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Production of formate from CO; gas under ambient conditions:
towards flow-through enzymes reactors*

Mohamed Baccour,® Alexandra Lamotte,>® Kento Sakai,® Eric Dubreucq,®” Ahmad Mehdi,® Keniji
Kano,* Anne Galarneau,® Jullien Drone *-® and Nicolas Brun**$

A flow-through bi-enzymatic reactor was developed to prod
formate from carbon dioxide gas (CO,). The reaction operates
under ambient conditions without hydrogen gas (H;) and involves
a high performance formate dehydrogenase  from
Methylobacterium extorquens AM1 (MeFoDH1). The tandem
reaction features in situ regeneration of the nicotinamide adenine
dinucleotide (1,4-NADH) cofactor performed by a highly active
mutant of the phosphite dehydrogenase from Pseudomonas
stutzeri, without any side reaction. One of the highest turnover
number reported to date into the literature was reached (6 700)
giving a high space-time yield of 0.6 MmOl ue Min? L o

Humankind is facing a carbon conundrum requiring a shift in
energy economics paradigm. As mentioned in the last IPCC
report,® a drastic reduction of anthropogenic CO, emissions is
mandatory to follow pathways that limit global warming to 1.5
*Cin 2100. To achieve this objective, global CO; emissions must
reach net zero in the foreseeable future (2040 to 2055). In this
context, low energy and low cost processes of carbon capture
and its reuse appear as key challenges. CO; should not be seen
anymore as a waste but as an alternative carbon feedstock to
produce platform chemicals and energy carriers. There is a need
of innovation to develop such efficient technologies.
Hydrogenation processes, producing formate/formic acid,
methanol, dimethyl ether or hydrocarbons from CO, and H,,
have been largely studied and demonstrated at the pilot plant
scale, but are high energy-consuming processes.?* Formic acid
(FA) has been seen as a promising and safe hydrogen energy
carrier® and its worldwide demand is expected to grow
significantly in the context of renewable energy (see for
example the HYFORM-PEMFC technology®). The global
production of FA was 1015 kilotonnes (kt) in 2016 and it will
reach 1217 kt in 2022.7 Usually, catalytic hydrogenative
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conversion involves high pressures and temperatures (> 20 bar
and 140 °C) and requires the compression/concentration of CO,
and Hy. As far as storage and safety are concerned, the use of
high-pressure hydrogen gas might be a major drawback. CO; is
thermodynamically stable and its difficult chemical activation
has incited the scientific community to seek sustainable
catalytic processes running under milder conditions.

Amongst emerging strategies to produce valuable chemicals
from CO;, electrochemical,®*? photoelectrochemical® and
photochemical®*** reduction routes have been seen as
promising as they could offer chemical storage medium for
intermittent electrical energy supplies. Particularly, several
techno-economic analyzes indicate that the electrochemical
CO; reduction reaction (COzRR) to produce formate/FA could
soon be commercialized successfully.’”*® Recently, a few
studies have reported encouraging results for the selective
CO;RR to formate/FA in continuous modes, using flow cell
reactors.*!2 These processes present, however, some
constraints. Proietto et al.® had to increase the CO, pressure
from 1 to 30 bars to increase the faradaic efficiency (FE, that is,
the selectivity) from 15 to 70 %. Lee et al.}® and Xia et al.}!
reported FE superior to 90 % under ambient conditions, at
moderate operational voltages (below 3 V) and with high
productivities (i.e. current densities up to 200 mA cm™2).
Nevertheless, due to competition with the hydrogen evolution
reaction at the cathode,'® and to ion conductivity limitations at
the membranes and in the electrolyte!*, the highest energy
efficiency was still inferior to 65 %,° causing substantial energy
losses. Moreover, CO;RR flow cells usually require the use of
noble metal catalysts (e.g. platinum®*® ** or iridium® *!) for the
oxygen evolution reaction occurring at the anode, affecting
their economic and environmental viability.

Another promising alternative lies in biocatalytic processes, as
they run on relatively mild conditions, are ecologically-friendly?®
and highly selective, and do not rely on electricity or sunlight to
operate. Furthermore, the structurally well-defined and
atomically well-dispersed active sites of metalloenzymes (or any
other enzymes) make them a growing source of inspiration for
the design of atom-economic catalysts.?! Several biocatalysts
including enzymes and bacteria have been studied for the
conversion of CO;.22** Amongst them, formate dehydrogenases



(FoDHs) have been widely reported, ™ especially the
commercially available FoDH from Candida boidinii (CbFoDH).25-
31 The use of FoDHs presents, however, several major
limitations amongst which, the low concentration of gaseous
CO; in aqueous solutions, due to equilibria with carbonic acid,
carbonate and bicarbonate, the need for an expensive loosely
bound cofactor, the low CO,-reducing activity and/or extreme
oxygen sensitivity of most FoDHs.2* On the one hand, most
oxygen-stable FoDHs, including CbFoDH, exhibit low CO;-
reducing activities.’® On the other hand, a few oxygen-stable
FoDHs have demonstrated superior CO,-reducing properties,
including FoDHs from Thiobacillus sp. KNK6SMA (TsFoDH),3%34
Rhodobacter capsulatus,s Clostridium carboxidivorans strain
P7T,%® Desulfovibrio vulgaris Hildenborough (DvH-FoDH),3"- 38
and Methylobacterium extorquens AM1 (MeFoDH1).3%43

The latter is a soluble heterodimer with a tungsten-
containing active site and five iron-sulfur clusters.3® MeFoDH1
is stable under aerobic conditions, making it suitable for
industrial applications, while most of the previously
characterized metal-containing FoDHs were reported to be
extremely oxygen-sensitive.”® MeFoDH1 is a NAD-dependent
enzyme, requiring the cofactor nicotinamide adenine
dinucleotide (NAD) in its active reduced form, 1,4-NADH. As
NAD is relatively unstable and expensive, it has to be
regenerated in situ* (i.e. the oxidized form NAD' has to be
reduced to 1,4-NADH). In the last years, various strategies have
been developed either to use artificial redox mediators or to
selectively reduce NAD*' to 1,4-NADH. Besides catalytic,®
electrocatalytic®® 47 and photocatalytic3! 4850 pathways largely
employed for the in situ regeneration of 1,4-NADH, the
enzymatic pathway using phosphite dehydrogenase (PtDH) has
been seen as one of the most efficient.?®-5152 The latter is highly
selective and clean, as it does not involve any additional
reactants and leads to no by-products, except for the
phosphite-phosphate couple already present in the buffered
reaction medium. In our previous study, a PtDH mutant from
Pseudomonas stutzeri (plasmid pET15b-PTDH12x; see section
S$1, Figure S1 in Supporting Information for more details)>* was
associated with commercial dehydrogenases, in a cascade
reaction including CbFoDH, for the reduction of carbon dioxide
into methanol.?® The low CO,-reducing activity of the
commercial CbFoDH was seen, however, as a major obstacle to
envision cost effective and productive enzyme-based catalytic
processes. More recently, this multi-enzyme cascade reaction
was significantly improved by Lee et al.53 by using recombinant
dehydrogenases.

In the present study, stable MeFoDH1 has been used as a
rational alternative, based on its superior activity of CO;
reduction compared to CbFoDH and TsFoDH (see section S2,
Figures S2-4). First, pure MeFoDH1 (168 kDa) and PtDH mutant
(36 kDa) were combined with an excess of NAD* in a tandem
reaction in batch for the selective production of formate from
CO; gas (Figure 1a; section S3, Figures S5-7). Key parameters
were adjusted to enhance formate productivity (section 54 in
Supporting Information). One of them is the solubility of CO; in
water.22 When sodium bicarbonate (NaHCO;, 0.1 M) was used
as the sole source of CO, in sodium phosphite buffer (0.5 M, pH

6.4), the production of formate was limited apd, could be
detected only after 8 hours of reaction (FiguréS8) er&stingRy
when CO, bubbling was used together with NaHCO;, formate
concentration drastically increased (Figure S8), while the pH
was not significantly affected (from 6.4 to 6.3). In a recent
publication, K. Fuji et al. reported that CO, bubbling strongly
increases the concentration of CO; in water.3® This is due to a
faster solvation of gaseous CO, compared to the rate of
conversion of dissolved CO; into carbonic acid H2COs.
Considering that CO; is the sole substrate that undergoes
reduction to formate via hydride transfer at the tungsten active
site of MeFoDH1,5% the concentration of CO, in water can be
seen as a limiting factor, making CO, bubbling a key parameter
to reach high formate productivity. Besides CO, bubbling,
polylethylene glycol) diglycidyl ether (PEGDGE, 500 Da) was
selected as a functional additive to promote CO, dissolution in
the reaction medium. The electron-rich ether oxygen atoms in
the poly(ethylene glycol) chains are believed to be involved in
acid-base reactions with dissolved carbon dioxide, which could
increase CO; concentration in the vicinity of MeFoDH1.5
PEGDGE was also selected in order to stabilize enzymes into
cross-linked enzyme aggregates (so-called CLEAs)®® via the
diglycidyl ether end groups that can react with amine groups of
both enzymes and cofactors. Furthermore, PEGylation has been
reported as an efficient way to enhance the activity of
encapsulated dehydrogenases.?® 5 The results obtained herein
support these assumptions. As shown in Figure 1b, in the
absence of PEGDGE, formate could not be detected after 5 min
reaction (concentration under the detection limit), while its
addition in the reaction medium clearly boosted formate
production wuntil a plateau was reached at higher
PEGDGE/enzyme ratio. Another key parameter is the enzyme
concentration (including PtDH and MeFoDH1). At a constant
PEGDGE/enzyme ratio of 0.08 pl/ug and a constant
PtDH/MeFoDH1 molar ratio of 0.23, the increase in enzyme
concentration led to a linear increase in formate production
(Figure 1c). Those features suggest that, under the selected
experimental conditions (0.1 M NaHCO; together with CO,
bubbling; see section S4 in Supporting Information for more
details), CO, availability was not a limiting factor anymore.

Another important parameter when dealing with tandem
enzymatic reaction is the relative activity of the enzymes,
expressed in unit ratio Uppu/Useroon; (S€€ sections S1-2). The
second enzyme should have a higher activity than the first one.
As shown in Figure 1d, an increase in Upow/Upgeroons ratio up to
5 led to a significant increase in formate production. The highest
productivity in batch with the two free enzymes was 0.88
HMOltormate Min™ Mg seroons Over 30 min and was obtained with
a composition, in molar ratio, of 1 MeFoDH1: 5 PtDH: 341 NAD*:
91 PEGDGE. This result corresponds to the production of 6.5
HMOlgormate iN 2 ML solution. The turnover number (TON) and the
turnover frequency (TOF) for MeFoDH1 were 4460 and 149 min~
!, respectively (Table 1). Productivity, TON and TOF are the
highest reported to date for the NAD-dependent biocatalytic
production of formate from CO, gas. 293050

In order to demonstrate the feasibility of applying this
enzyme tandem reaction to a supported continuous flow set-



up, the whole optimized biocatalytic system — i.e. MeFoDH1,
PtDH, NAD* and PEGDGE ~ was immobilized within particular
hierarchical porous inorganic monoliths. Those monoliths are
obtained via spinodal decomposition®® and contain
homogeneous and interconnected flow-through macropores
and mesopores with high surface area. In literature, analogous
silica-based monoliths were reported for flow-through
heterogeneous catalysis®? and biocatalysis®3. Their singular
textural properties were demonstrated to significantly improve
productivity due to an optimal mass transport leading to
perfectly defined contact times.52 Herein, a silica monoliths? and
its carbon replica® were both employed as porous supports for
the immobilization of the optimized bi-enzymatic system and
their performances were compared in continuous flow
processes. Both monoliths display a co-continuous skeleton
with large homogeneous macropores of 40 um diameter (Figure
2a and section S5, Figure S9 and Table S1) for an optimize
permeability with very low drop pressure.5s The silica monolith
features large mesopores diameter (20 nm), leading to a specific
surface area of 300 m? g! (80 m? ecm3). Its carbon replica
displays a bimodal mesoporosity (diameter of 7 and 14 nm;
Figure 2b) and a larger specific surface area of 1000 m? g* (200
m? cm3). Cylinder-shaped monoliths of 0.6 cm diameter and 1.4
cm length for the carbon monolith and 1.1 ¢cm length for the
silica monolith (corresponding both to 0.24 mL of total pore
volume) were cladded with impermeable PTFE heat-shrink
tubing together with two stainless steel tubes at each end and
connected by Swagelok fittings to a peristaltic pump (Figure 2c¢).
The cladded monoliths were then impregnated under flow (0.2
mL min-t) with the optimized biocatalytic system (1 MeFoDH1:
S PtDH: 341 NAD': 91 PEGDGE) in sodium phosphite buffer (0.5
M, pH 6.4) solution (0.28 mL) in order to fill the total pore
volume of the monoliths. The monoliths were then kept at 4 *C
for 24 hours in static conditions to insure the immobilization
inside the mesoporosity via the cross-linking between PEGDGE,
enzymes and cofactors. Subsequently, the monoliths were
washed with sodium phosphite buffer under flow (20 mLat 0.2
mL min?!) to leach out non-cross-linked molecules. The two
reactors were named CLEAs@Carbon and CLEAs@Silica.

A sodium phosphite buffer solution containing NaHCO; in
which CO, was bubbled, was flowed through the monoliths at a
flow rate of 0.2 mL min'}, corresponding to a contact time of 1
min. Formate production was monitored within time for 40 min
(Figure 3, Figure S10). For CLEAs@Silica monolith, the formate
productivity was low (space-time yield (STY) of 0.1 mmolemate
min® LY .. oOver 40 min), whereas for CLEAs@Carbon
monolith, the formate productivity was much higher (0.6
mmoltormate MIN™ L eactor Over 40 min) and reached 0.99
HMOliormate MiN? ME? peron, Which was higher than the one
obtained in batch with free enzymes (0.88 umole,, mate Min* mg
meroos1)- While in batch with free enzymes, a plateau was
reached after 5 min of reaction, the CLEAs@Carbon monolith
allowed a continuous production over 40 minutes, presumably
due to the equilibrium displacement of the reaction and to a
shorter contact time. Interestingly, carbon reactors were more
efficient than silica reactors (Figure 3), probably due to the
higher CO, adsorption capacity of carbon monoliths (2.16 mmol

g*, 0.43 mmol cm3) in comparison to silica mopgliths.(Q.47
mmol g, 0.12 mmol cm?) (see section SEFighre $109HaVHng
CO; localization in the vicinity of the enzymes.

However, the production rate of formate decreased at each
uptake (from TOF = 222 min™ after 5 min to TOF = 101 min™* at
40 min) and formate concentration was below accurate
detection after 45 min. With silica reactors, formate
concentration was below accurate detection after only 15 min.
As the leaching of enzymes and cofactor was not detected, one
may assume that the decrease of the activity rate over time
might be due to the spontaneous degradation of NADH in mild
acidic medium and in the presence of CO,, as reported in
literature?”. NADH degradation occured at pH < 7.8 and our
reaction was run at a pH of 6.4 to 6.3. Furthermore, the
formation of carbonic acid (pKa 6.37) by solvation of CO; could
decrease locally the pH around NADH. Moderate increase in pH
and/or addition of ionic liquid (IL) in the reaction medium??. 53
to form CO,/IL/H,0 aggregates, which avoid carbonic acid
formation, are some investigations we will further follow to
stabilize NADH. Moreover, taking into account the price of
sodium phosphite and its use in a large excess (yielding a very
low conversion rate to phosphate of co. 0.225 % for
CLEAs@Carbon), a recycling procedure must be considered to
better improve the sustainability of our system.

As shown in Table 1, the «catalytic activities of
CLEAs@Carbon monolith reactors, assessed through TON and
TOF values, are very close to the one of free enzymes in batch.
This feature demonstrates the effective immobilization of
MeFoDH1, PtDH and NAD* within the carbon monolith together
with an excellent CO, availability.

Despite the stability issue of NADH, the TOF determined per
mol of MeFoDH (i.e. per mol of tungsten) in CLEAs@Carbon
monolith is superior to all NAD-dependent biocatalytic
systems.3* This value (166 min-!) also surpasses most of the TOF
values reported in literature for organometallic-based
hydrogenation catalysts,? (bio)electrocatalysts,*® **+ * and
photo(electro)catalysts*® (see section S7, Table S2 in Supporting
Information). Miller et al.37 reported higher TOF and TON using
a photocatalytic system with a tungsten-dependent FoDH (DvH-
FoDH) and without NAD. The latter, however, had to operate
under nitrogen atmosphere to protect the enzyme from aerobic
damage. Interestingly, the STY reported for CLEAs@Carbon
monolith is superior to the one recently reported by Park et al.5¢
for CO, hydrogenation to formic acid over heterogenized
ruthenium catalysts using a fixed bed reactor (0.12 mmolg, min-
L L% pactor Over 30 days at 140°C and 140 bars). Nevertheless, the
catalytic activity of CLEAs@Carbon monolith per mol of metal
(TON and TOF) is inferior to the best ruthenium®*® and iridium-
based? ® catalytic systems (see Table S2). Those last processes,
however, operate under harsh conditions (i.e. 80-140°C and 80-
140 bars of CO,/H;), and some new less costly technologies
need to be developed. To the best of our knowledge,
CLEAs@Carbon monolith represents one of the most efficient
processes running under ambient conditions without the need
of pressurized H,. Once the long-term stability issue is solved,
the development of enzymatic reactors in continuous flow
could represent a sustainable alternative to organometallic



catalysts in batch, enabling a safer, lower energy consuming
process with no separation of catalyst, no filtration, no
compression of CO; and above all no pressurized H;. Beyond the
production of formate, the biocatalytic reactor developed
herein is the first step towards a multienzymatic cascade
reaction to produce methanol.?® 5 Owing to the large market
demand for methanol and to the low profitability if produced
from CO:RR electrochemical systems*?, enzymatic flow-through
reactors to obtain methanol from CO, might become an
economically viable alternative in a near future. The
development of such reactors is underway.

Conclusions

In summary, we have demonstrated the ability of the formate
dehydrogenase from M. extorguens AM1 (MeFoDH1) and a
phosphite dehydrogenase mutant from Ps. stutzeri (PtDH) to
work in a tandem reaction, with a clean in situ regeneration of
the NADH cofactor. The use of CO, bubbling, poly(ethylene
glycol) diglycidyl ether and an unconventional optimized carbon
monolithic support for enzymes immobilization allowed
reaching the highest productivity reported to date for NAD-
dependent biocatalytic systems for the production of formate
from CO, gas. A flow-through reactor was developed leading to
high STY (0.6 mmolsrmate Min™ L eacer) and competitive TON
(6 653) and TOF (166 min) without the need of H, and under
ambient conditions. Despite a modest stability, the flow-
through enzymes reactor developed herein is superior to all
NAD-dependent biocatalytic systems and is also superior to
most of the hydrogenation catalysts, electrocatalysts and
photo(electro)catalysts reported in literature. Further
investigations on the reaction medium (e.g. higher pH, slight
increase in CO, pressure, addition of IL), the immobilization
method and/or the use of more stable NAD synthetic
analogues™ 7 are underway.
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Figure 1. Tandem batch reactor. {a) Schematic representation of the enzyme tandem reaction developed for the producticn of
formate from CO; gas. (b) Influence of the PEGDGE/Enzyme ratio (uL/pg) over formate production after 5 min reaction. {c)
Influence of the enzyme concentration {ug/mL) over formate production after 5 min reaction. (d) Influence of the Uppu/Usesania
ratio over formate production after 30 min reaction.
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Figure 2. Flow through reactor. (a) Scanning electron micrograph and (b) Nitrogen sorption isotherm at 77 K of the carbon
monolithic support. (c) Photograph of the carbon monolith (up) and the cladded reactor (bottom).
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Figure 3. Flow through formate production. Cumulative formate production (umol) over time in a buffered solution saturated in
CO, (0.1 M NaHCO, together with CO, bubbling). Fractions of 1 mL were collected every 5 minutes. Flow rate: 0.2 mLmin.
Contact time: c.o. 1 min (Total pore volume within the monolith of ca. 0.24 mL). The contact time in the batch reactor

corresponds to the reaction time.
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Table 1. Catalytic activity of batch (i.e. free enzymes) and flow through (i.e. immobilized CLEAs) reactors.

TON*  TOF® (min‘?)

Batch reactor® NAD* 14 0.47
Free enzymes PtDH 890 30
MeFoDH1 4460 149
Flow through reactor* NAD' 21 0.52
CLEAs@carbon PtDH 1328 33
MeFoDH1 6653 166

*Turnover number (TON) is determined as the number of moles of formate produced per mole of catalyst (i.e. NAD', PtDH or
MeFoDH) before inactivation. *Turnover frequency (TOF) refers to the TON per minute. 30 minutes reaction. 40 minutes

reaction. Based on experimental errors, a standard deviation of ca. 5 % was estimated.
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