
RSC
Sustainability

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 3

/2
9/

20
26

 1
2:

10
:5

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Selective reducti
aVan ‘t Hoff Institute for Molecular Science

904, 1090 GD Amsterdam, The Netherlands
bDepartment of Chemical and Environment
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on of oxalic acid to glycolic acid at
low temperature in a continuous flow process†

Eric Schuler, a Lars Grooten,a Paula Oulego, b N. Raveendran Shiju a

and Gert-Jan M. Gruter *ac

Next to biomass, CO2 is the only other carbon source to replace fossil feedstocks to produce chemicals and

polymers. In a CO2 fed chemical industry, new platform chemicals will arise. Oxalic acid derived from CO2

based formate is one of them. It can be converted to a wide array of chemicals including ethylene glycol, or

carboxylic acids such as glycolic acid. Glycolic acid is currently a fossil-based monomer used in the

production of polyesters. Today the most common route from oxalic acid to glycolic acid proceeds via

the oxalic acid di-esters as intermediates and thus requires multiple steps. Recently, we have proven that

the direct reduction of oxalic acid to glycolic acid at high yields is possible. In this work, we translate this

process into a stable and continuous process using industrially relevant conditions. We lowered the

reaction temperature by 25 °C to 50 °C, reduced the reaction time from hours to minutes and proved

the catalyst stability over 100 hours using oxalic acid derived from CO2. This research lays the foundation

for an industrial continuous process for the direct reduction of oxalic acid to glycolic acid and opens an

important route from CO2 to chemicals.
Sustainability spotlight

If our goal is a fossil-free society, we must also transition to a fossil-free chemical industry. We have taken a signicant step towards achieving this by developing
a stable and continuous process for the direct reduction of oxalic acid to glycolic acid. Glycolic acid today is fossil-based and can play a vital role in the future as
a monomer or a monomer precursor for sustainable polyesters. Our innovation offers a more sustainable and efficient method of producing chemicals and
polymers, which is aligned with several of the United Nations Sustainable Development Goals, including Goal 7 (Affordable and Clean Energy), Goal 9 (Industry,
Innovation, and Infrastructure), Goal 11 (Sustainable Cities and Communities), Goal 12 (Responsible Consumption and Production), and Goal 13 (Climate
Action).
Introduction

Replacing fossil feedstocks to mitigate climate change is one of
the pressing issues for the chemical and polymer industry.1–7

Oxalic acid ts into this scope as it can be produced sustainably
from CO2 or biomass using renewable energy sources and is an
interesting new platform chemical to produce mono ethylene
glycol, glyoxylic acid, glyoxal, glycolaldehyde and glycolic acid.8

This work was part of the ‘OCEAN’ project which focuses on
developing a process to produce sustainable polymers from CO2

as shown in Fig. 1.9 We aim to produce glycolic acid which is
a promising monomer for the production of new sustainable
polymers.10,11 Oxalic acid sits at the heart of this process and is
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obtained via the coupling of two CO2 derived formate molecules
to oxalate and subsequent acidication.12–14

Today, the route from oxalic to glycolic acid proceeds via
esterication to a di-ester of oxalic acid and its subsequent
reduction to glycolic acid.16–22 We aim to circumvent the ester-
ication and reduce oxalic acid to glycolic acid directly to
decrease the required reaction steps, complexity and cost of the
overall process. Interestingly Carnahan et al. showed already in
1954 that oxalic acid could be directly reduced to ethylene glycol
with ruthenium catalyst in a hydrogen atmosphere above 110–
150 °C.23 In our previous work we have tested a wide array of
metals known to be active in hydrogenation reactions and we
tested the most active metals on various supports. Ruthenium
was by far the most active and selective in the oxalic acid
hydrogenation and carbon proved to be the most suitable
support.15 We and others showed recently that the selective
reduction to glycolic acid is also feasible with ruthenium cata-
lysts, achieving glycolic acid yields above 90%.15,24,25 The
reduction of oxalic acid requires reaction temperatures 75 °C
lower than compared to the reduction of other carboxylic acids
and is completed within several hours in batch reactors.31 The
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d3su00185g&domain=pdf&date_stamp=2023-10-29
http://orcid.org/0000-0001-6359-3091
http://orcid.org/0000-0002-3829-8960
http://orcid.org/0000-0001-7943-5864
http://orcid.org/0000-0003-4213-0025
https://doi.org/10.1039/d3su00185g
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3su00185g
https://pubs.rsc.org/en/journals/journal/SU
https://pubs.rsc.org/en/journals/journal/SU?issueid=SU001008


Fig. 1 “OCEAN’’ process for CO2 utilization via (i) electrochemical reduction to formate, (ii) thermal formate coupling to oxalate, (iii) electro-
chemical oxalate acidification, (iv) catalytic reduction of oxalic acid to glycolic acid, and (v) polymer production fromoxalic acid and its derivatives
such as glycolic acid.12,14,15

Fig. 2 Reaction pathways in the hydrogenation of oxalic acid. (A) Deprotonation of oxalic acid in water (pKa = 1.27). (B) Desired route to glycolic
acid (17.8 kJ mol−1), (C) overreduction to ethylene glycol (16 kJ mol −1), (D) formation of acetic acid (23 kJ mol −1), (E) decomposition to volatile
compounds dominant at temperatures above 120 °C.15

Paper RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 3

/2
9/

20
26

 1
2:

10
:5

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
reaction follows a Langmuir–Hinshelwood mechanism with
adsorption of oxalic acid on the active ruthenium site and
hydrogen splitting on the carbon support.24 The most common
side reactions, shown in Fig. 2, are the formation of acetic acid,
directly formed from oxalic acid (not from glycolic acid), or the
over-reduction of glycolic acid to ethylene glycol.31 At tempera-
tures above 120 °C oxalic acid starts to decompose to volatile
products, mainly CO2.

Catalyst stability is a concern in this reaction as the indus-
trial use of oxalic acid as a metal-leaching agent suggests.26–28 It
is desirable to perform the reaction at a low temperature to
reduce the leaching of ruthenium and improve catalyst stability.
Our goal is to develop a continuous process for the reduction of
oxalic acid to glycolic acid which avoids the over reduction to
ethylene glycol and the formation of volatiles or acetic acid. We
use a trickle-bed reactor and rst establish suitable conditions
for the reaction using a commercially available ruthenium
catalyst. One of the challenges when translating a process from
batch to ow is the change of parameter settings such as reac-
tion stoichiometry or reaction time. In a batch reactor, stoi-
chiometry depends on the concentration of the reactants and
the volumetric ratio. Whereas in a trickle bed reactor, the
concentration of the reactants and the ratio of their individual
residence time (determined by the ow rate) dene the stoi-
chiometry. In both batch and ow processes, the reaction time
© 2023 The Author(s). Published by the Royal Society of Chemistry
depends on how long the reactant is exposed to the catalyst at
a certain temperature. In batch, this is dened by the time of
the reactant in the vessel but inow processes depend on the
ow rate of the reactant through the isothermal zone of the
catalyst bed. For the translation, we had to optimize four
parameters: reaction temperature, hydrogen pressure and resi-
dence time which is inuenced by the ow rate of the aqueous
oxalic acid solution and ow of hydrogen. In a second step, we
aim to test the long-term stability of the catalyst with real oxalic
acid feed from the OCEAN project and investigate the structural
stability of the catalyst.
Methods

We performed all xed bed reactions at Avantium and analysed
the catalysts at the University of Amsterdam and the University
of Oviedo. We used a trickle-bed single ow reactor system
(Fig. 3) which allows unlimited continuous operation and the
automated collection of up to 8 samples per experiment without
intervention. We sequentially studied the inuence of reaction
temperature (50–100 °C), feed-ow (0.1–0.8 ml min−1) hydrogen
pressure (10–60 bar) and hydrogen ow (50–200 ml min−1). In
each experiment, we duplicated the measurement for each
setting to guarantee reproducibility (Fig. 3C). During the opti-
mization, we kept the length and volume of the catalyst bed and
RSC Sustainability, 2023, 1, 2072–2080 | 2073
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Fig. 3 (A) Schematic drawing of trickle-bed flow reactor system used for the development of oxalic acid to glycolic acid reduction reaction. The
reactor itself is fed from an oxalic acid tank via an HPLC pump and the gas is fed individually viamass-flow controllers. After passing through the
reactor, the exiting liquids and gases can either be directed to a waste container or via a selector valve to one of 8 sample vials during the
experiment. (B) Packing of catalyst in the reactor. (C) Exemplary test program for reaction temperature starting with an in situ pre-reduction at
200 °C followed by two successive tests at four temperatures.
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the packing (Fig. 3B) and the reactant concentration (5 wt%
oxalic acid in water) constant. For each experiment, we used
a fresh catalyst and collected 8 liquid samples which we ana-
lysed on an Agilent 1260 Innity II HPLC system for analysis of
liquid samples, equipped with an autosampler, heated column
compartment, diode-array detector (DAD) and refractive index
detector (RID). The column was an Aminex HPX-87H (300 × 7.8
mm; dp 9 mm). 7 mL sample was injected and separated using
5 mM H2SO4 in MilliQ water (ow rate: 0.6 ml min−1, 30 °C) as
the mobile phase. All conditions are listed in the table below.
For the long term-stability tests, we used the most suitable
reaction conditions and real feed from the upstream process in
the CO2 to chemical process. All chemicals were reagent grade
and obtained from Sigma Aldrich. We used 950 ± 25 mg of the
same commercial catalyst 9.76 wt% Ru/C from JohnsonMatthey
with particle size between 105–200 mm for all experiments in
this work. The catalyst was reduced ex situ at 350 °C in
a hydrogen atmosphere, packed into the reactor bed and pre-
reduced in situ in the ow reactor at 200 °C in a hydrogen
atmosphere. To study the inuence of the reaction on the
catalyst we analysed the catalyst with powder X-ray diffraction
(XRD), high resolution scanning tunnel electron microscopy
(HRSTEM) and energy-dispersive X-ray spectroscopy (HRSTEM-
EDS) before and aer 100 hours exposure to the oxalic acid
solution at reaction conditions. The exact conditions for each
experiment can be found in the ESI.†
Results and discussion

In our previous work,31 we established suitable reaction condi-
tions for the reduction of oxalic acid to glycolic acid in a stirred
batch reactor. Here, we aim to translate the reaction to
a continuous ow process in a trickle-bed reactor (Fig. 3A, more
details in ESI†). Before the optimization, we performed control
experiments without catalyst and with catalyst but without
2074 | RSC Sustainability, 2023, 1, 2072–2080
hydrogen to make sure all conversions of oxalic acid are truly
catalytic. We also performed an additional control experiment
in which we fed glycolic acid in water to the reactor. From these
pre-experiments, we can conclude that the conversion of oxalic
acid requires the presence of a catalyst and pressurised
hydrogen. Ethylene glycol is derived from the reduction of gly-
colic acid whilst acetic acid is formed from oxalic acid directly
and not from glycolic acid.

Fig. 4A shows that the conversion of oxalic acid increases
with temperature from 50–70 °C, reaching 100% and then
remains constant with further rise in temperature. At 50 °C,
oxalic acid is converted to glycolic acid only (Fig. 4B). With
increasing reaction temperatures, the reaction rate increases,
and ethylene glycol is formed from glycolic acid and if ethylene
glycol is desired as product it can be produced selectively. The
formation of ethylene glycol already starts before the complete
conversion of oxalic acid as the reaction at 60 °C shows. Acetic
acid formation remains constant at ∼5% and is independent of
temperature (at 50 and 100 °C, acetic acid was detected but was
below 3%, the detection limit for quantication). No other side
reactions were observed, and the carbon balance is 100%
during these experiments. In comparison to the reactions per-
formed in the stirred batch reactor we could decrease the
reaction temperature and residence times required for full
conversion. Improved mass transfer of hydrogen to the catalyst
surface through the thinner liquid layer increases the avail-
ability of the reducing agent and allows for easier hydrogena-
tion of oxalic acid. When we reduced the residence time by 50%
(tested only in the 50–65 °C range) we observe an overall
reduction in conversion (Fig. S1A†). The selectivity was not
affected and the over reduction to ethylene glycol could be
prevented also at higher temperatures (Fig. S1C†). In a series of
feed ow experiments, we explored the inuence of residence
time further. We reduced the residence time from 18.2 minutes
to 9, 4.5 and 2.25 minutes by increasing the feed ow (Fig. 4D–
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Influence of temperature, feed flow, hydrogen pressure and hydrogen flow on the reduction of 5 wt% of oxalic acid in water in a trickle-
flow reactor with 9.76 wt% Ru/C catalyst from Johnson Matthey. (A–C) Influence of temperature from 50–100 °C on (A) conversion, (B) carbon
balance and (C) selectivity at a feed-flow of 0.1 ml min−1, 60 bar, 200 ml min−1. (D–F) Influence of feed-flow from 0.1–0.8 ml min−1 on (D)
conversion, (E) carbon balance and (F) selectivity at 70 °C, 60 bar, and 200mlmin −1

flow of hydrogen. (G–I) Influence of hydrogen pressure from
10–25 bar on (G) conversion, (H) carbon balance and (I) selectivity at 70 °C, feed-flow of 0.1 ml min−1 and hydrogen flow of 200 ml min−1. (J–L)
Influence of hydrogen flows from 50–200 ml min−1 on (J) conversion, (K) carbon balance and (L) selectivity at 80 °C, feed-flow of 0.1 ml min−1

and 60 bar. The error for all measurements was estimated to be below 5% and hence no error-bars were added.
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F), which reduced the overall conversion without affecting the
selectivity. The acetic acid selectivity remained constant for all
feed ows, in line with the observed data for the temperature
experiments.
© 2023 The Author(s). Published by the Royal Society of Chemistry
The supply of hydrogen, the co-reactant in the reaction, can
be altered by changing its ow rate and pressure. At 70 °C, the
conversion of oxalic acid to glycolic acid increased with
increasing hydrogen pressures (Fig. 4G–I). At 80 °C the oxalic
RSC Sustainability, 2023, 1, 2072–2080 | 2075
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acid was already fully converted at all pressures but the over
reduction to ethylene glycol increased linearly with hydrogen
pressure (Fig. S2†). The production of acetic acid was not
inuenced by the hydrogen pressure. Interestingly, the effect of
ow rate was temperature dependent. At 80 °C all oxalic acid
was fully converted and the over reduction of glycolic acid to
ethylene glycol reduced with increasing hydrogen ow (Fig. 4 J–
L). This effect does not follow a linear trend and decreases with
increasing hydrogen ow. When we lowered the temperature to
70 °C and reduced the hydrogen pressure, the overall conver-
sion was lowered to a maximum of 85% (Fig. S3†). Interestingly
we then did not observe any effect of the hydrogen ow on the
conversion of oxalic acid to glycolic acid. Hence, an increasing
hydrogen ow appears to reduce the residence time or reduce
the adsorption of glycolic acid and therefore prevents it's over
reduction to ethylene glycol. The change in gas-ow can have an
inuence on the turbulences in the reactor, which increase with
higher gas ows. Increasing turbulence affects the mass trans-
fer and gas–liquid ow regime. This can explain why glycolic
acid, which adsorbs less to the active surface then oxalic acid, is
Fig. 5 Long term testing in a flow reactor with real oxalic acid feed fr
reduction of real feed without removal of potassium at 50 °C, 60 bar,
Selectivity and (D) carbon balance during reduction of 2.37 wt% oxalic acid
ml min−1. For both reactions we used a commercial catalyst from Johns

2076 | RSC Sustainability, 2023, 1, 2072–2080
desorbed and is not reduced to ethylene glycol at higher
hydrogen ow rates. Again, the selectivity to acetic acid was
constant at around 5% for all examined pressures.

Overall, longer residence time, temperature and availability
of hydrogen increase the conversion of oxalic acid and glycolic
acid but do not affect the selectivity. Higher residence times
increase conversion and can be obtained by lowering ow rates
of both oxalic acid and hydrogen. The availability of hydrogen
increases with higher pressures. The formation of acetic acid
was not affected by any of these parameters.

Long term stability

As this work is part of the development of an industrial process
from CO2 to chemicals or polymers, we tested the reaction with
the real feed coming from the electrochemical acidication
reactor in which the oxalic acid is produced from potassium
oxalate. The only difference to the conditions established earlier
was the lower concentration of oxalic acid at 2.37 wt% in water
caused by concentration limitations in the oxalate to oxalic acid
acidication reactor. To prove the stability of the process, we
om the OCEAN project. (A) Selectivity and (B) carbon balance during
a feed-flow of 0.1 ml min−1 and hydrogen flow of 200 ml min−1. (C)
at 50 °C, 60 bar, a feed-flow of 0.1 ml min−1 and hydrogen flow of 200
on Matthey (9.76 wt% Ru/C, 0.5 wt% moisture) as a catalyst.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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aimed at least at a reaction time of 100 hours in a single
uninterrupted reaction. Unfortunately, the conversion dropped
drastically already aer 16.5 hours (Fig. 5B). Earlier we had used
the same catalyst for more than 100 hours without much
deactivation, so we attributed the cause to the real feed and
tested it for contaminants. It turned out, that not all potassium
oxalate was converted to oxalic acid, leaving 9000 ppm of
potassium, a known catalyst poison, in the feed.29,30 We
prepared a potassium free solution with the same oxalic acid
concentration for which, the conversion stabilized at 88%
conversion aer 56 hours and stayed constant for more than
100 hours (Fig. 5C and D). The inuence of potassium ions on
Fig. 6 High-resolution scanning tunnel electron microscope (HRSTEM
troscopy (HRSTEM-EDS) of commercially available 9.76 wt% Ru/C catalys
reactor for reduction of oxalic acid to glycolic acid in the absence of po

© 2023 The Author(s). Published by the Royal Society of Chemistry
the reaction indicates that deactivation of the catalyst by
poisoning and thus long term stability requires attention when
new catalysts are developed for this reaction. The conversion
could be increased by increasing the temperature, residence
time or hydrogen pressure. The selectivity towards glycolic acid
was 94.5% but the formation of acetic acid still reached 5.5%
(4.3 min, 6.7% max).

To gain more insight into the stability of the catalyst, we
analysed it before and aer reaction using XRD, HRSTEM and
EDS to assess the surface structure (Fig. 6, 7 and S4†). Most of
the ruthenium is present as small particles from 2–5 nm with
a pseudo-spherical shape (Fig. 6). Whilst the smaller particles
) images and elemental mapping with energy-dispersive X-ray spec-
t from Johnson Matthey before and after 100 h use in trickle-bed flow
tassium.

RSC Sustainability, 2023, 1, 2072–2080 | 2077
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Fig. 7 X-ray diffraction (XRD) patterns of fresh and used 9.76 wt% Ru/C catalyst from Johnson Matthey. For comparison, a diffraction pattern of
carbon support is added. The diffractograms were measured with a scan rate of 1° min−1. The diffraction peaks were assigned using a spectral
database within the Rigaku PDXL software.
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appear to stay in place, the bigger particles appear to agglom-
erate to a size of 5–15 nm during the reaction. Apart from these
small well spread ruthenium particles, however, we also iden-
tied large particles bigger than 500 nm (Fig. S4†). These
particles were also present aer the reaction. With EDS we
conrm that both small and big particles, appearing as white
spots in the HRSTEM images predominantly consist of ruthe-
nium and oxygen in a ratio of 1 to 2 which suggests the presence
of RuO2. The X-ray diffraction (XRD) patterns of the fresh and
used catalyst show characteristic peaks of the carbon support
and RuO2 and therefore conrms the observation of ruthenium
in its oxidised form (Fig. 7). Such oxidation was observed earlier
for supported Ru catalysts.31 The carbon support is predomi-
nantly amorphous and stays unaltered during the reaction as
conrmed by the broad peaks from 2q 15–30° and 2q 40–45°.32

In the EDS analysis, however, we also found signicant amounts
of silicon (15 wt%), iron (3 wt%) and aluminum (6 wt%) apart
from RuO2 on the catalyst. We did not nd any chloride or
potassium on the active catalyst before and aer reaction with
potassium free oxalic acid as feed. With ICP-OES we analyzed
the product stream and did not detect any ruthenium leached
from the catalyst. Overall, we suggest that the catalyst appears to
undergo some initial rearrangement which leads to a small
reduction of activity which can be compensated by increasing
the reaction temperature, the residence time or by increasing
the catalyst amount. Aer this initial phase, the catalyst
performs stable for more than 100 hours and the active metal
species remain unaltered without any indication of leaching.
2078 | RSC Sustainability, 2023, 1, 2072–2080
Conclusions

We conclude that oxalic acid can selectively be reduced to gly-
colic acid using Ru/C catalysts in a trickle-bed reactor. With this
work, we extend the process to a continuous one using
a commercial ruthenium catalyst from the batch process we
reported earlier. We found that the increase in temperature,
hydrogen pressure, and residence time increased the conver-
sion but did not affect the acetic acid versus glycolic acid
selectivity, hence also the selective production of ethylene glycol
is possible. Interestingly, using the trickle-ow reactor allowed
us to perform the reaction at a higher efficiency as we could
reduce the reaction temperature to 50 °C and lower the reaction
time signicantly from hours to minutes compared to the batch
reactor. Unfortunately, the production of acetic acid as a side-
product could not be avoided. The structural analysis of the
catalyst with ICP-MS, XRD, HRSTEM and EDS shows that the
catalyst remains largely unaltered aer a short induction period
and nometal leaching was observed. When using real feed from
the OCEAN project, where oxalic acid is produced from CO2 via
the acidication of potassium oxalate, we observed that the
presence of potassium has a poisonous effect on the reaction. In
the absence of potassium, however, our catalytic process per-
formed stable over 100 hours with no noticeable reduction in
activity or selectivity and no indication of stability problems
beyond the tested period. This work is a step towards
a sustainable continuous process to produce glycolic acid from
oxalic acid and is crucial in the conversion of CO2 to polymers.
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3su00185g


Paper RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 3

/2
9/

20
26

 1
2:

10
:5

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Conflicts of interest

There are no conicts to declare.

Acknowledgements

This project has received funding from the European Union’s
Horizon 2020 research and innovation program under grant
agreement no. 767798.

Notes and references

1 A. Otto, T. Grube, S. Schiebahn and D. Stolten, Closing the
Loop: Captured CO2 as a Feedstock in the Chemical
Industry, Energy Environ. Sci., 2015, 8(11), 3283–3297, DOI:
10.1039/c5ee02591e.

2 R. Aldaco, I. Butnar, M. Margallo, J. Laso, M. Rumayor,
A. Dominguez-Ramos, A. Irabien and P. E. Dodds, Bringing
Value to the Chemical Industry from Capture, Storage and
Use of CO2: A Dynamic LCA of Formic Acid Production,
Sci. Total Environ., 2019, 663, 738–753, DOI: 10.1016/
j.scitotenv.2019.01.395.

3 P. G. Levi and J. M. Cullen, Mapping Global Flows of
Chemicals: From Fossil Fuel Feedstocks to Chemical
Products, Environ. Sci. Technol., 2018, 52(4), 1725–1734,
DOI: 10.1021/acs.est.7b04573.

4 A. Kätelhön, R. Meys, S. Deutz, S. Suh and A. Bardow, Climate
Change Mitigation Potential of Carbon Capture and
Utilization in the Chemical Industry, Proc. Natl. Acad. Sci.
U. S. A., 2019, 116(23), 11187–11194, DOI: 10.1073/
pnas.1821029116.

5 M. Ronda-Lloret, L. Yang, M. Hammerton, V. S. Marakatti,
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