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Herein, we present a practical strategy to enhance the performance of a multiphase system for bicarbonate
hydrogenation based on a molecular Ru-PNP pincer catalyst. This study demonstrates that the use of organic
antioxidants not only mitigates catalyst degradation but also significantly boosts its intrinsic activity. This en-
ables efficient catalyst recycling at ultra-low concentrations. Systematic screening and optimization of a range of
organic antioxidants has identified TDTBP (tris(2,4-di-tert-butylphenyl) phosphite) as being exceptionally effi-

cient in stabilizing and enhancing the performance of the Ru-PNP catalyst. With the optimized system an un-
precedented integral turnover frequency (TOF) of 115,000 h™! and a total turnover number (TTON) of 9.43x10°
across four recycling tests were demonstrated, conducted at a reaction temperature of 90 °C and Hy pressure of
50 bar. These findings represent a substantial advancement in sustainable formate/formic acid production, of-
fering a scalable and highly efficient method suitable for industrial-scale application.

1. Introduction

Concerns over COy emissions and their environmental implications
giving rise to global climate change have accelerated the quest for
efficient technologies to capture and utilize carbon dioxide [1-3]. One of
the promising strategies is the exploitation of CO; as a versatile and
abundant C1 building block for chemical conversions [4,5] to produce
such base chemicals as formic acid/formate [6,7], methanol [8,9], and
methane [10,11]. Most of the promising routes for CO, valorization
begin with a reduction step that takes place either electrochemically
[12,13] or catalytically with gaseous Hy [14,15]. Furthermore, reduc-
tive valorization of CO, can be integrated within a carbon capture uti-
lization concept [16-18], in which gaseous COs is first captured from
lower-concentration sources (including atmosphere), followed by the
reductive conversion of the resulting adduct to some valuable chemical
or energy storage materials. In this context, alkali solutions, which are
characterized by low vapor pressure, high abundance, nontoxic and
reactive nature, appear ideal for scrubbing CO; even from
low-concentration sources (e.g. ambient air) to form bicarbonate, which
is then hydrogenated in the presence of a catalyst to a formate salt [19,
20]. Formate salts and formic acid itself [21] are gaining attention for
their application as Cl1 source alternative to syngas within green
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chemical conversion processes [22,23] as well as promising molecular
hydrogen carriers. [24-26]. To realize these potential applications,
there is a critical need for new sustainable and efficient way to produce
formic acid/formate on an industrial scale, ensuring that they are
economically viable.

Remarkable progress has been observed in the field of catalytic CO5
hydrogenation to formate in the last decades [27-34]. A summary of the
most active catalyst system reported to date is provided in Table S1 of
the Supporting Information. The early example of a highly efficient
iridium pincer catalyst for CO5 hydrogenation was reported in 2009 by
Nozaki and coworkers [27]. Using an iridium complex with a
PNP-pincer ligand ([Ir(PNP)Hs3]) high turnover frequency (TOF) and
turnover number (TON) were achieved, reaching values up to 150,
000 h~! and 3500,000, respectively. We have developed an alternative
catalyst system based on a Ru-PNP pincer complex ([RuHCI(CO)(PNP)]
or Ru-PNP 1 (Fig. 1a), with which reversible hydrogenation of CO, was
demonstrated in the presence of the organic DBU base in DMF solvent,
with TOF® and TON values of 1100,000 h'and 206,000, respectively,
achieved for the hydrogenation step [28,29].

From an industrialization standpoint, a successful catalyst system
suitable for implementation in a bulk chemical process for CO, hydro-
genation should meet several critical requirements besides showing
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Fig. 1. (a) Ru-PNP 1 (b) Biphasic system with an aqueous phase containing
KHCO3 and an organic phase containing complex 1 and PTC. PTC facilitates the
transfer of KHCO3 and HCO3K between organic phase and aqueous phase.
Schematic illustrating the repeated utilization of 1 under the biphasic system.
After the hydrogenation reaction, the organic and aqueous phases are sepa-
rated, and the organic phase is reused for subsequent reactions.

excellent performance characteristics within an ideal setting of an
organometallic chemistry lab. First, the expensive organometallic cata-
lyst should be easily separable from the product, formate, after the hy-
drogenation reaction to enable product purification and catalyst
recycling. Recently, several groups reported on the use of biphasic
catalyst systems to address the challenge of catalyst separation [30,31].
We successfully employed Ru-PNP 1 for hydrogenation of a saturated
bicarbonate slurry in a biphasic toluene/water system showing stability
for up to 474,000 turnovers (Fig. 1b) [32]. Beller and coworkers have
demonstrated a successful recycling of a Mn-pincer catalyst in THF/H,0
biphasic CO, hydrogenation system to provide a total turnover number
(TTON) of 2,000,000 over several consecutive catalytic runs [33]. The
realization of a process that enables the separation of catalysts from
formate and the recycling of catalysts, through the development of a
biphasic system, represents a significant advancement towards
industrialization.

Second, the prevention of catalyst deactivation and reducing the
amount of catalyst used are crucial for demonstrating their economic
advantages [35,36]. A significant obstacle to the practical imple-
mentation of homogeneous transition metal catalysis, particularly when
employing precious metals, is the high catalyst loadings often required
to achieve satisfactory product yields [37]. For instance, a catalyst with
a 1% loading suggests a TON of about 100, whereas a minuscule loading
of 1 ppm indicates a TON in the vicinity of 106, markedly more favorable
under similar conditions. Notably, even a slight decrease in the deacti-
vation to productive catalysis rate ratio can substantially improve
catalyst efficiency. Addressing this challenge necessitates ongoing
research into the mechanisms behind the very complex deactivation
chemistry [38-40].

The cost-effectiveness of the formic acid production process based on
CO4 hydrogenation compared to the established syngas-based technol-
ogy has been a subject of a comprehensive economic analysis by Pérez-
Fortes et al. [41] The detailed cost breakdowns for the emerging tech-
nology were presented in the work by Jarvis and Samsatli [42]. These
studies underscore the necessity of diminishing material costs via
enhanced catalyst activity in CO; to formic acid conversion. To improve
the efficiency of the catalyst, it is critically important to minimize the
effects of deactivation even when operating at minimal catalyst loading
to improve TON. Catalyst deactivation can be categorized into internal
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factors, which originate from the catalytic reactions themselves, and
external factors, arising from industrial manufacturing processes. In
industrial applications, the influence of these external operational fac-
tors becomes significantly pronounced. Even in lab research aimed at
applications, it is posited that the incursion of oxygen and other impu-
rities from external sources during operations can lead to catalyst
deactivation [43,44]. However, the scope of research on these homo-
geneous catalysts is somewhat limited in comparison to their hetero-
geneous counterparts, especially when it comes to studying catalyst
degradation due to external operational factors [45-47]. Thus,
improving the robustness of catalyst activity to withstand external
operational factors, thereby enhancing TON, emerges as a critical
initiative for validating the economic feasibility of CO5 conversion into
formate/formic acid.

In our study aimed at practical carbon dioxide to formate conversion
for industrial use, we faced the challenge of creating a system that not
only separates the catalyst from the product but also achieves high TON.
Herein we report on the optimization of biphasic catalyst system based
on 1 suitable for cyclic operation within an industrial setting providing
and meeting the performance criteria enabling further industrialization
of the catalytic process. We demonstrate that catalyst degradation
initiated by ligand oxidation is the key mechanism for catalyst loss
within the cyclic process (Fig. 1). To minimize the oxidative catalyst
degradation, we studied the effect of various common organic antioxi-
dants and revealed their positive effect not only on the longevity but also
on the activity of catalyst 1. The resulting catalyst system allowed us to
reach unprecedented productivities and stabilities.

2. Experimental

The details of the relevant chemicals, and analysis methods, as well
as details of supporting computational studies and experimental
screening tests are provided in the Supporting Information.

2.1. Catalytic reactions

Complex 1 was prepared according to a literature procedure [48].
Under a nitrogen gas atmosphere, the following steps were carried out
for the catalytic hydrogenation of potassium bicarbonate: 50 mL of
water, 0.25 moles of potassium bicarbonate, 50 mL of toluene, the
specified amount of 1, 2.7 mmol of methyltrioctylammonium chloride,
and the designated type and quantity of antioxidants were added to a
reaction vessel. In this paper, the molar concentration of potassium bi-
carbonate is adjusted based on the volume of the aqueous solution.
Similarly, the molar concentrations of 1, methyltrioctylammonium
chloride, and antioxidants are set based on the volume of the organic
phase within toluene. For the initial reaction, hydrogen gas was intro-
duced up to the specified pressure, and the mixture was heated to 90°C
while being stirred at 800 rpm. After the desired reaction time, the
mixture was cooled to room temperature, and the pressure was released.
The following separation and collection procedure were also carried out
in the inert atmosphere. The aqueous phase was separated from the
organic phase, and quantified formate by 'H NMR measurement using
D,0 as deuterated solvent and dimethyl sulfoxide (DMSO) as internal
standard. To assess the state of 1 in the organic phase, a portion of
organic phase was diluted threefold with acetonitrile, followed by
LC/MS analysis.

2.2. Catalyst recycling tests

Under an inert gas atmosphere, to adjust the separated and collected
organic phase to a volume of 50 mL, toluene was added. Subsequently,
the adjusted organic phase (50 mL), along with 50 mL of water and 0.25
moles of potassium bicarbonate, was introduced into a reactor.
Following this, a catalyst recycling reaction was conducted under the
specified reaction conditions. Unless otherwise specified, the time
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between the end of a reaction and the next recycling reaction is within
24 h. Post-reaction, the reaction mixture was taken out from the reactor
under an inert gas atmosphere, and the organic and aqueous phases
were separated. TON of the catalyst and the yield of formate for the
second reaction were calculated using the same approach as the first
reaction.

3. Results and discussion
3.1. Effect of catalyst concentration on Ru-PNP recycling

The stability optimization and catalyst recycling experiments were
carried out at a 100 mL scale, which is a 50-fold increase compared to
our earlier catalyst development studies [32]. The progress of catalytic
runs was monitored by tracking the consumption of hydrogen during the
reaction. These data were used to construct the kinetic profiles. The
initial recycling tests have been conducted at two concentrations,
namely, 120 and 60 uM of catalyst 1 and the catalytic results are sum-
marized in Fig. 2.

For all 4 runs a similar initial rate TOF® of 7.7-9.6 s~ was observed
suggesting the operation within the kinetic regime and close intrinsic
activity upon recycling for both catalyst concentrations. Nevertheless,
the kinetic profiles reveal a pronounced loss in performance upon
recycling of the catalytic mixture containing a lower concentration of 1
(60 uM, #2). The reuse of the organic (toluene) phase of the catalytic
system containing 120 pM of catalyst 1 yielded a similar amount of
potassium formate product (ca. 72% yield) and an identical kinetic trace
to that observed in the initial run. The total TON (TTON) over these two
runs was 5.1x10% For the experiments with the twice lower concen-
tration of 60 uM, the kinetic trace of the #2 recycle run deviates strongly
from the primary #1 run with reaction time evidencing the in situ
catalyst degradation resulting in the decline of both the rate and formate
yield (65%). The TTON for the recycling experiment with a twice lower
concentration of 1 was therefore only 9.8x10*

3.2. Ru-PNP stabilization with antioxidants

Previous studies suggested that ligand oxidation is one of the com-
mon causes for the deactivation of phosphine-based transition metal
catalyst [43]. Phosphine oxidation can even occur under reducing
conditions of catalytic reactions even though stringent efforts were
made to eliminate dioxygen. Herein, we hypothesized that the oxygen
contamination and oxidative degradation of catalyst 1 could be the

—— 120 uM #1
10091 . 120 M #2
907 60 LM #1
80 60 pM #2

Conversion, %

0 T T T T
0 20 40 60 80

Time, min

100 120 140 160

Fig. 2. The effect of catalyst 1 (S/C = 3.5 x10% and 7.0 x10*) loading on the
kinetics of the biphasic KHCO3; hydrogenation in the recycling tests. #1 in-
dicates the first reaction, and #2 indicates the second reaction. (Conditions:
100 mL solvent (toluene/H,0 = 1/1), T = 90 °C, pyy> = 40 bar, stirring speed =
800 rpm, 120 uM or 60 uM catalyst 1, 4.2 M KHCO3, 54 mM PTC).
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reason for the observed activity loss during the recycling preventing
further optimization of the performance in terms of TTON. Such a
deactivation mechanism could be readily mitigated by using antioxi-
dants. Antioxidants are widely used as additives for the stabilization of
food, pharmaceuticals, and polymers [49,50].

To test this hypothesis, we evaluated whether the addition of a
common organic antioxidant - 2,6-di-tert-butyl-p-cresol (BHT, Scheme
1) - to the reaction system could enhance the stability of 1. To enhance
the oxidative degradation and thus emphasize the potential impact of
the antioxidant, we have aged the catalytic toluene phase initially
containing 60 uM 1 obtained after the first catalytic run for 5 days in a
closed under nitrogen prior to the second run.

Fig. 3 compares the kinetic traces of the recycling tests with the aged
catalyst mixture in the presence and in the absence of the BHT antiox-
idant. The prolonged storage of the toluene catalyst phase gives rise to a
much more pronounced activity decline than the direct recycling (#2
and #2 aged traces in Fig. 3): the initial rate decreased by a factor of 2.1
(8.8 and 4.1 s1, respectively) and the reaction yield was only 36% after
160 min reaction time. When BHT was added to the catalyst system, no
signs of deactivation could be observed under the current conditions.
The kinetic traces for both the primary and recycle runs of biphasic
KHCO3 hydrogenation with 60 uM catalyst 1 stabilized with 500 eq.
BHT coincided perfectly with the benchmark test. A closer inspection of
the catalytic data revealed that the presence of BHT resulted in a ca. 15%
higher TOF® for both runs (10.8-10.9 s~ ).

3.3. Stabilizing effect of BHT

To shed light onto the stabilizing effect of BHT antioxidant, the post-
catalytic reaction mixtures were next analyzed by LC-MS, which
revealed the presence of oxidized catalyst 1 species as well as the free
oxidized ligand in the post-catalytic reaction mixture. The possible
structures of the identified species (Table 1) were proposed based on the
detected m/z values and density functional theory calculations (see
Supporting Information for details). The results obtained suggest that
the observed deactivation of 1 proceeds via a gradual oxidation process
as proposed in Scheme 2, which ultimately results in the decomposition
of the Ru complex, the elimination of the free oxidized PNP ligand (4™1),
and irreversible catalyst deactivation. Semi-quantitative analysis of the
LC-MS data reveals that although the addition of BHT results in the
decreased relative abundance of all oxidized species, the most notable
effect is seen for the concentration of species 47 (Table 1).

A super-stoichiometric concentration of the BHT antioxidant is
necessary to retain the performance over several recycle runs. Never-
theless, we found that BHT concentration could be decreased to 6 mM
for the catalytic reactions with 60 pM 1 to reach the maximal KHCO2
yield in 2.5 h reaction for 3 consecutive recycle runs (Figure 54).

3.4. Antioxidants screening

Next, a screening campaign (Figure S5) has been carried out using
smaller scale lower pressure reactor to evaluate alternative antioxidants

OH By
Bu ‘Bu
BHT Bu Bu
IIEt O\P/O
|

o o)

X tBu :@\

N Bu Bu
ETMDQ TDTBP

Scheme 1. Selection of organic antioxidants.



M. Hirano et al.

60 uM RuPNP
100 - “#1”
90 #2
80 #2 aged
. 70 +BHT #1
> {|---- +BHT #2 aged
< 60
S ]
@ 50
(0] 4
Z 404
o) ]
O 301
20
10
O—’J‘(—r| T T T T T T T T T T T T T 1
0 20 40 60 80 100 120 140 160

Time, min

Fig. 3. The stabilizing effect of BHT antioxidant on the performance of catalyst
1 in the biphasic KHCO3; hydrogenation. The recycling experiment carried out
using the catalyst-containing organic phase stored under inert gas conditions in
a closed vial for 5 days (#2 aged). The kinetic trace of a direct recycle exper-
iment (#2) with catalyst 1 in the absence of the antioxidant is shown for
comparison. (Conditions: 100 mL solvent (toluene/H,0 = 1/1), T = 90 °C, pu»
= 40 bar, t = 160 min, stirring speed = 800 rpm, 60 uM catalyst 1, 4.2 M
KHCO3, 54 mM PTC, 30 mM BHT).

Table 1

The results of LC-MS analysis (identified Ru-containing species with the pro-
posed structure and the respective m/z as well as the peak areas relative to that
of the intact complex 1) of the toluene phase of the post-catalytic mixture after
the second hydrogenation run with and without the BHT antioxidant, corre-
sponding to the experiments in Fig. 3.

Species m/z Proposed structure Peak area ratio [i]/[1]
Ru-PNP Ru-PNP+BTH
1" 526.20 X 1 1
| —
N
(‘Bu),P—Ru—P('Bu),
| N\
cH
"
0
2+ 542.21 X 0.68 0.41
‘ —
N
('Bu), 7)-\,‘[1\ ) ('Bu),
o]
1
e}
3" 558.18 A 1.8 1.3
P
N
(‘Bu) _Ru{_ ,P(Bu)
Nley
g
0
4+ 428.29 X 2.9 0.68
| —
No
(BupPy M P(Bu),
o)
X X
+ +
| P 1 R
N
. | N ) ' © g O
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c H H |C
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and identify most promising systems for further process optimization.
The results are summarized in Figure S5 of the Supporting Information,
which  point to  6-ethoxy-2,2,4-trimethyl-1,2-dihydroquinoline
(ETMDQ) and tris(2,4-di-tert-butylphenyl) phosphite (TDTBP) as the
most promising antioxidant catalyst stabilizers.

To better asses the stabilizing effect of the selected antioxidants
(Scheme 1), the S/C ratio was further reduced to the value of 333’333
corresponding to the initial concentration of catalyst 1 of only 15 uM.
The kinetic trances of 3 consecutive catalytic runs in the absence and in
the presence of BHT, ETMDQ, and TDTBP stabilizers are presented in
Fig. 4. The catalytic tests at such a low concentration without any
antioxidant reveal some loss of activity already in the initial run, which
becomes detrimental upon recycling (TOF® =6.1,4.0,1.7 s\, for #1, #2
and #3 catalytic runs, Fig. 4a). Although the addition of BHT in the first
run recovers the intrinsic activity recorded at higher catalyst concen-
tration (TOF® = 11.4 s’l), the stabilizing effect is not sufficient to ensure
an efficient recycling (Fig. 4b). The 2nd and 3rd runs with BHT stabilizer
show TOF® values of only 7.5 and 3.0 s™!, respectively. Much better
results are obtained with ETMDQ and TDTBP antioxidants, which
allowed, under the current conditions, to fully recover the initial per-
formance in 2 and 3 consecutive runs, respectively (Fig. 4c,d).
Remarkably, the antioxidant addition not only increased the catalyst
stability, but had also an apparent promoting effect on the intrinsic
activity observed. The estimated initial rates - TOF® were ca. 16 s~ and
23-30 57! for the stable catalytic runs in the presence of ETMDQ and
TDTBP, respectively. The origin of the rate enhancement observed is
however beyond the scope of the current study.

3.5. Enhanced performance of 1 with TDTBP

To further evaluate the potential of TDTBP as the catalyst stabilizer
and push the performance of 1 to the levels that could be relevant for a
practical commercial process for catalytic hydrogenation of bicarbonate,
the catalytic tests were conducted with only 2.0 pM 1 and 7.0 M KHCO3
substrate. The conversion curves for four consecutive hydrogenation
runs are presented in Fig. 5. Despite some loss of activity could be seen
upon the 4th recycle, it allowed reaching the maximal conversion within
20 h reaction time, providing thus an impressive cumulative TTON of
9.43x10°. As far as we are aware, this value surpasses any other re-
ported TTON under comparable reaction conditions, as summarized in
the Supporting Information Table S1. The productivity of the catalyst
expressed as the integral TOF was >115’000 h™! in all runs.

Interestingly, under these conditions, a much higher intrinsic activity
of 1 was observed, characterized by TOF® of 90-130 s~ 1. A consistently
higher initial TOF® of 133 and 129 s~ * was recorded for the #2 and #3
runs, compared to the value of 93 s ! in run #1. In the 4th run, TOF®
drops to “only” 83 571, due to the catalyst loss. The increased reaction
rate upon recycling may imply a lag in formation of the active species in
the reaction system. However, the more detailed mechanistic analysis of
the associated transformations is outside the scope of the current work
and, furthermore, beyond our current experimental abilities. We hope to
be able to shed lighter onto the origin of the observed condition- and
oxidant-dependent activity enhancements in our further studies.

To evaluate these performance data from an economic standpoint,
we employed the dimensionless parameter known as ’Catalyst Price
Normalized to TON’ (CON), a method for normalizing catalyst cost
based on TON as proposed by Chatterjee and coworkers [51]. The CON

X X
| s || 4

N NG

I _H )

(‘Bu)2Ry ’/R’I%B\ JP(Bu), — (Bu)Py H g (‘Bu)z
(o) ~0
¢
o} + [Ru]

Scheme 2. A proposal on the oxidative degradation of catalyst 1.
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Fig. 4. Recycle experiments of potassium bicarbonate hydrogenation with catalyst 1 (S/C = 333°333) in the (a) absence and the presence of (b) BHT, (c) ETMDQ, (d)
TDTBP antioxidants (Conditions: 100 mL solvent (toluene/H;0 = 1/1), T = 90 °C, pys = 50 bar, t = 16 h, stirring speed = 800 rpm, 15 uM catalyst 1, 6.0 mM

antioxidant, 5.0 M KHCO3, 54 mM PTC).
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Fig. 5. Recycle experiments of KHCO3 hydrogenation with TDTBP antioxidant.
(Conditions: 100 mL solvent (toluene/H,0 = 1/1), T = 90 °C, py2 = 50 bar,
stirring speed = 800 rpm, 2.0 uM catalyst 1, 6.0 mM TDTBP, 7.0 M KHCO3,
54 mM PTC).

represents the contribution of the catalyst to the overall cost of the
formic acid produced. The remarkably high TTON value of 9.43x10°,
achieved in the presence of TDTBP with catalyst 1, translates to a CON of
0.037, significantly lower than any value previously reported. More-
over, according to the report by Chatterjee and coworkers, the com-
mercial price of catalyst 1 is $97,000 per mol, whereas that of the TDTBP
antioxidant can be estimated based on the openly available data to be
only $82 per mol [52]. This suggests that the use of TDTBP to improve
the stability of 1 is economically advantageous, although a deeper and
more detailed economic analysis is necessary to comprehensively

evaluate this characteristics of the process. Pérez-Fortes have discussed
the potential and challenges of formic acid production via catalytic
hydrogenation of COj, underscoring the pivotal role of R&D in
enhancing catalyst performance. Such advancements are essential for
reducing manufacturing costs and overcoming economic barriers to the
commercialization of formic acid production. Therefore, our findings do
not simply represent a new benchmark; they mark a substantial advance
in addressing the critical challenge of cost-efficiency in formic acid
manufacturing.

3.6. Conclusion

Herein we have investigated the potential of common organic anti-
oxidants for boosting the stability and performance of multiphase
catalyst systems for the direct hydrogenation of potassium bicarbonate
to formate based on molecularly-defined Ru-PNP pincer complex 1.
Through a detailed optimization and analysis campaign specifically
focusing on understanding and combatting the catalyst deactivation, we
aimed at reaching the performance metrics necessary for further scale up
towards a more sustainable and practical industrial bulk conversion
process as a part of future carbon capture and utilization technology. We
have systematically evaluated the stabilizing effect of a wide range of
common organic antioxidant, analyzed the nature of deactivated cata-
lyst species and optimized the reaction conditions to drastically improve
the recyclability of our biphasic catalyst system. We discovered that the
addition of antioxidants such as BHT, ETMDQ, and TDTBP significantly
improved the stability and activity of 1. Notably, TDTBP stood out by
allowing us to achieve and maintain unprecedented productivities (TOF)
of over 10° h™! and stabilities (TON) over multiple reaction cycles with
sub-ppm concentrations of catalyst 1. Our results point to the impact of
the antioxidant additive and the selection of the specific catalytic con-
ditions on the intrinsic activity of 1, which warrant further more
detailed mechanistic analysis, which is beyond the scope of the current
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study. The use of TDTBP enabled a remarkable cumulative TTON of
9.43x10° over four consecutive runs under optimized conditions, which
represents a significant milestone in the field.

We have used the ’Catalyst Price Normalized to TON’ (CON)
parameter to assess the economic potential of the presented system for
the practical utilization in carbon capture utilization technologies. We
demonstrated that our multiphase catalyst system, especially when
stabilized by TDTBP, attains a CON value of 0.037, which is substan-
tially lower than the values for any other bicarbonate hydrogenation
catalyst system reported to date. This finding underlines the potential of
our catalyst system to be economically viable for a more sustainable
industrial-scale formic acid production technology based on CO3 as the
circular carbon source.
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