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We present an integrated process for in situ CO, hydrogenation
during bioethanol production by combining bio- and chemocata-
lysis. The biphasic catalytic system used comprises an aqueous
whole-cell fermentation broth and a tailored organometallic cata-
lyst in the organic phase. Glucose is converted to ethanol, and the
by-product CO, is simultaneously upgraded to formic acid in a
single reactor unit. Under the optimized conditions, 26% of the
generated CO, was hydrogenated directly.

Decoupling the production of chemical energy carriers and
products from the exploitation of fossil resources is an essen-
tial pillar in the development towards a more sustainable
future (“de-fossilisation”)." Biomass and carbon dioxide are
considered the most important alternative carbon resources in
post-fossil scenarios. Technologies for their utilization are typi-
cally developed separately, but their complementarity is recog-
nized as an important factor to reach the ambitious goal of a
closed anthropogenic carbon cycle. Using sunlight as the
energy source, biomass effectively accumulates CO, from the
atmosphere mainly in the form of carbohydrates. Their bio-
chemical conversion into products of higher energy density
leads, however, to a partial yet unavoidable release of carbon
dioxide as the coupled by-product. These biogenic CO,
streams may be envisaged as carbon feedstocks for valuable
products, e.g. via “power-to-X” technologies using green hydro-
gen. Such concepts of bio- and chemo-catalytic co-processing
can help in maximizing the carbon balance of biomass utiliz-
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ation while minimizing the energy requirement for atmos-
pheric CO, sequestration and conversion (Fig. 1).

Here, we present a fully integrated bio- and chemo-catalytic
process where carbohydrate fermentation and CO, hydrogen-
ation occur simultaneously in a single reactor. The fermenta-
tion of the C6 sugar glucose (C¢H;,06) using the yeast
Saccharomyces cerevisiae converts two-thirds of the carbon to
two equivalents of ethanol (C,H;OH) with the release of two
equivalents of CO,, which is hydrogenated in situ to give
formic acid (HCOOH) using a tailor-made ruthenium catalyst
(Fig. 2).

Chemo- and bio-catalysis are broadly used in industry and
academia for distinct processes. Their integration may result
in fruitful synergies where one of the two is not sufficient in
the chemical value chain. Thus, combining both catalytic dis-
ciplines is a longstanding research objective and a topic of
several reviews.” However, the combination of bio-catalytic
transformations using living or even proliferating cells with
transition metal catalysed reactions is particularly challen-
ging.” Integrated approaches comprising both catalyst types in
a single reactor are often hampered by diverging demands of
the two very different catalytic systems like temperature,
solvent, an oxygen atmosphere, additives, and complex growth
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Fig. 1 Utilization of renewable resources for biofuel production
through fermentation and additional catalytic CO,-reduction to value-
added products.
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Fig. 2 Overall reaction pathways of the integrated process for com-
bined carbohydrate fermentation to ethanol and CO, hydrogenation to
formic acid.

media. A rare example is the deprotection of allyloxycarbonyl-
p-aminobenzoic acid mediated by hyperstoichiometric
amounts of a ruthenium complex, where the free acid is used
as a nutrient for the growth of auxotrophic E. coli.* The syn-
thesis of phenyl cyclopropane in vitro was also reported, where
glucose is first converted by engineered E. coli to styrene,
which then reacts further via metallocarbene transfer using an
iron(m) phthalocyanine catalyst.*

The anaerobic fermentation of carbohydrates with
S. cerevisiae is arguably the most established biotechnological
process.”> While the released CO, is used partially for carbona-
tion in the beverage industry, there is currently no usage of it
as a chemical feedstock. One possibility to convert CO, to a
valuable product is its hydrogenation to formic acid, which is
used today as an agrochemical and also discussed as a hydro-
gen storage material.®® Molecular ruthenium complexes are
known to be particularly effective and robust catalysts for this
reaction, are able to operate under mild conditions and can
tolerate aqueous media.® Therefore, a direct combination of
the two catalytic transformations was envisaged comprising a
biphasic system organic/water to separate the organometallic
catalyst from the fermentation broth. Effective compartmenta-
lization of the ruthenium catalyst in the organic phase was
hoped to prevent any negative interference between the
chemo- and bio-catalyst and potentially allow for recycling of
the noble metal catalyst. The designed reactive system is
shown in Fig. 3.

The proliferation of yeast cells in standard minimal growth
medium (Verduyn for anaerobic growth, VfA)'® was used to
assess the effect of mechanical, physical, and chemical stress
on the fermentation process (Fig. 4). While formate had no
effect on the cells (see Fig. S8, ESI{), the use of magnetic stir-
ring bars of different geometries was found to exhibit a con-
siderable effect on cell growth as compared to shaking, with a
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Fig. 3 Schematic depiction of the envisaged multiphasic combination
of both transformations.
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Fig. 4 Comparison of the relative cell count after 24 h incubation in
a shaken Hungate tube (Hungate), stirred Hungate tube (Hungate
stirred), stirred reactor (Reactor, set as 100%), stirred reactor with 60 bar
H» (+H,), stirred reactor with tetradecane (+TD), stirred reactor with tet-
radecane and 60 bar H, (+TD +H,). Cells were counted with the
Amphasys Z32 impedance flow cytometer.**

cross-shaped stirring bar having the least damaging impact. In
standard Hungate tubes, cell growth was reduced by 23%
under stirring as compared to shaking (see Fig. 4). The same
growth behaviour was observed when conducting the fermen-
tation in a stirred high pressure reactor with a glass inlet as
required for the combined process. This value was set as the
reference for 100% cell proliferation activity. In the closed
reactor, a final pressure of 4.0 bar was detected due to the CO,
generation from fermentation after 24 h. Pressurizing the
reactor initially with hydrogen at 60 bar caused a decrease in
the cell growth to 76%, independent of the pressurization rate
(see Fig. S2, ESIT). Still, a seven-fold growth over the inocu-
lation time (¢,) was observed under high pressure.

The effect of the additional organic phase on the growth of
S. cerevisiae was investigated first in shaken Hungate tubes to
select a solvent with minimal impact. While slightly polar
methyl isobutyl carbinol (MIBC) and, to some extent, even the
non-polar decane showed toxic effects, a negligible impact was
found for the long-chain alkanes dodecane, tetradecane, and
hexadecane (see Fig. S3, ESIf). Dodecane and tetradecane
resulted in a certain decrease of cell growth in the high
pressure reactor upon stirring (1000 rpm), probably due to
increased mixing. In the presence of hydrogen, tetradecane
resulted in the retention of 44% of the unperturbed cell pro-
liferation, making this biphasic system the most promising
combination.

The selection of tetradecane as the catalyst phase imposes a
specific solubility profile for the catalyst. Recently, some of us
reported the ruthenium catalyst cis-[RuCl,(C;,-dppm),]
bearing the tailored bidentate phosphine C;,-dppm (bis(bis(4-
dodecylphenyl)phosphanyl)methane) as a ligand (Fig. 2),
which fulfils the requirement of partitioning almost exclusively
into the non-polar organic phase in alkane/water systems."” In
agreement with this design concept, the addition of the
complex to tetradecane had no effect on cell proliferation com-
pared to the organic solvent alone.
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Having established the principle compatibility of the indi-
vidual components, the combined process was carried out in
the biphasic system containing S. cerevisiae (ODgoop nm = 1) in
VfA (6 mL) with glucose (20 wt%) and cis-[RuCl,(C;,-dppm),]
(4 pmol) in tetradecane (1 mL) under H, atmosphere (60 bar).
Besides the main products formate and ethanol, the concen-
trations of the residual glucose and the metabolites glycerol
and acetate were determined by HPLC as well (see ESI, Tables
2-67). After 24 h, an ethanol concentration of 725 mM and a
cell growth of 56% with respect to the positive control were
observed together with a formic acid concentration of
12.6 mM in the aqueous phase. No formic acid was detected in
the organic phase. In sharp contrast, no significant amounts
of formic acid were detected using the established water
soluble catalyst for the hydrogenation of CO, [RuCl,(PTA),]
(PTA = 1,3,5-triaza-7-phosphaadamantane)"’ directly in the fer-
mentation broth under otherwise identical conditions (see
Fig. S4, ESIf). In pure water as well as in VfA, the PTA-based
catalyst achieved a formic acid concentration of 3.0 mM and
2.7 mM, respectively, within 24 h at 5 bar CO, and 60 bar H,.
This demonstrates the inhibiting effect of the growing cells in
the medium on the metal catalyst. The superior catalytic
activity of the tailor-made ruthenium catalyst cis-[RuCl,(Cj,-
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Fig. 5 Produced formic acid (c(FA)) at different histidine concentrations
and reaction times. Conditions: S. cerevisiae (ODggg nm = 1) in VfA (6 mL)
with glucose (20 wt%), cis-[RuCl,(Ci,-dppm),] (4 pmol) in tetradecane
(1 mL) and H, (60 bar). The histidine concentration did not vary over the
course of fermentation, so we do not expect any direct influence on the
yeast metabolism (see Fig. S7, ESI¥).
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dppm),] confirms the effective
compartmentalization.

Although the application of H, pressure has a negative
impact on cell growth, the extent of this effect is not strongly
dependent on the final hydrogen pressure (see Fig. S2, ESIT).
In contrast, the hydrogen pressure influence on formate pro-
duction was significant as shown in Fig. S5.7 Increasing the
H, pressure from 30 bar to 120 bar gave three times more
formic acid after 24 h. No significant benefit of a further
pressure increase was noted and thus, a partial pressure of 120
bar H, was chosen for further studies.

The formation of formic acid from CO, and H, is an equili-
brium reaction that is known to be greatly facilitated by the
presence of amine bases.® Various alkylamines were tested but
resulted in no live cells after incubation in agreement with
their known toxicity to microbes.'* Therefore, basic amino
acids were considered as biologically benign alternatives.'®

The addition of arginine and lysine was lethal for the cells,
probably due to the pH shift or high osmolarity. Histidine,
however, was tolerated to a significant extent. In 24 h incu-
bation experiments, 50 mM concentration of histidine caused
a growth reduction of 20%, which increased to 50% on rising
the concentration of histidine to 100 mM. An increase of histi-
dine concentration to up to 200 mM had no further impact on
the cell growth (see Fig. S6, ESI).

A series of experiments were conducted to find the
optimum balance of histidine concentration between the negative
effect on cell growth and the positive effect on the hydrogenation
equilibrium (Fig. 5). Conducting the reaction for 24 h at different
histidine loadings showed an overall positive effect, reaching a
maximum production of formate of ca. 60 mM at an amino acid
concentration of 100-150 mM. Extending the reaction time to
48 h resulted in the maximum formate concentration of 140 mM
corresponding to the turnover number (TON) per ruthenium
center of 200 using a histidine concentration of 150 mM. No histi-
dine was found in the tetradecane phase by NMR analysis.

Since the thermodynamically limited equilibrium of an
equimolar amount of HCOOH to histidine was approached
under the optimized conditions, a second series of experi-
ments was carried out at a reduced catalyst loading (2 pmol
instead of 4 pmol) and increased H, pressure (120 bar). An
overview including experiments without histidine under the
same conditions can be found in Table 1, while the concen-
trations of the metabolites are listed in the ESI Tables S2-S5.}

importance of an

Table 1 S. cerevisiae catalysed glucose fermentation combined with Ru-catalysed CO, hydrogenation.? Diagrams can be found in the ESI{

Entry Time Live cells” [%] Dead cells” [%] ¢(FA)" [mM] TON ¢(EtOH)’ [mM]
1 24 h 40.4 £ 4.6 20.9+5.5 10+2 31+6 415 £ 62
2 24 h + His? 20.1+4.2 26.1 +8.2 25+2 82+9 154 £ 16
3 48 h® 24.7 +11.5 32.0+12.8 25+3 83+4 651 + 93
4 48 h + His? 31.4+3.8 20.6 £ 5.5 128+9 406 + 8 484 + 45

¢ All experiments were conducted in fivefold determination; reactor volume = 12.5 mL, H, = 120 bar, cis-{RuCl,(C,,-dppm),] = 2 pmol, tetradecane
(1 mL), VfA (6 mL) with glucose (20 wt%), 1000 rpm, 30 °C. ? Cell count determination using Amphasys Z32 relative to the PC in the reactor for
24 h and 48 h (each set as 100%). ° Determined via HPLC calibrated by dilution series of known concentration. ¢ Additional 150 mM histidine.
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Overall, the total cell count after 24 and 48 h reaction times
was comparable (see Table 1) and the pressure curves showed
a much slower, if any, CO, production after 24 h (see Fig. S12,
ESIt), indicating dormant cells at this stage. The consumed
amounts of glucose and the resulting ethanol concentrations
match very well with the observed cell growth. The formic acid
concentration in turn correlates mainly with the amount of
histidine and the reaction time. Without a base, the concen-
tration of formic acid reached 10 mM after 24 h and 25 mM
after 48 h. In the presence of 150 mM histidine, 25 mM formic
acid was obtained after 24 h that increased further to 133 mM
after 48 h, corresponding to 89% of the maximum equilibrium
conversion.

Under the reaction conditions in Table 1, the ruthenium
catalyst produces 406 mol of HCOOH per mol of the charged
complex in a single run (TON = 406). The catalyst is still
active at the end of the reaction as demonstrated by re-using
the organic phase. After removal of the product containing
aqueous fermentation broth, fresh growth medium with new
cells was added to the reactor and the fermentation/hydro-
genation was repeated with the same catalyst phase. In the
second run, a formic acid concentration of 99 mM was
achieved, retaining 75% of the initial performance. Further
recycling was hampered by foaming, preventing clean phase
separation on a small laboratory scale, but a total turnover
number of 1089 based on the initially charged ruthenium
complex could be produced over five consecutive runs (see
Table S6 and Fig. S19, ESIf). The ICP-MS analysis of the
aqueous phase showed a total Ru loss of 4.7%, with the
majority being lost after the first run (2.3%). The reduced
activity therefore cannot be explained solely on the basis of
catalyst leaching.

The mass balance of the fermentation products could be
closed regarding the above mentioned metabolites between
88% and 96% (Tables S2-S5, ESIT), allowing the estimation of
the carbon loss as CO, from the stoichiometry of glucose con-
version (Fig. 2). As the chosen standard laboratory strain
S. cerevisiae S288C does neither show anaerobic formate pro-
duction nor consumption (see Fig. S8, ESI}), the experi-
mentally determined concentration of HCOOH corresponds
directly to the upgraded by-product. Without histidine, 4% of
the released carbon dioxide was converted after 48 h. The
addition of the stabilizing base increased the reconversion rate
to remarkable 26% within the same time even under the non-
optimized small-scale conditions.

In conclusion, we have demonstrated the first example of
an integrated process combining biomass fermentation with
chemo-catalytic CO, hydrogenation. The judicious choice of
the individual components and the systematic investigation of
the reaction system enabled us to upgrade 26% of the waste
CO, from fermentation into formic acid. While the down-
stream processing of the product containing the fermentation
broth was not investigated under the laboratory conditions,
the isolation of bioethanol can be expected to be achieved by
following standard techniques.'® The formic acid product
might be extracted and isolated subsequently also by estab-
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lished methods."” Alternatively, the resulting aqueous phase
containing the amino acid-formic acid mixture could even be
considered directly for agrochemical applications such as
cattle feed, similar to aqueous formic acid solutions
which are already in use today.'® Co-feeding of the formate
enriched broth to enhance microbial growth or product for-
mation in other biotechnological processes could also be
envisaged."®

While bio-energy conversion with carbon capture and
storage (BECCS) is attracting significant interest as a potential
large-scale carbon negative technology,”® the upgrading of
waste CO, to valuable products offers an attractive complemen-
tary approach to improve the carbon balance with additional
economic potential (Fig. 1).” The combination of both con-
cepts is thus described by the term “bioenergy conversion with
carbon capture and utilization (BECCU)”. Currently reported
BECCU strategies comprise either biocatalytic approaches like
algae-based biotransformations and biological Sabatier pro-
cesses or focus on chemical transformations.”’ The example
presented here demonstrates that even fully integrated co-pro-
duction of chemo- and biocatalysis can be achieved in certain
cases. The highly dynamic progress in the fields of biomass
conversion and catalytic CO, chemistry offers a promising
basis for further development of the general concept as contri-
bution towards an increasingly closed anthropogenic carbon
cycle.
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