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This publication is reminiscent of the 12 principles of CO, chemistry as formulated in the
first Faraday Discussion on CO, utilization in 2015. Their visionary significance at the time
is brought into context with the current developments in society and industry. “What has
changed since then?” and “is our enthusiasm still enough?” are only a few questions that
are to be answered in the following from today’'s perspective. The synergy of the use of
carbon dioxide (CCU) with the concepts of green chemistry as well as the connection
to the energy sector is demonstrated using selected examples from industry and research.

Introduction
Setting the scene

A first Faraday Discussion on carbon dioxide utilization was held in 2015. Unfor-
tunately, I was unable to participate in person as I had ruptured my cruciate
ligament in a skiing accident a couple of weeks earlier. However, I stayed in touch
with Martyn Poliakoff and Emilia Streng during the meeting and we phrased the
“12 principles of CO, chemistry” (Fig. 1), which are modeled according to the 12
principles of green chemistry.' In a typical Martyn Poliakoff approach, they are
associated with a mnemonic where the letters of “CO, chemistry” are defining
some guidelines or goals around challenges and opportunities when using carbon
dioxide as raw material. Now, six years later, we have intensively discussed the
progress made since then and analyzed the field again. Based on the outcomes we
may ask ourselves whether these twelve principles are still valid and if they are
reflected in recent developments. I do not want to go through each principle
individually, but I will rather pick a few examples from science and application
that I consider representative for the concepts to structure the presentation. I will
start not with a letter, but with the number “2”. It reads “tomorrow’s world may be
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Fig.1 The 12 principles of CO, chemistry as derived from the Faraday Discussion in 2015.

different” — which fits very well because we are six years down the road. Let us see
what has changed, what remains the same, and what we can learn for the future.

“2": tomorrow'’s world may be different

In his introductory lecture (DOI: 10.1039/D1FD00029B), Volker Sick really pointed
out nicely that grasping the full potential of CO, utilization requires looking into
the future, maybe more than in the present, and certainly more than in the past.
When the concept of carbon dioxide utilization was envisaged initially under the
terminology “carbon capture and utilization, CCU”, it was very much focusing on
the question: “how can we get rid of a maximum amount of CO, for a very long
period?” This was seen as part of carbon dioxide mitigation strategies for fossil
carbon, to dump it somewhere while doing something useful with it. Thus, all the
carbon that was targeted at the time was “gray” as removing waste CO, from the
fossil energy system was considered the goal. Incidentally, this fits well with the
color of the graphic below taken from a review that we wrote at the time (Fig. 2,
left).” In essence, this strategy is part of global efforts for “de-carbonization”.
Wherever fossil resources are still used, we need to get rid of the carbon dioxide
afterwards once is generated as waste.

Today, however, we can look at the potential of CO, also from a different
perspective, because the energy sector is already becoming increasingly
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Fig. 2 (Left) Carbon capture and utilization as part of CO, mitigation strategies: "de-
carbonization”;? (right) closed carbon cycles through power-to-X technologies: “de-
fossilization”.®
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decarbonized through the deployment of energy from renewable resources on
scale. In various parts of the world, it is already economically preferred to generate
electricity from renewable resources. This opens new possibilities for technolo-
gies that utilize carbon from non-fossil resources defining a path to “de-fossil-
ization” for those areas, where direct electrification is impossible or not practical.
Any carbon required by the chemical sector, including liquid fuels, should come
back into the circle at the end of its life (Fig. 2, right).> So now the question is:
“how can we exploit CO, as part of carbon circularity?”.

“R": renewable (& reasonable) energy input;
“O": origin of the CO,

Fig. 2 is probably the most important slide of the whole presentation reflecting
the most important change over the recent years. The closed carbon cycles
obviously require the input of additional energy, otherwise we would discuss
a perpetuum mobile. We need renewable energy to make the carbon go around and
such value circles - rather than value chains - require what we call today “power-
to-X” technologies (Fig. 3). In essence, power-to-X technologies harness renewable
energy for sectors where we will depend on carbon also in a post-fossil age and
CO, does play an important role as feedstock in this future vision. They are thus
directly related to the letters “R” and “O” in the twelve principles of “CO,
CHEMISTRY”.

Producing carbon-based liquid fuels can harvest electricity from renewable
resources in form of transportable and easily distributed high-density energy

KOPERNIKUS * Bundesministerium

EEB)PROJEKTE | iffoocine

/ /

Mobility “Power Chemistry

Fig. 3 "Power-to-X": the de-carbonization of the electricity sector enables the de-
fossilization of other sectors that depend on carbon-based energy carriers and products.
Adapted from presentations given in the context of the Kopernikus project “P2X" funded by
the German Ministry of Science and Education.
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carriers. The existing global infrastructure can be used to bring green electrons
in form of chemical bonds to the place where they are needed in the mobility
and transport sector. We can also make chemical products that are required in
an ever-increasing amount to fulfil the needs of a growing global population.
There are indispensable existing markets, and we can of course also develop
new products with improved functions as Volker Sick has pointed out nicely.

But let us not forget that CCU is not the only option for power-to-X scenarios.
We have also other renewable carbon sources such as biomass and plastic waste.
So how does CO, compare to those? This poses new challenges for life cycle
analysis as was very nicely reflected in André Bardow’s presentation (DOI:
10.1039/DOFD00134A) for example. It is no longer about getting rid of CO,, we
need to identify the frameworks where it is the best carbon source to lower the
carbon footprint as compared to the petrochemical value chain. Thus, CO,
utilization provides a trajectory into the area of closed anthropogenic carbon
cycles. But if we combine renewable energy with carbon dioxide, should we focus
only on high volume products because that takes up a lot of CO,? Or can we also
exploit the potential for high value products and make them go in cycles? And
what does this mean for other sustainability metrics? These questions lead us
directly to the letters “H” and “E”.

“H": high volume or high value products;
“E": E-factor must be low

One area that we have discussed at this meeting is to capture CO, by minerali-
zation, e.g., in readily available minerals or inorganic waste. As the formation of
inorganic carbonates from CO, is an exergonic process, the required process
energy for grinding, mixing, etc., can even be over-compensated by the significant
thermodynamic driving force. In Fig. 4, I have borrowed a graphic from Alissa
Park’s presentation (DOI: 10.1039/D1FDO00022E) where it is obvious that the
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Fig.4 "CO, capture and utilization in minerals and wastes”, adapted from A. Park, Faraday
Discussion Lecture, April 8, 2021, DOI: 10.1039/D1FD00022E.
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feedstocks that are available in terms of minerals and basic waste can bind large
amounts of CO,.

That is good news. We have a large potential to mitigate CO, in these
materials to fix a lot of CO, and store it there for a long time, addressing at least
two of the corners in the graphic on the left of Fig. 2. There has been impressive
scientific progress in the last decade, but many fundamental research ques-
tions like the kinetics of these processes on microscopic and macroscopic scale
are yet to be unraveled. There is also commercial experience as we heard from
the talk of Colin Hills (DOI: 10.1039/DOFD00142B), but some important
questions are still open. For the LCA analysis, the systems boundary for the CO,
balance are very important. In the Q&A session it was argued that there is
obviously a net CO, consumption in the process, but that the CO, balance
should in future also be related to conventional minerals that serve the same
function. Where will the formed carbonates find their application and what
other materials would they replace? How can the concept of circularity improve
the sustainability of the building sector? There is clearly a great potential in
this area, which may go beyond the amount of waste that can take up CO, by
looking at it also from a product point of view to embrace the idea of a circular
economy.

When considering products from the organic chemistry industry, cyclic and
polymeric carbonates are species that also remain at the same oxidation level of
the carbon +IV and incorporate the entire CO, molecule (Fig. 5). Like the
inorganic carbonates from mineralization, the corresponding reactions have an
intrinsic thermodynamic driving force if epoxides are used as reaction partners.
For cyclic ethylene and propylene carbonate, these reactions are used indus-
trially already for a long time. More recently, the reaction of propylene oxide and
CO,, could also be effectively directed to the production of polymer building
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Fig. 5 CCU and power-to-X technologies open access to chemical diversity based on
CO,. Adapted from ref. 6.
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blocks commercialized under the trade name Cardyon® by the company Cov-
estro.*® A detailed LCA for this product confirms the direct effect of the incor-
porated CO, on the “de-fossilization” by partial replacement of propylene oxide
from today’s purely petrochemical product.* In line with Volker Sick’s argument
in the introduction (DOI: 10.1039/D1FD00029B), a number of other environ-
mental parameters were improved concomitantly through the reduced depen-
dence on oil-based raw materials. The two components are directly coupled in
a fully atom economic reaction under solvent-free conditions resulting in an
almost zero E-factor.

As the chemical conversion of CO, targets the C1 products formic acid,
formaldehyde, methanol, or methane, it changes the oxidation level at carbon
to +II, 0, —II and —IV, respectively. The necessary reducing agents can be “green”
electrons’ or hydrogen.® These reagents “pump up” the energy of the system. If
they come from a renewable source of power, significant positive effects on the
carbon balance and on the CO,-emissions can be achieved.

We have seen many presentations both in the posters as well as in the talks
that deal with C1 products including carbon monoxide, which is at the same level
as formic acid, or methanol. But mind you, there are many interesting chemical
structures out there that could also be formed from CO, and hydrogen, which are
more complex than the single C1 compounds. Fig. 5 exemplifies this molecular
playground that we can tap into if we manage to not only reduce the CO, but also
to reorganize chemical bonds at the same time. In this scenario, we can look at
CO, and renewable energy not “only” from the perspective of climate protection,
but also as basis for innovative technologies to make fuels and chemicals.

Let us have a look at alcohols as an important class of chemical compounds to
exemplify this argument. In the petrochemical value chain, C1 methanol is
produced on very large volumes, while longer chain alcohols are produced in
lower volumes, but are of high value.

Already today “power to methanol” or CCU-based methanol production is on
a very high technology readiness level (TRL) (Fig. 6). A well-known example is the
plant of Carbon Recycling International, which operates in Iceland on a kiloton

Methanol CH;0H

Bies Synthesis Methanol

Chemicals
and Fuels

Carbon2Chem Carbon Recyling International
ThyssenKiupp Stahlwerk Duisburg Stravensgi, Istand, since 2016, 4 kt a* Lurgi MegaMethanol Technology
2020, 27 ta'=>2023: 10°ta" China: 2021, 100 kta 1MTa

www www.carbonrecycling.is www,

Fig. 6 Examples for "power-to-methanol” and today's fossil-based technology on full
scale (the pictures are taken from the cited websites).
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scale, and the company recently announced that they have filed some contracts
with China to go up in scale to around 100 kilotons per year. The Carbon2Chem
project of ThyssenKrupp Industrial Solutions in Germany utilizes the flue gases
from a steel mill as feedstock. The impressive size of fossil-based world scale
methanol plants, where mega methanol technologies operate at 1 000 000 tons
per year capacity, demonstrate the huge potential for this single product. But with
“green” methanol, we could even do a lot of additional things beyond the existing
market. It can be used directly as a fuel or to produce hydrocarbon fuels like in the
methanol to gasoline process (MtG) and the methanol to kerosene process.
Olefins can be produced as chemical feedstocks via the methanol-to-olefin
process (MTO). All these technologies are at high technology readiness levels,
and many have been demonstrated already on large scale by the petrochemical
industry as part of their efforts to use either coal or natural gas instead of crude
oil. The big challenge here is economics: but the power-to-X technologies are
becoming increasingly competitive with these fossil-based value chains, espe-
cially if regulations such as carbon tax or CO, trading systems are installed in
global markets.

Longer chain alcohols such as butanol (C4) or hexanol (C6) are produced today
over several steps from fossil-based olefins. Interestingly, they can be synthesized
directly from CO or syngas (CO/H,) via biotechnology using fermentation
processes. As part of the Kopernikus project “P2X”, the syngas fermentation
technology developed by EVONIK is coupled to the low-temperature co-
electrolysis of Siemens (Fig. 7). At a piloting facility in Marl, Germany, an elec-
trolyzer converts CO, and water to generate syngas which is fed into the fermenter
where the whole cell biocatalysts digest it to form hexanol. The company
Beiersdorf, well-known for its brand “Nivea”, is now testing these products as
potential replacements for oil-based alcohols in formulations for consumer care
applications.

The successful coupling of electrolysis and fermentation leads us directly to
the points “maximize integration” and “innovative process technology” corre-
sponding to letters “M” and “I” in our mnemonic.

) h butanol / i
@electrolys:s e fermentation hexanol formulation
£ Chemicals

and Fuels
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KOPERNIKUS
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i :
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Fig. 7 Production of longer chain alcohols via a combination of CO, electrolysis and
fermentation.>°
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“M”; maximize integration;
“I": innovative process technology

Carbon dioxide from flue gases as rather concentrated point source will be
available also in “post-fossil” times (i.e. from cement industries, chemical plants,
or biomass processing). However, taking CO, from the air can be envisaged for
decentralized local productions, where renewable energy is amply available, but
no industrial CO, source is present. Direct air capture (DAC) technologies are
researched world-wide. A fully integrated container module comprising the whole
production line from DAC to liquid fuels has been developed at the Karlsruhe
Institute of Technology (KIT) in collaboration with several start-up companies and
SMEs. The container integrates a DAC unit, a solid oxide high temperature co-
electrolyzer to make syngas, and a reactor for the Fischer-Tropsch reaction to
generate hydrocarbons. Depending on the final downstream processing unit,
various “power-to-liquid” products can be obtained (Fig. 8).

While the technology can also be scaled up, it seems primarily useful for local
production using a numbering up approach. Possibilities include isolated areas
with heavy-duty machinery, remote airports, or offshore wind platforms. The idea
of “crowd oil not crude oil”** is intriguing, if the robustness of the modules in
such realistic environments can be demonstrated.

“C": cleaner than existing process;
“T": thermodynamics cannot be beaten

While the most obvious prospect of CO, utilization appears to funnel it into the
chemical value chain at the origin, its potential to improve the carbon balance
over the existing process may be significantly larger if used as directly as possible
for the synthesis of the actual product. This is illustrated here by the production
of formic acid, a target molecule that has been studied in this area for a very long
time.”»"* The typical petrochemical value chain of formic acid starts from
methane to generate carbon monoxide that is first converted to methyl formate
which is hydrolyzed to formic acid under recycling of the methanol. Using CO, as

‘i sunfire

Global Cleantech100
Award 2019

Patrick Langer (KIT)

INERATEC
Deutscher Granderpreis 2018
1. Prize Category Start-Up

KOPERNIKUS * Bundesministerium

¥ | for Bidung

) PROJEKTE wnd Forschung
& climeworks

Technology Pioneer 2020

by World Economic Forum
Fig. 8 A fully integrated modular system from direct air capture to "power-to-liquid”
products.**
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alternative feedstock could be envisaged at each of these process stages, as shown
in Fig. 9: to produce methane via the Sabatier reaction, to produce CO via the
reverse water gas shift (RWGS) reaction, or in a direct hydrogenation to give
formic acid. The analysis of the team of André Bardow (DOI: 10.1039/
DOFDO00134A) clearly shows that the reduction of the global warming potential
is the highest by far in the direct production scenario. As we change the focus
from “what is the largest sink for CO,?” to “how to gain the highest reduction in
carbon footprint?”, the limiting factor will be the hydrogen and hence the elec-
tricity from renewable energy sources.

However, the formic acid reaction suffers from thermodynamic limitations,
even though it looks a very simple reaction on paper. The choice of solvent and
addition of base are important factors to overcome the thermodynamic barrier for
this reaction because it is endergonic under standard conditions. Researchers at
BASF came up with a very elegant and clever solution to isolate the free formic
acid after it is formed in the presence of a solvent and base.*® The overall energy
requirement may be reduced further if CO, could be applied in scrubbing solu-
tions directly for this reaction. Capturing CO, from flue gases or other point
sources is typically done by absorption in aqueous amine solutions: so, the
solvent and base needed for thermodynamic reasons is already there. Rather than
absorbing the CO,, setting it free as gas, purifying it and compressing it for the
chemical process, would save significant process energy if one could use it directly
in these scrubbing solutions. And yes, this works! Recently different groups
published about various amine-based solvent systems where the hydrogenation to
formic acid can be conducted directly in that scrubbing solution.'** All these
studies are still done with commercial CO, as available in research laboratories,
and it would be very interesting to see how that works with CO, taken from real
point sources, to see if and how the catalysts would be compatible with that.

This leads us directly to the next two points: catalysts are the key enabler for
CO, conversion to chemical products according to the letter “C”. Their environ-
mental footprint will also impact on the overall sustainability defined in letter “S”
as processes move from the lab to large scale applications.

+H,0 + s -
CH, 2 co IMOH | hcome MOH | icon
£ -3H, +H,0

L] . |

CO,+4H, CO, +H, CO, + H,
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B 12
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o

GW reduction
/ (kg CO,-eq/kg H, used)

o N M O

CH, co HCOOH

Fig. 9 "Power-to-what?”: formic acid as example.***
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“C": catalysis is crucial;
“S": sustainability is essential

There is currently a lot of interest to use the 3d earth abundant metals instead of
the noble metals of the platinum group in catalysis.”® For CO, conversion, this
may seem like “back to the future”. Many catalytic processes relevant in the
context of power-to-X have always been carried out with earth abundant metals:
the Fischer-Tropsch process uses iron and cobalt, while the methanol process
uses copper and zinc on alumina. Homogeneous catalysis started with the use of
cobalt for syngas conversion in industrial hydroformylation. However, the noble
metals have just shown extremely good performance in the second half of the
20th century and proved superior in many processes. So, what can we do? We
need to learn mechanistically from platinum group metal chemistry and try to
transfer this mechanistic knowledge back to the 3d metals while considering their
differences, of course. We heard several excellent presentations at this meeting
many inspired by nature as she also uses the 3d metals for the interconversion of
energy and materials. Therefore, fundamental studies, even without direct
application in sight, are crucial to feed that knowledge back to the development of
catalysis technology.

And almost nowhere is this more important than in electrocatalysis. The
electrocatalytic conversion of CO, is a direct way of using the electrons rather than
to make hydrogen as a reducing agent. Ten years ago, it would have been difficult
to get a lot of catalyst development in this area covered in a conference, but today
it would be easy to fill several days of a conference with only that subject.
Specifically, heterogeneous catalysis, supported catalysis as well as molecular
catalysis are currently of great scientific interest.”**** Of course, the catalyst is
only one component in electrocatalytic conversion and we heard very nice
presentations that highlighted that we also need to look at the electrolyte, at the
cell, and beyond to the overall system integration. There seems to be a large
potential, however, to consider the molecular diversity highlighted in Fig. 5 also
for electrocatalytic CO, conversion and target more complex products than just
formate and CO. And surely the catalyst will be the key component to open such
reaction pathways by controlling the necessary bond breaking and bond forming
events.

“Y": your enthusiasm is not enough!

Finally, after a couple of exciting days of discussion about the chemistry, the
catalysis, the processes, and the systems analysis in this area, we also realize that
Martyn Poliakoff was quite right when he assigned the letter “Y” to the statement:
“your enthusiasm is not enough!” Let us see why.

Volker Sick argued in his presentation (DOI: 10.1039/D1FD00029B) that the
rapidly growing number of publications indicates that the field provides an
environment to reach technical maturity for applications because there is such
a large body of scientific knowledge as reflected in the data shown in Fig. 10. And
do not interpret this graph to think there was no research on CO, conversion
before 1980. On the contrary! The book “Carbon Dioxide Activation by Metal
Complexes” written by Arno Behr — which I strongly recommend: try to get hold of
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Fig. 10 Increasing scientific knowledge and technical maturity, adapted from V. Sick,
Faraday Discussion Introductory Lecture, April 7, 2021, DOI: 10.1039/D1FD000298B.

a copy of this book - was published in 1988 and has over 800 references.”* It
provides an excellent background to many of the things that we still discuss today.

I fully agree with Volker!

I will try to explain why for the example of copolymerization between epoxides
and CO, to give polyols, as mentioned earlier. This reaction was observed for the
first time a long time ago by the Japanese chemist Inoue in 1969.% This was the
year when the first man landed on the moon! And there we are, chemists know
already about the principle possibility to achieve copolymerization of carbon
dioxide with epoxides. Later, in the 90s the field got very, very active.”**® Many
catalysts were synthesized, and the mechanistic understanding was growing
rapidly through experimental and theoretical studies. This knowledge allowed for
the development of advanced catalysts that enabled an almost perfect alternating
co-polymerization to build high molecular weight polymers with a nearly exact
50 : 50 ratio of epoxide and COs,.

So why do I say that this enthusiasm was not enough?

The decisive factor that finally led to commercialization of this reaction was
a partnership between academia and industry.” The knowledge about the
required material properties that make the molecules suitable as products in the
market was the missing link. The ultimate products for the consumer are poly-
urethane plastics and the polyols as main components are made today from
propylene oxide alone by homo-polymerization. So, the driving force for the
industrial development was not to use propylene oxide to capture CO, but to use
CO, to replace the propylene oxide. This is very important: the benefit of the CO,
technology does not rely on the amount of CO, that is in the product, it comes
from the amount of fossil resources that is avoided. Consequently, the aim is not
to incorporate the maximum, but rather the optimum amount of CO,. With
incorporation in the range up to ca. 20% of CO, the polyols turn out to still be very
useful for the polyurethanes and the final products. Now the producers of the end
products have access to this material at a scale of 5000 tons per year and they will
ultimately make the final decision. The technology now is ready, but whether this
goes up to a world scale production will depend ultimately on market acceptance.
It was very good to see that consumer acceptance was also topic at this conference.

The science and technology around CO, utilization resembles a hurdle race
(Fig. 11). As chemists, we can develop new reactions and effective catalysts, and
together with engineers transfer this knowledge into innovative processes. While
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Fig. 11 From science to business for CO, utilization and power-to-X technologies: the
race is on!

many of these ideas and developments will drop out early, we can be confident
that some of them will make it to the finishing line. But the race isn’t over then: it
is then about the product and whether the product comes into the market that
makes the difference. At this stage, we must hand over the baton from science and
technology to business.

The bad news is: this is very, very difficult and succeeds only in very few cases.

The good news is: science is running fast so we may expect many more
opportunities for business to get started!

Conclusions

I will just conclude with a very simple and very positive message: tomorrow will be
different and carbon dioxide utilization will be an important pillar of a more
sustainable future. It will not just be a bridging technology as part of CO, miti-
gation, but it reaches far beyond because it enables closed carbon cycles. That is
why it is so important for climate protection: capitalizing on CO, as feedstock
gives us a chance to make carbon-based products by harnessing renewable
energy, enabling the de-fossilization of industrial sectors that fulfil crucial
requirements of a growing population on this planet.

Max Planck said: “insight must proceed application”. Five years ago, we may
have analyzed some aspects of CO, utilization differently, but the 12 principles
phrased at the time are still valid. And with every CO,-based technology that will
reach the market, we might look back with Nelson R. Mandela and think: “it
always seems impossible, only until it’s done”.
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