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Carbon capture and utilization is considered a promising approach for introducing CO, into the chemical
value chain, especially in combination with bioenergy applications (BECCU). We report here on the cata-
lytic hydrogenation of CO, to formic acid in a biphasic reaction system using aqueous solutions of amino
acids as the product phase and possible capture solutions for biogenic CO,. The molecular structure of
the ruthenium catalyst and the catalyst phase were matched through a combined design process identify-
ing n-dodecanol (lauryl alcohol) as the preferred “green” solvent. A total turnover number (TON) of over
100 000 mole HCOOH per mole of catalyst (46 582 g HCOOH per g of Ru) with minimal contamination
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attained almost quantitative conversions with up to 0.94 mol formic acid per mol amino acid (ca. 108 g
HCOOH per kg). Such solutions may find use directly, or after upgrading, in agricultural applications
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Introduction

Formic acid (FA) is one of the most widely discussed target
products for hydrogenation of CO, with a significant potential
to reduce the carbon footprint as compared to its fossil-based
production."™® However, major challenges are the energy
demand for CO, capture and release®'® as well as isolation of
the formic acid product from the reaction mixture.'* In the
present paper, we demonstrate a concept to integrate carbon
capture technologies based on proteinogenic amino acids with
catalytic CO, conversion to yield HCOOH solutions with a
potential for agricultural applications, minimizing both
upstream and downstream unit operations. This opens the
possibility for the valorization of waste CO, streams from
biogas production directly with local and decentralized appli-
cations in the same industrial sector.

The most advanced technologies for CO, capture from flue
gases rely on basic organic amines, such as monoethanola-
mine (MEA) or methyldiethanolamine (MDEA).">"® In the
search for bio-based alternatives, amino acids and their salts
have been investigated."*"” Their applicability in reversible
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without the need for energy intensive and costly isolation of pure formic acid.

carbon capture has been demonstrated with higher reaction
rates and CO,-loading for the respective potassium salts as
compared to the neutral amino acids.’”” " Scrubbing solutions
based on amino acid salts have been applied already at the
pilot plant scale using PostCap™ technology.*’

Formic acid has a number of applications in relation to bio-
logical processes, e.g. as a biomass preservative in silage, or as
an additive in the food or pharma industry.”’ In academic
research, formic acid has been shown to enhance microbial
growth and/or product formation rates during fermentation
processes.*> >

Most notably in the present context, mixtures of formic acid
with proteinogenic amino acids have potential applications as
livestock feed. Methionine***” and arginine*® are limiting
amino acids in poultry feed, and supplements of these amino
acids are commercially available.*® Similarly, arginine®*>? as
well as methionine and histidine are essential amino acids for
pig breeding.**?* At the same time, formic acid and formic
acid salts are used as preservatives in animal feeds.**”’
Aqueous solutions of mixtures of amino acids and formic acid
may therefore constitute attractive target products for use in
animal farming.

We therefore envisage the use of catalytic CO, hydrogen-
ation as the molecular relay integrating upstream CO, capture
in aqueous amino acid solutions directly with the potential for
downstream use of the resulting product phases (Fig. 1).

The essential prerequisite to establishing potential value
chains from biogenic CO, sources to agricultural applications
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Fig. 1 Envisaged BECCU concept from biomass and renewable energy
to amino acid—formic acid solutions as livestock feed.

is the effective separation of the organometallic catalyst from
the aqueous product solution. The catalyst phase must be
chosen to avoid the leaching of metals or ligands as well as
cross-contamination with organic solvents into the aqueous
phase. A tailored biphasic reaction system enabling such a
fully integrated process scheme is presented in this paper.

Results and discussion

The catalytic hydrogenation of CO, in the presence of aqueous
amino acid solutions has been demonstrated recently using
homogeneous catalysts in THF/water mixtures in the context
of reversible hydrogen storage.’®*° For the use of aqueous
product solutions most directly in the applications envisaged
here, essential parameters are the choices of amino acid and
solvent used as the catalyst phase (Scheme 1). However, several
concepts for liquid-liquid biphasic systems to separate organo-
metallic catalysts from very polar formic acid product phases
have been reported.””*® Based on the experience in our

laboratories,?* > we initiated a systematic study to design a
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Scheme 1 Reaction system for the catalytic conversion of CO, and H,
to formic acid, featuring pre-catalysts cis-[Ru(dppm),Cl,] and cis-[Ru
(C12-dppm),Cl,] in methyl isobutyl carbinol (MIBC) and the amino acids
used in the present study.
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catalytic system combining high catalyst productivity with
effective retention and separation from the amino-acid-based
product phase.

The organometallic complex cis-[Ru(dppm),CL]*° (dppm =
bis-diphenylphosphinomethane) and its analogous congener
tagged with hydrophobic side chains cis-[Ru(C;,-dppm),Cl,]*?
were selected as catalyst precursors to cover a broad range of
potential solvents for catalyst separation and recycling.
Previous studies showed that they form the corresponding
monohydride complexes under hydrogen pressure, which can
be assumed as catalytically active species in line with what is
generally known about Ru-phosphine catalysts in this field.*

The proteinogenic amino acids arginine (Arg), histidine
(His), lysine (Lys), and methionine (Met) were used in the
aqueous phase (Scheme 1). In a first screening, the amino
acids Arg, Lys, and His carrying basic side groups were studied
because amines are known to capture CO, as well as stabilize
HCOOH, effectively shifting the reaction equilibrium to the
formic acid side. As the catalyst phase, the solvent methyl iso-
butyl carbinol (MIBC) in combination with cis-{[Ru(dppm),Cl,]
as catalyst precursor was evaluated due to the high activity
shown in previous studies on biphasic systems using aqueous
MEA solutions as the capture and product phase.’® The
volume ratio between MIBC and water was adjusted to 2:3
with amino acid concentrations of 0.86 M for Arg and Lys and
0.25 M for His, based on their respective solubilities. The cata-
lyst concentration in the MIBC phase was 0.5 mM corres-
ponding to loadings of 1:2580 and 1 : 750, respectively.

The reactions were carried out under initial partial press-
ures (at room temperature) of 30 bar CO, and 60 bar H, and a
reaction temperature of 70 °C. The reaction times were deter-
mined by monitoring the pressure drop until no further
decrease of pressure was observed (ESI Fig. S3t). The final con-
centration of formic acid and the corresponding ratio of
HCOOH to amino acid were determined by "H NMR spec-
troscopy. The initial rates, as measured from the pressure
drop, are given as mol HCOOH per mol ruthenium and hour
(i.e., turnover frequency, TOF [h™']). The results are shown
together with the results for MEA as the benchmark in Fig. 2.

A formic acid/amino acid ratio of approximately 1:1 was
reached with Arg and His, corresponding to the thermo-
dynamic limit for amine bases in an aqueous solution."**™”
For Lys, the reaction did not proceed beyond a ratio of 0.5: 1.
Given the long reaction time in this case, this may reflect, at
least in part, catalyst deactivation. Most notably, the pro-
ductivity with Arg matched that of MEA very well and the
remarkable initial rate of 23 000 h™" even surpassed the bench-
mark case significantly.

While the organic solvent MIBC allowed for a very fast reac-
tion, it also resulted in significant cross-solubility into the
aqueous phase of 0.32 mmol or 2.2%. In order to minimize
any mutual cross-solubility, the nonpolar solvent n-tetradecane
was investigated, which has also been used for CO, hydrogen-
ation in biphasic systems previously.>® The lipophilic-tagged
ligand  Dbis(bis(4-dodecylphenyl)phosphanyl)methane  (Ci,-
dppm) was used to ensure solubility and exclusive partitioning

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Formic acid/amino acid ratio and initial TOF for Arg, His and Lys.
Conditions: 30 bar CO,, 60 bar H,, 2.58 mmol Arg/Lys or 0.75 mmol His
in water (3 mL), 1 pmol cis-[Ru(dppm),Cl,] in MIBC (2 mL), 70 °C, reac-
tion time until the pressure was constant. *Values for comparison from
Scott et al. with MEA (7.9 mmol MEA in 2 mL H,O, 4.1 pmol cis-[Ru
(dppm),Cl,] in 1.5 mL MIBC, 30 bar CO,, 60 bar H,, 70 °C).5°

of the ruthenium catalyst in the organic phase (Fig. 3)."!
Quantitative conversion for Arg and His was reached again
with the more basic amino acid. For Lys, only small amounts
of formic acid were obtained even with prolonged reaction
times.

In general, however, the rates were nearly two orders of
magnitude lower with tetradecane/cis-[Ru(Cy,-dppm),Cl,] than
with MIBC/cis-[Ru(dppm),Cl,]. In order to separate the elec-
tronic effect of the ligand modification from the solvent
effects, the C;,-tagged complex was also used with MIBC as
the catalyst phase, resulting in a TOF;,; of 2827 h™". While this
confirmed the expected reduced activity of the more electron
rich C;,-tagged complex,>”® it also revealed a major contri-
bution of the chosen solvent. Therefore, a detailed screening
of solvents possessing a miscibility gap with water using the
same pre-catalyst cis-[Ru(C;,-dppm),Cl,] under identical con-
ditions with Arg as the amino acid was undertaken.
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Fig. 3 Formic acid/base ratio and initial TOF for Arg, His and Lys.
Conditions: 30 bar CO,, 60 bar Hp, 2.58 mmol Arg/Lys or 0.75 mmol His,
respectively, in water (3 mL), 1 pmol cis-[Ru(C;>-dppm),Cl,] in tetrade-
cane (2 mL), 70 °C, reaction time until the pressure was constant.
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The resulting initial activities are shown in Fig. 4. The
results demonstrate the drastic influence of the chosen
organic phase spanning two orders of magnitude in the rate
between the lowest initial TOF observed with hexanol and the
highest activity with ethyl acetate. No obvious correlations
between specific functional groups or structural units in the
solvents are apparent. Also, solvatochromic and other solvent
parameters (ESI Fig. S6-S107), gas solubilities (ESI Fig. S11
and S127) or cross-solubility into the aqueous phase (ESI, Fig
$137) did not show any clear trend. Mass transfer limitations®"
were excluded by variation of the catalyst concentration. As the
activity did not increase significantly at a lower catalyst
loading, the capacity of all catalytically active centers was
sufficiently utilized for selected solvents from either side of
the reactivity range (ESI, Fig. S147).

An interesting volcano-type trend results from the corre-
lation of TOF;,; values with dielectric constants of the solvents,
as shown in Fig. 5. Of the three top-performing solvents,
n-dodecanol - also known as lauryl alcohol - best meets the
design criteria for the target application: it shows practically
no cross-solubility in water, it is a fatty alcohol derived from
biomass, and it is compatible with biological applications, for
example in consumer care products. Therefore, this “green”
solvent was used for further optimization.

The solubility limit of arginine in the neutral, aqueous solu-
tion is about 1 M, due to the betaine form of the amino acid.
We anticipated that the solubility would be significantly
higher at low pH resulting from the presence of CO, at the
beginning and the formation of HCOOH at the end of the reac-
tion. We therefore explored the possibility of using over-satu-
rated CO, solutions to achieve higher product concentrations.

In Scheme 2, pictures of the reaction mixture of 12 mmol
Arg with 2 mL water (corresponding to 6 M upon dissolution)
and 2 mL catalyst solution are shown before the reaction, after
pressurization with CO,, and after the reaction. Before pressur-
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Fig. 4 Initial TOFs for the biphasic CO, hydrogenation using aqueous
Arg and cis-[Ru(Cio-dppm),Cl,] as catalyst in various solvents.
Conditions: 30 bar CO,, 60 bar Hp, 2.58 mmol Arg in water (3 mL),
1 pmol cis-[Ru(C1,-dppm),Cl,] in the indicated solvent (2 mL), 70 °C.
TOF;,; calculated from initial linear pressure drop; see the ESI, Fig. S5.1
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Fig. 5 Correlation between the dielectric constant and TOF;,; from the
experiments described in Fig. 4.

Scheme 2 Pictures of the Arg, water and catalyst solution in the auto-
clave before the reaction (left), after saturation with CO, (middle) and
after the reaction with H; (right).

ization, large amounts of undissolved Arg were dispersed in
water below the yellow catalyst phase. After saturation with
CO,, mixture became turbid but most of the solid particles
were dissolved. At the end of the hydrogenation when the
pressure reached a constant value after 1.5 h, both phases had
become clear and arginine was completely dissolved. Also, a
phase expansion of the aqueous solution was visible. Analysis
of the aqueous phase revealed a FA/base ratio of 0.77. The
TOF,,; was estimated to be 15 345 h™* under these conditions.
Since the volume and density do not remain constant, the wt%
was more reliable in terms of concentration than the molar
amounts. The obtained product solution consisted of 9.4 wt%
FA and 46.4 wt% Arg.

In order to mimic the CO, capture step, a CO, saturated
solution with Arg, corresponding to a 6 M concentration, was
prepared on a liter scale. This concentration was found to
provide an optimum balance between the final concentration
and the formation rate TOF;,; (Table S5 and Fig. S15%). The
capture capacity of Arg was determined as 0.94 mol CO, per
mol Arg under 2 bar.?® The catalytic hydrogenation was per-
formed in a largely automated semi-batch process with a
100 mL autoclave®® using 20 mL of catalyst phase containing
only 10 pmol of the Ru-complex and 50 g of the separately pre-
pared CO, saturated aqueous solution. The autoclave was
pressurized with H, at 90 bar and heated to 70 °C while stir-
ring using a magnetic stir bar. The set-up allowed continuous
feeding of H, gas at isobaric conditions while monitoring the
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Fig. 6 Delivered H, during the recycling experiments in the semi-con-
tinuous setup. Conditions: 90 bar H,, 70 °C, 10 pmol cis-[Ru(C;,-
dppm),Cl,] in n-dodecanol (20 mL); ca. 50 g of CO,-saturated 6 M Arg-
solution added and removed in each run.

H, flow (see Fig. 6). After about 5 h, consumption of H,
stopped, the stirring was discontinued to allow phase separ-
ation, and the aqueous phase was removed for analysis under
pressure at 70 °C. The autoclave was charged with a new batch
of CO,-saturated arginine solution and the reaction repeated
without any catalyst make-up in between. Over ten runs, the
final formic acid-to-amino acid ratio reached the 1:1 limit
(0.91 + 0.03:1 on average, 9.0-10.8 wt% FA) indicating
practically quantitative conversion of the captured CO, to FA
by catalytic hydrogenation. The data correspond to a total
TON of 102282 corresponding to 46.6 kg HCOOH per g of
ruthenium.

The rate of formation corresponded to a TOF;; of 3357 h™*
in the first run, which was significantly lower than on the
10 mL scale reflecting most likely mass transfer limitations
due to less effective mixing. The system proved very robust,
however, and the rates only declined after eight repetitive
batches. In run ten, almost 50% of the initially observed rate
was still maintained and the thermodynamic concentration
limit was reached upon prolonged reaction time. The contami-
nation of the aqueous product phase with ruthenium was
determined by ICP-MS measurements (Table S71). While a
notable leaching of Ru into the product phase was noted after
the first reaction (0.50 ppm), only trace amounts were detected
in all further runs (0.01-0.08 ppm). Over the entire process,
3.3% of the originally charged Ru was leached into the
product phase with a total loss of only 1% in runs 2-10
demonstrating proficient catalyst retention. The low leaching
values cannot explain the reduced catalytic activity indicating
that the chemical deactivation of the catalyst also plays a role
under small-scale laboratory conditions. After the last run,
15.5 g of catalyst phase was recovered corresponding to 95% of
the initially charged n-dodecanol proving also the excellent
phase separation and negligible cross-solubility.

While basic amino acids such as Arg have the potential to
act as scrubbing agents for CO, capture, other amino acids are
also very important as nutrients in animal feed. In particular,

This journal is © The Royal Society of Chemistry 2022
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methionine is an important amino acid for livestock feed for
poultry in which formic acid is a prominent preservative.>®°
Therefore, we also examined the application of the biphasic
system for CO, hydrogenation with Met in the aqueous
phase. The water phase was saturated with Met at its
maximum solubility (0.33 M) and n-dodecanol containing
0.5 mM of cis[Ru(Cy-dppm),Cl,] was used as the
catalyst phase. The reaction was conducted under standard
conditions (30 bar CO,, 60 bar H,, 70 °C) for 16 h led to a
formic acid-to-amino acid ratio of 0.6:1, corresponding to a
TON of 595. This result demonstrates that the catalytic system
is also compatible with neutral amino acids, opening a broad
spectrum of possible compositions for applications of these
solutions.

Amino acids are often applied in combinations for feed
supplements. The formation of formic acid was therefore
investigated using an aqueous solution containing a mixture
of the three essential amino acids, namely arginine, histidine
and methionine at their saturation limits (Arg 0.86 M, His 0.25
M, Met 0.33 M).®®> Under standard conditions (3 mL H,O, 30
bar CO,, 60 bar H,, 70 °C, 0.5 mM cis-[Ru(C;,-dppm),Cl,] in
2 mL dodecanol), a concentration of 0.86 M FA was achieved
after 2.5 h.

Conclusion

In summary, we have demonstrated that the hydrogenation of
CO, to formic acid can be performed effectively in biphasic
systems comprising aqueous solutions of amino acids as the
product phase together with an organic phase containing an
organometallic catalyst. Besides the choice of catalyst, a major
tuning factor of these biphasic systems lies in the respective
organic phase. The bio-based solvent n-dodecanol (lauryl
alcohol) was identified as a preferred solvent due to a combi-
nation of high catalyst activity, negligible water miscibility,
and its benign character. The use of CO,-saturated Arg solu-
tions as would be obtained from CO, capture was successfully
demonstrated to integrate the upstream carbon dioxide source
with the downstream product phase directly. Excellent reten-
tion of the catalyst was achieved leading to metal contami-
nation in the lower ppm range in the aqueous phase. In repeti-
tive batch experiments, a total turnover number of more than
100 000 was achieved with initial turnover frequencies in the
10® h™" range. Solutions of up to 0.94 mol FA per mol amino
acid were obtained using the basic amino acid Arg corres-
ponding to 108 g of newly formed HCOOH per kg solution.
Based on these results, aqueous solutions of amino acids
and formic acid resulting from the hydrogenation of CO, can
be envisaged for use directly or by further upgrading for high
value applications without the need for energy intensive iso-
lation of the HCOOH product from the reaction mixture. This
would allow the replacement of the present fossil-based formic
acid with a product based on biogenic CO, for certain appli-
cations. The possible connection of the energetic use of
biomass in biogas units and the upgrading of the inevitable

This journal is © The Royal Society of Chemistry 2022
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CO, byproduct to produce solutions that are used in farming
directly may open novel opportunities for the concept of bio-
energy conversion and carbon capture and utilization (BECCU)
for local value chains contributing to a reduced CO, footprint
in the agricultural sector.

Experimental

Repetitive hydrogenation in the semi-continuous reaction
setup

The flow-scheme of the semi-continuous reaction setup®' con-
trolled by LabView™ software (National Instruments) is shown
in Fig. 7 and described in more detail in the ESI.f The catalyst
cis-[Ru(C;,-dppm),Cl,] was weighed into a Schlenk-tube
(23.0 mg) and dissolved in n-dodecanol (10 mL). This solution
was then added into the 100 mL autoclave, the Schlenk-tube
was rinsed twice with n-dodecanol (5 mL) and the rinsing solu-
tions were also added to the autoclave. The autoclave was
sealed and connected to the plant. The substrate solution was
prepared by weighing arginine (157.0 g) for multiple runs into
the 900 mL high pressure reservoir, which was then evacuated
three times and flushed with argon. Afterwards, water
(150 mL) was added in argon counterflow. The high-pressure
reservoir was positioned on a precision scale balance, con-
nected to the plant, pressurized with CO, to 30 bar and stirred
at rt until the pressure remained constant.

Capillaries and a HPLC-pump were flushed with the aqueous
arginine solution up to the substrate inlet of the auto-
clave. Then, the autoclave was filled with 50 g of the substrate
solution and pressurized with hydrogen (90 bar) over a bypass.
The autoclave was then heated to 70 °C and the attained
pressure (105 bar) was set as the fixed pressure in LabView™.
The reaction was started by turning on the stirrer while the
pressure was kept constant by dosing H, via a mass-flow con-

Water
Arginine

MFC co,

Water
Arginine

High pressure reservoir

Autoclave

MFC

n-Dodecanol
[Ru]

Water
Arginine
FA

Fig. 7 Flow-scheme of the semi-continuous plant.
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troller (MFC). Data recording was started simultaneously. The
reaction was stopped as soon as no further flow of H, was
detected. The stirrer was stopped and the phases were allowed
to settle and separate for 2 min. The product solution was
removed through the bottom fine dosing valve at the reaction
temperature. Through the integrated window, the phase
boundary was observed to avoid losses of the catalyst phase.
The removed product phase was weighed and about 0.1 g of
this solution was mixed with maleic acid (10 mg) as the
internal standard and analyzed by "H NMR spectroscopy. For
the subsequent run, a fresh substrate solution was added into
the autoclave with the HPLC pump so that the previous reac-
tion pressure was obtained again. Afterwards the stirrer, the
H, delivery via the MFC, and the data recording were started
again. This procedure was repeated nine times. After the last
run, the catalyst phase was also removed and analyzed. The
ruthenium contents of the aqueous phases were quantified by
ICP-MS.
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