2023, 25, 2409-2426 | 2415
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Fig. 6 Influence of hydrogen pressure on the reduction of 25% oxalic acid in aqueous feed on (A) oxalic acid conversion, (B) glycolic acid yield, (C)

ethylene glycol yield, and (D) carbon balance. All reactions were performed using a 100 mL all Hastelloy reactor filled with 1.125 g of 5 wt% Ru/C
(Johnson Matthey, type 5R600) reduced at 300 °C for 3 h then pre-reduced in the reactor at 100 °C; substrate = 41.5 g of 25 wt% aqueous oxalic
acid; stir rate = 400 rpm; pressure = 50-135 bar H2 or 40 bar Argon; temperature = 75 °C.

We tested three metal loadings and three different amounts
of catalyst (details ESI 4.117). In both cases, we observed a
linear increase in conversion with the increase in active metal
(Fig. 7A). The selectivity for glycolic acid and ethylene glycol
was not affected. The formation of acetic acid was independent
of the metal loading and fluctuated between 7.9-11.5%. The
introduction of higher metal loadings increased the formation
of volatiles especially at long reaction times (Fig. S7D¥).

Reactant concentration

Like the concentration of active sites on the catalyst, we can
also change the initial substrate concentration therefore the
total amount of reactant per unit available active sites. In
general, using a highly concentrated feed solutions, particu-
larly for batch reactors is highly desirable as it reduces the
downtime required for filling and emptying the reactor. In the
case of oxalic acid, changing the reactant concentration is
limited by the low solubility of oxalic acid in water especially at
lower temperatures (<5 wt% at room temperature).

We tested three different concentrations of 10, 15 and
20 wt% oxalic acid at 75 °C (details ESI 4.12) and observed a
linear increase in the required reaction time to reach equal
conversions (Fig. 8A and S8At). The selectivity towards glycolic
acid, ethylene glycol and acetic acid was not affected by the
oxalic acid concentration (Fig. 8B and C). Higher oxalic acid
concentrations reduced the volatiles production slightly. In a
commercial application, higher concentrations of oxalic acid

2416 | Green Chem., 2023, 25, 2409-2426

can be realized by pre-solvation of oxalic acid in water in a
heated tank which feeds the heated reactant directly to the
reactor. This should allow for an overall reduction of volatiles
production and higher utilization of the reactors.

Ex situ and in situ catalyst reduction

To reach high activity, it is not only important to supply the
right amount of catalyst but also to supply it in the activated -
usually the reduced - form. The catalyst, therefore, must be
reduced before use in the presence of hydrogen and the
reduction temperature depends on the active metals. We
explored the ideal reduction temperature in and in situ pre-
reduction conditions in the reactor. For the reduction of the
commercial 5 wt% Ru/C catalysts, we used reduction tempera-
tures from 300 °C to 430 °C (details ESI 4.13.1 A reduction at
350 °C led to the most active catalyst (Fig. S9AYT). The selectivity
towards glycolic acid, ethylene glycol and acetic acid was not
affected by the reduction temperature. We compared the
in situ pre-hydrogenation temperature at 100 °C and 200 °C for
1 hour and observed no difference in their activity. The gener-
ally beneficial effect of pre-hydrogenation of the catalyst in the
reactor prior reaction can be observed when comparing the
conversion activity in Fig. S9AT (no in situ pre-reduction) and
Fig. S6Af{ (with in situ pre-reduction; note that twice the
amount of oxalic acid was introduced for pre-hydrogenated cat-
alysts). The insertion of this in situ pre-hydrogenation step of
the catalyst allows the reaction to be carried out at much lower

This journal is © The Royal Society of Chemistry 2023
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temperatures compared to what was suggested by Santos et al.,
or used in the examples of Lange et al**** Whilst the
reduction of the reaction temperature lowered the production
of volatiles, the production of acetic acid could not be avoided.
To achieve high activity, we recommend the reduction of ruthe-
nium-based catalysts at temperatures of 350-400 °C followed
by an in situ pre-reduction step. The selectivity towards glycolic
acid or ethylene glycol were insensitive towards changes in
catalyst or metal loading, hydrogen pressure and reactant con-
centration. Although the reaction of oxalic acid towards glyco-
lic acid was preferred over the reduction of glycolic acid to
ethylene glycol, the formation of ethylene glycol can only be
prevented if not more than 50-70% of the oxalic acid is con-
verted. The formation of Acetic acid could not be prevented
with this catalyst and was occurring at a significant rate of
around 10% even at lower reaction temperatures. Overall, we
conclude that the most suitable reaction conditions are 75 °C,
80 bar H,, an oxalic acid concentration of 5 wt% and pre-
reduction of the catalyst in H, ex situ at 350 °C for 3 h and
in situ at 200 °C for 2 h. We translated those results to use
them in the high-throughput batch reactor system Batchington
and used them for our catalyst screening.

Explorative catalyst screening

For the initial exploration of a new catalyst for the oxalic acid
to glycolic acid reduction, we chose to produce catalysts known
as well-functioning in reduction reactions. We chose to test
three catalysts reported for the reduction of dicarboxylic acids
which we synthesised following the protocol of the original
publications (details ESI 3.1-3.31).>*°%®! In addition, we syn-
thesised catalysts that encapsulate ruthenium nanoparticles in
polymeric dopamine structures; catalysts with ruthenium
dimers as active sites on carbon which were synthesized with
(benzene) ruthenium dichloride dimer as a precursor, and two
different MXene catalysts with the chemical formula: Ti;AlC,
and Ti,AIC (details ESI 3.4-3.57).°%°°

We tested all catalysts using optimised reaction conditions
in a Batchington system at 75 °C, 80 bar H,, 5 wt% oxalic
acid and reaction times of 2, 4 and 6 hours (details ESI 4.37).
We analysed the contents of the liquid products the with
HPLC after filtration.®* As shown in Fig. 9, unfortunately,
none of the catalysts we tested converted oxalic acid effec-
tively and the selectivity to glycolic acid was poor. The three
copper-magnesium, indium oxide, and nickel-iron catalysts
showed 40-55% loss in carbon balance potentially caused by
adsorption of oxalic acid on the catalyst. Overall, the poor
performance of these catalysts leads us to develop new
catalysts.

The most active metal for oxalic acid hydrogenation

Although ruthenium has proven suitable for oxalic acid
reduction, we aimed to systematically test other metals and
eventually substitute ruthenium with a metal of lower cost and
higher availability. We synthesized new catalysts with 5 wt%
ruthenium, scandium, nickel, copper, cobalt, platinum, palla-
dium, and rhenium on carbon support using wet impreg-
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Fig. 9 Poor performance of literature-based catalysts for the reduction
of oxalic acid to glycolic acid expressed as carbon balance of dissolved
compounds after reaction obtained by HPLC. Detailed composition of
the catalyst: Ru/Al,O, polymer: synthesised in one pot from Al,Os,
ruthenium chloride precursor and dopamine; Ru/C polymer: synthesised
in one pot from carbon (Norit SX-1), ruthenium chloride precursor and
dopamine; Ru/C dimer: produced from (benzene)ruthenium dichloride
dimer impregnated on Norit 1-SX carbon; TizC, MXene: synthesised by
exfoliation of MAX phase; Ti,C MXene; synthesised by exfoliation of MAX
phase; CuMg/C: In,Os3: synthesised from indium nitrate; NiFe/C: syn-
thesised from nickel, iron and carbon precursors in one pot followed by
pyrolysis; all reactions were performed using a batchington parallel
reactor system. conditions: temperature = 75 °C, pressure = 80 bar HyH,
substrate = oxalic acid (5 wt%) in demineralized water (2 mL), catalyst/
support loading = 50 mg (pre-reduced in H, ex situ at 350 °C for 3 h
and in situ at 200 °C for 2 h), stir rate = 800 rpm, time = 2, 4 and
6 hours.

nation (details ESI 3.71) and tested them in the Batchington
reactor (details ESI 4.4t). With ICP-OES measurements we con-
firmed that the theoretical and actual metal loading of the cat-
alysts is in close agreement. The results for alternative active
metals (Fig. 10) show that only ruthenium and palladium
reduced oxalic acid to glycolic acid. The ruthenium catalyst led
to a conversion of 73% after 6 h at 125 °C with a 90% glycolic
acid selectivity and 10% acetic acid production. Palladium
based catalysts are active in the hydrogenation of di-acids such
as succinic acid selectively to y-butyrolactone leading primarily
to the respective hydroxy acids at 160-200 °C.”°7* Given the
unusually high reactivity of the oxalic acid, we tested the Pd/C
based system in the temperature range of 75-125 °C. The
results in Fig. 10 show that carbon-supported palladium shows
no activity at 75 °C. Increasing the temperature to 100 °C and
125 °C led to a loss in carbon mass balance and the formation
of 5% glycolic acid. Samples collected from reactors contain-
ing the rhenium catalyst retained a black colour after filtration
with the syringe filters. No reaction product is visible for the
rhenium-catalysed reaction which indicates leaching of
rhenium in the acidic reaction environment. We conclude that
ruthenium is the only suitable metal for oxalic acid reduction.

This journal is © The Royal Society of Chemistry 2023
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Fig. 10 Carbon balance in oxalic acid reduction reaction with different
metals at 2-, 4- and 6-hours reaction time. Metals include ruthenium
(Ru), scandium (Sc), nickel (Ni), copper (Cu), cobalt (Co), rhenium (Re),
and palladium (Pd) loaded on the same carbon support. Carbon balance
data was obtained by HPLC. All reactions were performed using a batch-
ington parallel batch reactor. All reactions were performed using a
batchington parallel reactor system. Conditions: temperature = 75 °C,
pressure = 80 bar H,H, substrate = oxalic acid (5 wt%) in demineralized
water (2 mL), Catalyst/Support Loading = 50 mg (pre-reduced in H, ex
situ at 350 °C for 3 h and in situ at 200 °C for 2 h), stir rate = 800 rpm,
time = 2, 4 and 6 hours. For the palladium catalyst, all reaction times are
6 h but temperatures have been varied (75 °C, 100 °C and 125 °C).

The most suitable support for ruthenium based catalysts

A heterogeneous catalyst consists of two main components:
the active metallic species (which catalyses the reaction on its
surface) and the support material. The latter usually features
a high surface area, is porous and can fulfil various func-
tions: it allows the distribution of the active metal as small
particles to increase the active area, it prevents sintering of
the active metal to larger particles during the reaction, it
helps adsorb and desorb reactants. In some cases, it even
acts as a part of the catalytic system itself and facilitates parts
of the reaction or transport of intermediates. In the proposed
mechanism for the oxalic acid hydrogenation to glycolic acid
by Santos et al., hydrogen is split on the carbon surface and
transported to the active ruthenium species (Fig. 2).** Due to
the active role of carbon we decided to compare various com-
mercially available carbons. Carbon supports are often
obtained by pyrolyzing a diverse mix of molecules and there-
fore contain more elements than carbons and vary drastically
in their structure. For our test, we include carbon supplied by
Norit Co. (SX Plus, R1 extra, RO-0.8, ROW-0.8, DARCO G60),
Pica USA (PICATAL) and Fisher chemicals (FISHER). We pre-
pared catalysts with 5 wt% of ruthenium via incipient
wetness impregnation (details ESI 3.61) and tested them at
75 °C in the 100 mL Hastelloy reactor (details ESI 4.5%) as
a reference we used a commercial catalyst from Johnson
Matthey (JM, 5R600).

This journal is © The Royal Society of Chemistry 2023
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The results of the catalyst screening are shown in Fig. 11
where the oxalic acid conversion (11A) and the calculated
product distribution (11B) are plotted against the type of
carbon used in the catalyst synthesis. Ethylene glycol was
always formed at oxalic acid conversions above 70%. The cata-
lysts with the highest conversion after six hours were Norit R1-
extra (91%) followed by Norit RO-0.8 (88%), and Picatal (86%).
However, these catalysts also had the highest selectivity
towards acetic acid (9.8%, 9.6%, and 9.9%). The catalysts pre-
pared with Fisher and Darco G-60 showed similar selectivity
towards acetic acid (9.7% and 8.1%) but were less active. The
most promising supports in our study were Norit SX-Plus and
Norit ROW-0.8 as we could reduce the production of acetic
acid by 43% compared to the three most active catalysts (acetic
acid selectivity was 5.6% for Norit SX-Plus and 5.7% for Norit
ROW-0.8). This, unfortunately, came at the cost of activity with
maximum conversions of 49% for Norit ROW-0.8 and 61% for
Norit SX-Plus. As our primary goal was to find a more selective
catalyst, we decided to continue developing a catalyst using
Norit SX-Plus as carbon support. Subsequently, we tested the
influence of the particle size of the carbon. We synthesised cat-
alysts with different mesh sizes of Norit SX-Plus: a non-
uniform mesh size (as used in the comparison of different
carbon types), a particle size of 200-325 mesh, and a particle
size of 300-450 mesh. Fortunately, using a defined size of
200-325 mesh increases the conversion from 61 to 80% whilst
maintaining the low selectivity towards acetic acid. Therefore,
using suitable carbon support, already allowed us to decrease
the acetic acid production with only small losses in overall
catalyst activity. The dedicated modification of the surface
moieties of the carbon support by introducing e.g acid func-
tionalities presents an opportunity for further improvement in
the future.

We expanded the scope of supports and prepared ruthe-
nium catalyst with Tis(Al;gSn,,)C, MAX phases and metal
oxides including TiO,, Al,03;, MgO, CeO, and ZrO, as sup-
ports. We tested the activity of the support without active
metal and then prepared catalysts with a 5 wt% loading of
ruthenium using wet impregnation followed by calcination
and reduction in a hydrogen atmosphere (details ESI 3.97). All
catalysts were then tested at 75 °C in the Batchington reactor
(details ESI 4.67).°> For supports without ruthenium, we
observed no conversion (Fig. S1}). The loss in carbon balance
for the MgO support could be attributed to the adsorption of
oxalic acid on the support in a dedicated control experiment
(Fig. S21).

The addition of ruthenium produced active catalysts and
even the 5 wt% Ru/MgO catalyst converted some oxalic acid to
glycolic acid (Fig. 12). The highest conversions of oxalic acid
were achieved with 5 wt% Ru/C (72.5%), 5 wt% Ru/TiO,
(74.4%), and 5 wt% Ru/Ti3(Aly gSng,)C, MAX-Phase (89.6%).
Other catalysts had a notably lower conversion with 61% for
5 wt% Ru/CeO,, 43% for 5 wt% Ru/ZrO, and the lowest conver-
sion of 17% when using 5 wt% Ru/Al;O;. The selectivity
towards glycolic acid decreased with increasing reaction time
for 5 wt% Ru/C, 5 wt% Ru/TiO,, 5 wt% Ru/Tiz(AlygSn,,)C,

Green Chem., 2023, 25, 2409-2426 | 2419
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Fig. 12 Performance of ruthenium catalysts with different supports for the reduction of oxalic acid expressed in: (A) oxalic acid conversion and (B)
carbon balance of dissolved compounds after reaction obtained by liquid chromatography (LC). All reactions were performed using a batchington
parallel batch reactor. Temperature = 75 °C, pressure = 80 bar H,H, substrate = oxalic Acid (5 wt%) in demineralized water (2 mL), catalyst/support
loading = 50 mg (pre-reduced in H; ex situ at 350 °C for 3 h and in situ at 200 °C for 2 h), Stir rate = 800 rpm, time = 2, 4 and 6 hours.

MAX-Phase and 5 wt% Ru/CeO, as more acetic acid was
formed with time (Fig. 12B). The least acetic acid at high con-
version was formed when using the Ru/C catalyst whilst the
acetic acid formation was more pronounced with the Ru/MAX
and Ru/TiO, catalysts. The carbon balance was above 85% for
most catalysts, except for 5 wt% Ru/MgO and 5 wt% Ru/CeO,.
In the case of 5 wt% Ru/MgO, this is caused by the absorption
of oxalic acid as described above. In the case of 5 wt% Ru/
CeO,, we did not observe adsorption earlier and therefore
assume the pronouncement of the undesired formation of
volatiles when CeO, is used as a support.

Unfortunately, oxalic acid can not only be converted by
stable supported metal particles, but also by non-supported

2420 | Green Chem., 2023, 25, 2409-2426

metal particles leached from the catalyst surface into the
reactant solution. Whilst the measured reaction outcome is
the same, the leached metal is lost after the reaction and
therefor the catalysts degrades over time. We use ICP-OES to
detect if any ruthenium leached from the catalyst during the
reaction (Table 2). We could show, that only the zirconia
based catalyst leached significantly (up to 4.5% of all
Ruthenium after 6 h) with a clear correlation of reaction
time and leaching of ruthenium. The carbon, alumina and
titania supported catalysts showed very little leaching of
maximum 0.39% and the leaching did not increase with
reaction times. Hence we attribute their catalytic activity to
the supported metal particles.

This journal is © The Royal Society of Chemistry 2023
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We used physisorption and XRD measurements to gain
insight into our catalysts’ surface area, pore structure (Table 3)
and the crystal structure of ruthenium particles (Fig. 13). The

Table 2 Measurement of ruthenium content in reaction solutions with
ICP-OES after oxalic acid hydrogenation in Batchington parallel batch
reactor. Temperature = 75 °C, Pressure = 80 bar H,H, Substrate = Oxalic
Acid (5 wt%) in demineralized water (2 mL), Catalyst/Support Loading =
50 mg (pre-reduced in H; ex situ at 350 °C for 3 h and in situ at 200 °C
for 2 h), Stir rate = 800 rpm, Time = 2, 4 and 6 hours

Leached metal after:

Catalyst 2 h Reaction 4 h Reaction 6 Reaction
5 wt% Ru/C 0,39% 0,29% 0,27%

5 wt% Ru/ALO;  0,21% 0,31% 0,13%

5 wt% Ru/TiO, 0,11% 0,10% 0,06%

5 wt% Ru/ZrO 2.0% 3,3% 4.5%

Table 3 Measurement of surface area, pore volume and pore radius of
different supports and ruthenium catalyst using nitrogen adsorption
(BET) measurements. The surface area and pore radius were determined
by using nitrogen as an adsorbate

Surface area  Pore volume  Pore radius

Catalyst (m?>g™) (em® g™) (nm)
Carbon 864.88 0.68 1.39
Ru/C 1030.16 0.71 1.38
Ti,(Alg gSny.2)C, MAX 0.59 0.02 5.62
Ru/Ti(Aly ¢S ,)C; MAX  10.78 0.03 5.53
TiO2 101.38 0.73 14.47
Ru/TiO2 14.60 0.16 22.48
* * Support
+ Ruthenium
+ *
+ il HE Ty

Absorbance (a.u.)

10 20 30 40 50 60 70 80
26 (degrees)

Fig. 13 X-ray diffraction (XRD) spectra of Tiz(AlggSng2)C, MAX-phase
and Ru/Tiz(Alg gSng 2)C, MAX (5 wt%), TiO, and Ru/TiO, (5 wt%), Carbon
and Ru/Carbon (5 wt%). The diffractograms were measured from 5 or 15
to 80 degrees with a scan rate of 1°/minute. The diffraction peaks were
assigned using a spectral database within the Rigaku PDXL software.

This journal is © The Royal Society of Chemistry 2023
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surface area of pristine supports was Aggr = 865 m> g~ for the
carbon, 101 m*> g~ for TiO, and only 0.59 m”> g~ for the
Tiz(Aly gSng,)C, MAX phase. Interestingly the addition of
ruthenium had a different effect for each support. Whilst the
surface area increased for carbon and Ti;(Aly gSng,)C, MAX
phase supports and the pore volume stayed about the same,
this was not the case for TiO,. Ruthenium blocks the pores
when applied to TiO, which led to a reduction in surface area.
Albeit the surface area of the three catalysts greatly differs,
they perform equally well in terms of conversion and selecti-
vity. On the Tiz(AlygSny,)C, MAX-phase support, the ruthe-
nium particles were visible in XRD, whereas for carbon and
titania, little to no ruthenium particles were visible. The
surface area of the supports did not affect the performance of
the different catalysts. Possibly, the acidity of the support has
more effect since, for example, the relatively basic Al,O; per-
formed significantly worse. Carbon supports are known to be
more stable than inorganic supports in aqueous processes at
low pH. Also metal recovery from spent catalysts is simple for
C-based catalysts (burning away the carbon). Overall, carbon
was the most suitable support as it combines high activity
with the lowest formation of acetic acid.

Commercial catalyst

Having established that the combination of ruthenium as
active metal and carbon as a support are most desirable, we
turned to commercially available Ru/C catalysts which are
widely available. Avoiding the need to produce a bespoke cata-
lyst for a process such as in the OCEAN project is desirable as
it reduces the risk and time required to establish large-scale
catalyst production. We chose a low reaction temperature of
75 °C to observe the kinetic behaviour of the catalysts over six
hours. We tested catalysts from commercial suppliers with
5 wt%, 7.5 wt% or 10 wt% ruthenium supported on carbon or
alumina (Table S31) at 75 °C in a 100 mL Hastelloy reactor
(details ESI 4.71).

We observe the same trends for all tested catalysts as shown
in Fig. 14. During the heating of the reactor (time before 0 h)
already some oxalic acid was converted to glycolic acid. Over
the time of the reaction, the conversion increased constantly
for all catalysts, except for the catalyst using alumina as
support. The 5% Ru/Al,O; catalyst was already deactivated
after 4 hours as the conversion started to stagnate. Higher
loadings of ruthenium lead to a higher conversion except for
Johnson Matthey C-11252, a 5 wt% Ru/C catalyst, which
showed activity comparable to the catalysts with higher load-
ings. The highest yield of glycolic acid was 74.6% and was
achieved using the catalyst with 7.5 wt% ruthenium loading.
The production of ethylene glycol only reached 7% and was
caused by the over-reduction of glycolic acid. As higher load-
ings of ruthenium lead to higher conversion, also ethylene
glycol production increased for those catalysts. We chose the
most suitable catalyst based on the overall carbon mass
balance. The highest carbon losses occurred with higher metal
loadings and reached up to 21% for the 10 wt% Ru/C catalyst.
The overall best catalyst was the 5 wt% Ru/C Johnson Matthey

Green Chem., 2023, 25, 2409-2426 | 2421
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Fig. 14 Influence of commercial catalyst on the reduction of 5% oxalic acid in aqueous feed on (A) oxalic acid conversion, (B) glycolic acid yield, (C)

ethylene glycol yield, and (D) carbon balance. All reactions were performed using a 100 mL all Hastelloy batch reactor charged with 1.175 g of cata-
lyst reduced at 300 °C for 3 h then pre-reduced in the reactor at 100 °C; Substrate: 42 g of 5% oxalic acid in water; Stir rate: 400 RPM; pressure: 100

bar Hj; temperature 75 °C.

type 5R600. It shows a consistent increase in conversion, has
the highest selectivity for glycolic acid and didn’t show any
sign of deactivation. Most notably it led to the highest overall
carbon balance of all tested catalysts.

Bi-metallic ruthenium catalyst

All tested commercial Ru/C catalysts produce 7-15% of Acetic
acid and ethylene glycol at high oxalic acid conversion levels.
To avoid these reactions, we started adding a second metal to
the ruthenium catalyst as a promoter by adding 1 wt% of

A 100/

~
&)
!

Conversion (%)
(4]
2

254

- Ag Pd Re Pt Au Sn Sb Bi
Secondary metal

either tin, bismuth, palladium, rhenium, platinum, gold, or
antimony by co-impregnation (details ESI 3.8t). For compari-
son, we also synthesised a singular monometallic 5 wt% Ru/C
and calcined and pre-reduced all catalysts (details ESI 3.9%)
before testing them in the 100 mL Hastelloy reactor at 75 °C
(details ESI 4.147).

Based on the limited number of studied promoters, we
observe the existence of three distinct types of promotion
(Fig. 15). In case A (promotor being Re, Pt and Au), the result-
ing catalyst shows a similar reaction rate (no change in the

B 100
)
o~
< 754
° [ Ethylene Glycol
o [ Acetic Acid
g [ Glycolic Acid
= I Glyoxylic Acid
m [ Oxalic acid
c
o
o]
—
©
O

Pd Re Pt Au Sn Sb B
Secondary metal

- Ag

Fig. 15 Performance bimetallic catalysts with ruthenium as the primary metal in oxalic acid reduction expressed as (A) conversion and (B) carbon
balance. Catalysts were prepared by co-impregnating carbon with 5 wt% of Ruthenium and 1 wt% of silver (Ag), palladium (Pd), rhenium (Re), plati-
num (Pt), gold (Au), tin (Sn), antimony (Sb) or bismuth (Bi). All reactions were performed in a 100 mL Hastelloy batch reactor; samples were quantified
using liquid chromatography (LC). Conditions during reactions: 2 g of catalyst, reduced at 300 °C then pre-reduced in the reactor at 100 °C; sub-
strate = 41.5 g of 10 wt% aqueous oxalic acid; stir rate = 400 rpm; pressure = 100 bar H2; temperature = 75 °C; reaction time = 6 hours.
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conversion level) but a small improvement in both the selecti-
vity to glycolic acid and a higher carbon mass balance. For
these three promoters, no improvement in the acetic acid level
was observed. For modifiers of type B (Pd and Ag), the rate
reduction (lower conversion) was accompanied by some
reduction in the acetic acid. The most interesting additive is
tin. At the current 1 wt% promotion level, some minor rate
reduction (drop-in conversion from 75.2% to 67.5%) was com-
bined with the dramatic reduction in the acetic acid level —
from the 7.8% observed for the unpromoted catalyst, the acetic
acid level with the 5 wt% Ru-1 wt% Sn/C catalyst was reduced
to 3.1%. Along with this very promising result, both the overall
carbon balance and the selectivity to glycolic acid were also
improved - the CB was increased from 95.1% to 98.2% while
the glycolic acid selectivity was increased from 83.9% to
92.9%. This does not come as a surprise as the benefits of
adding tin to ruthenium based catalysts have been described
before.***° In bi- or multi-metallic catalysts, one should differ-
entiate between the two metals forming alloys or being present
as separate metal and metal oxides species which can benefit
the reaction due to the geometric or electronic effects. For
Ruthenium and Tin systems both have been proposed and
thus we aim a in-depth investigation of the role on tin addition
in this case.’® Given this very encouraging result, we decided
to develop a new catalyst system consisting of carbon as
support, ruthenium as main metal and tin as secondary metal
which we will be discussing in a upcoming paper.

Conclusions

In conclusion, we could show, that oxalic acid can be efficien-
tly reduced to glycolic acid at reaction temperatures below
100 °C and high selectivity using ruthenium-carbon catalysts.
During our extensive screening of catalysts and reaction con-
ditions tested different active metals, supports, and found
ruthenium on carbon most active and selective. Commercially
available Ru/C catalysts all caused the formation of ethylene
glycol and acetic acid no matter the reaction conditions. When
varying the reaction temperature, we showed that volatile and
acetic acid production strongly increased above 100 °C. The
ideal reaction temperature was 75 °C. The conversion
increased linearly with catalyst loading and metal loading, the
selectivity towards ethylene glycol, acetic acid and glycolic acid
was not affected. Hence, lower reaction rates could be compen-
sated with higher catalyst loading (7.5 wt%) and hydrogen
pressures (100 bar). The reactant concentration did not affect
the selectivity of the reaction in the tested range (5-20 wt%
oxalic acid in water). Ex situ (350 °C) and in situ (pre)reduction
(100 °C) of the catalyst increased its activity without affecting
selectivity. At last, we decided to develop a bespoke catalyst to
improve avoid acetic acid and ethylene glycol production. We
added eight different metals as a promoter to the ruthenium-
based catalyst. Some did not affect the activity but slightly
improved selectivity towards glycolic acid and the overall
carbon balance (Re, Pt, and Au). Others reduced the activity

This journal is © The Royal Society of Chemistry 2023
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and slightly reduced acetic acid production (Ag and Pd). The
best improvement was achieved with tin as a promoter which
reduced the acetic acid production by 61%.

Overall, our results show, that the direct reduction of oxalic
acid to glycolic acid can be achieved at high selectivity and low
temperatures with bimetallic ruthenium-tin catalysts for a
better and more sustainable process which is competitive with
current commercial pathways to glycolic acid when using sus-
tainable feedstocks. We explored the boundaries and formed
the foundation for the development of new catalysts for this
reaction which is a crucial step in the conversion of CO, to
valuable chemicals and polymers.
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