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1. This work advances green chemistry as the first enzymatic Carbon Capture and
Utilization (CCU) report using environmental metrics to support carbon-neutral
manufacturing. It valorises industrial emissions and renewable feedstocks into
high-value chemicals, significantly reducing the environmental footprint for
climate change.

2. The system achieved a record 66.1 mM formate production, 93.3% capture
efficiency, and complete conversion into high-value products. This achievement
demonstrates high process selectivity and a remarkably low Global Warming
Potential (GWP) of 13.2 kg CO, eq per kg of product.

3. Future work should focus on: 1) optimizing FDH catalytic efficiency (kcat/Km) via
protein engineering or bioprospecting to overcome kinetic bottlenecks, and 2)
enhancing CO, mass transfer through synergy with Carbonic Anhydrase (CA).
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Abstract

The global energy transition toward decarbonization requires highly efficient Carbon
Capture and Utilization (CCU) technologies that combine economic feasibility,
operational stability and environmental sustainability. A key factor for successful CCU
is efficient CO, gas—liquid transfer, which can be optimized through tailored reactor
designs to maximize yields and utilization. Technological advances such as CO,-specific
sensors have enabled accurate monitoring of CO, mass balance enhancing the efficiency
of its conversion. This work addresses an in-depth analysis of CO, mass transfer in a
stirred-tank reactor, focusing on the impact of volumetric gas flow rate on gas-liquid
transfer during the multi-enzymatic conversion of CO, into high-value compounds using
a co-immobilized biocatalyst of formate dehydrogenase and glycerol dehydrogenase
enzymes. The volumetric mass transfer coefficient (k,a) was determined at different gas

flow rates (1, 0.5 and 0.1 vvm) from a 24% CO, gas mixture, with the reaction carried

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

out at 0.1 vvm achieving an outstanding formate production of 66.1 + 1.4 mM (3 g L"),

due to near-neutral pH conditions that improved the reaction conditions and enhanced
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biocatalyst stability by at least 1.8-fold compared with high gas flow rate (1.0 vvm).
Furthermore, a remarkable CO, capture efficiency of 93.3 £ 2.1% was achieved at 0.1
vvm, along with a high selectivity toward formate and glycerol carbonate, reflecting a
complete CO, conversion into target products. Finally, the environmental impact of the
reaction at 0.1 vvm showed a lower contribution to climate change, reaching 13.2 kg CO,
eq kg products !. These results underscore enzymatic CO, reduction as an effective and
sustainable approach for the development of bio-based industrial processes with a

markedly reduced environmental footprint.
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Global Warning Potential.

1. INTRODUCTION

Carbon dioxide (CO,) is gaining increasing recognition as a valuable carbon feedstock as
the global energy landscape shifts toward decarbonization. In this context, CO,
conversion technologies offer a strategic approach to simultaneously enhance energy
storage, contribute to global climate objectives, and promote the development of a
circular carbon economy. (1) However, scaling up these technologies to industrial
processing plants requires comprehensive optimization to ensure economic viability and
operational stability. (2) Despite significant advances to develop more efficient catalysts
for CO, reduction and translating these processes to larger scales, studies focusing on

reactor engineering aspects to optimize these catalytic processes remain limited. (3)

For conventional chemical reactions, including catalytic conversions, reactor engineering
has long provided a robust and effective framework for achieving maximum productivity
while minimizing cost and energy losses. (4) Moreover, this approach is crucial for
enhancing reaction performance, facilitating efficient mass and heat transfer, improving
product selectivity and increasing overall process efficiency. (4,5) Under these principles,
a fundamental requirement for the success of both CO, capture and utilization processes
is the efficient transfer from the gas to the aqueous phase, enabling effective mitigation.
(6) Therefore, evaluating CO, mass transfer through tailored reactor configurations is

essential to advance industrial deployment of CCU technologies.
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Under this context, the volumetric mass transfer coefficient (k) is a key paramgter, thab . oossc
quantifies the rate of gas movement to the liquid phase, directly influencing reaction
kinetics and overall performance in inter-phase systems. &;a is commonly used to assess
reactor efficiency, optimize the design and operation of mixing and sparging equipment,
and plays a critical role in process scale-up. (7) In many processes involving the direct
conversion of gases such as CO, or oxygen (O,), mass transfer may be slower than the
reaction rate; therefore, the rate of gas - liquid transfer becomes the limiting step of the
entire process, and its optimization is therefore crucial. (8) Furthermore, in the case of
CO, there is an additional step during this transfer, the chemical reaction rate at which
CO, reacts with water to form various inorganic carbonate species in equilibrium. (9)
Therefore, assessing the volumetric mass transfer coefficient of CO, in the biocatalytic
reaction is crucial for evaluating reaction rates, improving process efficiency, optimizing

reactor performance and enabling successful scale-up.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

CO, gas — liquid transfer has been typically considered as analogous to O, transfer by
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applying correction factors to account for differences in diffusion coefficients between
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the two gases. (10) This approach stems from the extensive availability of O, sensors, the
ease of measuring O, transfer, and the abundance of published data. (11) However,
modern advances have enabled the development of CO,-specific sensors that directly
measure gas—liquid transfer by detecting pH changes caused by inorganic carbon species
(7) , as the digital in-line CO, sensor used in this work. In addition, most CO, mass-
transfer studies have focused on low pH conditions, where its equilibrium concentration

is higher, while only few have evaluated its &;a at neutral or higher pH. (12)


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6gc00387g

Green Chemistry Page 6 of 46

w Article Online

Consequently, by applying mass transfer analysis and reactor engineering prinGiples, itd$ . ooz
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possible to integrate instrumentation such as sensors and control systems that generate
reliable data to evaluate the overall process balance, ensuring favorable economics when
all reactor components perform optimally. Furthermore, adjusting the gas supply rate to
maintain the dissolved CO, concentration near the optimum for the reaction conditions
can reduce unnecessary gas expenditure and maximize the fraction effectively converted

into product. (13)

In this study, we investigate the mass transfer of CO, in a multi-enzymatic reduction
system for the simultaneous production of three high value-added compounds: formate,
dihydroxyacetone (DHA) and glycerol carbonate (GC) (Fig. 1). In our previous work, the
multi-enzymatic system was developed using the enzymes formate dehydrogenase (FDH)
and glycerol dehydrogenase (GlyDH) in their free form (14) , as well as co-immobilized
on the Ni**-ReliZyme carrier (bifunctional biocatalyst) (15) . FDH enzyme has been
considered a key model for the design of CO, fixation systems, enabling the production
of the only CO,-derived product currently manufactured at industrial scale, formic acid
or formate. (16) This compound finds a wide range of industrial applications, serving as
a chemical feedstock, in the textile and leather industries, and as a food additive. (17) To
complement this reaction, GlyDH was selected to enable in situ cofactor regeneration
through glycerol valorization, which is abundantly generated as a byproduct of the
biodiesel industry, making it an industrially relevant and low-cost feedstock. (18) From
this, DHA is produced, a compound utilized as a tanning agent in the cosmetic industry

and as a building block in pharmaceutical synthesis. (19) This FDH-GlyDH synergy has
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ensured efficient NADH cofactor recycling while simultaneously coupling, ,tw
thermodynamically challenging reactions and adding value to industrial feedstocks like
CO, and glycerol. (14) .Additionally, GC is formed as a byproduct through the direct
carboxylation of CO, and glycerol (20) [reaction mechanism in Fig S2, SI], catalyzed by
metals such as nickel (Ni**) on the immobilization carrier and zinc (Zn?*) in the active site
of metalloenzyme GlyDH from Bacillus stearothermophilus. (21). This is another high-
value chemical with applications in the polymer, pharmaceutical, and cosmetic industries,

as well as a versatile intermediate in green chemistry and sustainable synthesis. (20)

For this work, through reactor engineering, the setup of the multi-enzymatic reaction
enabled the development of a mass balance to quantify CO, captured and converted at
different gas flow rates using an 7n situ sensor system. Likewise, the environmental
impact of this bioprocess was assessed through its contribution to climate change (GWP:
Global Warming Potential). These findings represent a novelty in the study of CO, mass
transfer in biocatalytic processes and provide a framework to support the development of
sustainable and environmentally friendly systems that combine the capture of CO, gas

emissions and their subsequent conversion into valuable compounds in a single step.
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Figure 1. Overview of the multi-enzymatic system for CO, reduction to high-value compounds.
The co-production of formate and DHA - from CO, and glycerol - is enzymatically catalyzed by
formate dehydrogenase (FDH) and glycerol dehydrogenase (GlyDH) enzymes co-immobilized
on the Ni**-ReliZyme carrier, allowing the in situ NADH regeneration. Likewise, the synthesis of
the by-product glycerol carbonate (GC) from CO, and glycerol is catalyzed by the nickel (Ni?*)
present in the bifunctional biocatalyst (prepared on Ni**-ReliZyme carrier) and zinc (Zn?* ) in the

active site of GlyDH from Bacillus stearothermophilus.

2. EXPERIMENTAL

2.1. Materials

All reagents were purchased from Sigma Aldrich® (St. Louis, MO, USA) and PanReac
Quimica S.L.U. (Barcelona, Spain). The cofactors NADH and NAD* were purchased
from GERBU Biotechnik GmbH (Heidelberg, Germany). ReliZyme™ EP403S resin was

purchased from Resindion S.r.1. (Binasco, Italy). All samples and buffers were prepared

in Milli Q water (18.2 MQ cm, Merck Millipore, USA). The gas mixture 24% CO, and

76% N, was obtained from Carburos Metalicos (Barcelona, Spain). Formate

7
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dehydrogenase (EC 1.17.1.9) and Glycerol dehydrogenase (EC 1.1.1.6) enzymes, Wetfe coozoc.

produced and purified by the research group according to the procedures reported by the

authors. (14)

2.2. Determination of the CO, volumetric mass transfer coefficient (k, a)

The volumetric mass transfer coefficient (k;a) for CO, was determined in a stirred-tank
reactor (SpinChem, Sweden) with 200 mL of phosphate buffer 100 mM (pH 7.5) as
reaction medium, temperature of 30°C and stirring set at 300 rpm. A gas mixture
composed of 24% CO, in nitrogen, similar to the off-gases composition from blast
furnaces in the iron and steel industry (24.5% CO,) (22) was employed. The dissolved
CO,; concentration was monitored using a digital in-line CO, sensor InPro5000i/12/220
(Mettler Toledo S.A.E., Barcelona, Spain). This sensor was immersed in the liquid at the
same depth for all experiments and the data was collected by an Analytical Transmitter
M400 Type 3 (Metter Toledo S.A.E., Barcelona, Spain). The volumetric gas flow rate per
volume of liquid per minute (vvm) was assessed at 0.1, 0.5, 1.0, and 1.5 vvm.
Additionally, the effect of the immobilization carrier (Ni*>*-ReliZyme) resuspended in the
medium was evaluated by applying loadings of 5%, 10%, 15%, and 20% of the total
reaction volume. Sensor response time was assessed by equilibrating the CO,
concentration in the medium and then transferring the sensor to a CO,-free medium,
according to the equation in section S5 in the Supplementary Information (SI). The k;a
was calculated using the following equation, applying a nonlinear model with the Solver
tool (Microsoft ® Excel):

c'-cC
Cmes - C*+ °

[rkLa exp (— E)— exp (— kra t)](Eq. 1)

1-tkra

Where:
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Cines: CO; concentration measured by the sensor at certain time ¢ DOk 101039/ DEct 002870

C*: Equilibrium or saturation CO, concentration in the liquid phase
Co: Initial dissolved CO, concentration in the medium.

kra: The volumetric mass transfer coefficient (min-!)

T: Sensor response time

t: Time at which the CO, concentration is measured

2.3. Multi-enzymatic reduction of CO, by assessing different volumetric gas flow

rates

The multi-enzymatic reduction of CO, was performed in a stirred-tank reactor using a co-
immobilized bifunctional biocatalyst, with in situ NADH regeneration and continuous
gas supply. As reaction medium, phosphate buffer 100 mM (pH 7.5) was used with
NADH 1 mM, glycerol 100 mM, and gas continuously bubbled at volumetric flow rates
0of 0.1, 0.5, and 1 vvm from a gas mixture with 24% CO, in nitrogen, using a mass flow
controller EL-FLOW (Bronkhorst, Netherlands). A total of 20 g of biocatalyst
(containing approximately 40 mg g -! of GlyDH and 10 mg g'! FDH) were suspended in
200 mL of reaction medium. The preparation of this biocatalyst is detailed in
Supplementary Information (Section S1).

To monitor the CO, inlet and outlet of the reactor, two BCP-CO, gas analyzers were
installed for in situ CO, measurements (measured every 5 min). The data were collected
and analyzed using the BlueVis software. (BlueSens GmbH, Germany). A digital in-line
CO, sensor InPro5000i1/12/220 was also incorporated to measure its dissolved
concentration (measured every 2 min) and the data was collected by an Analytical
Transmitter M400 Type 3 (Metter Toledo S.A.E., Barcelona, Spain). Additionally, a
Syntrode pH electrode, connected to a 916 Ti-Touch titrator (Metrohm Hispania, S.L.U,
Spain), was installed to continuously monitor the pH throughout the reaction, measuring

9
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every hour. Figure 2 shows the full flow diagram of the reaction setup with the sengofs <= o
involved. The experiments were conducted in duplicate at 30°C with constant stirring at

300 rpm over 80 h. Samples were taken periodically to analyze substrate and product

concentrations, as well as enzyme activity (Sections S2 and S4, SI).

(6)

Figure 2. Flow diagram of the setup for the multi-enzymatic reduction of CO, to high value
chemicals. (1) Gas mixture 24% CQO, in N,. (2) Gas flowmeter. (3) Gas humidification. (4) CO,

input sensor. (5) pH-monitoring titrator. (6) Stirred-tank reactor. (7) Dissolved CO, analytical

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
@
S
D.‘F - |
©
S

transmitter. (8) CO, output sensor. (9) Gas sensor data collection and analysis. (— ) Continuous

gas flow. (---) Data collection.
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2.4. CO, mass balance analysis

The mass balance of CO, during the reaction was determined through the sensor-based
system integrated into the experimental setup previously detailed. First, the amount of
CO, at the inlet and outlet of the reactor per unit of time (h) was calculated following
Equations S2 and S3. Accordingly, the mass of CO, captured was calculated using the

following equation:

10
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CO:2 captured (gh') = CO2 inlet (g h™) — CO2 outlet (g h™) (Eq. 2)

Afterwards, the total amount of CO, (in g) that entered the reactor and the amount
captured throughout the reaction were calculated by estimating the area under the curve
according to equation S4 in SI.

For CO, converted to formate and glycerol carbonate (GC), only the fraction of CO,
atoms incorporated into each product was considered. As reported by Gao ef al. (23) , all
CO, atoms participate in forming the linear carbonate intermediate during glycerol
carbonate synthesis, as well as in formate synthesis. Therefore, correction factors were
calculated based on the molecular weights of CO, and each product, as described by
Equation S5 in SI. These factors were then incorporated into the subsequent equation to
determine the mass of CO, converted into product:

(Eq. 3)
CO:z2 converted (g) = Amount of product (g) x CF

Where:

CF formate= 0.978

CF glycerol carbonate = 0.373

The total amount of CO, converted corresponds to the sum of the CO, incorporated into

each product.

11
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The product yields obtained per g of CO, captured were calculated based on the tptalmass . . oozsc
of each molecule produced and expressed as g g' (dimensionless). The following

equation was employed:

Total mass of formate or GC produced (g) (Eq. 4)
Mass of CO2 captured (g)

Product yield (g g'l) =

Finally, two CO, conversion performance metrics commonly employed in the green
chemistry were considered. First, process selectivity refers to the system’s ability to direct
captured CO, toward the desired product, reflecting the reaction efficiency under the

given conditions. The following equation was applied:

moles product (formate or GC) (Eq.5)

Selectivity (%)= moles CO2 captured x100

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

The sum of the selectivity toward each product represents the global process selectivity.
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On the other hand, carbon efficiency indicates how effectively carbon introduced into a
process is incorporated into the final product, accounting indirectly for losses in by-
products or emissions and providing a key measure of process sustainability and
economic efficiency. The carbon efficiency equation used in this work was adapted from
Belsa ef al. (24) and Constable et al. (25) , indicating the sum of the yields of the final

CO,-derived products, formate and glycerol carbonate (GC):

(Eq. 6)

12
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Carbon efficiency =
Ncoz

Where
C, = number of carbons from CO, in each product x (one single carbon)
n, = number of moles of each product (formate or GC)

Nco; = number of moles of CO, that entered the system

2.5. Environmental impact assessment

To assess the environmental impact of this process on climate change, the global warming
potential (GWP) was determined for each reaction performed at different volumetric flow
rates. The GWP was calculated based on the product mass (Eq. 7) and the energy

consumed (Eq. 8), following the equations proposed by Dominguez de Maria (26) :

0.073 x %water treated
GWP (water (Wth )>: conv. x [SL] (Ea.7)
0037xAT 0.0056 x A T? (Eq. 8)
GWP (water (energy))=<conv. x [SL] >+ [<conv. x [SL] )

Where:

wwtp = wastewater treatment plant

conv.: CO, conversion (%)

[SL]: Product concentration expressed in kg L1
t. Reaction time (80 h)

13
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Considerations: 100% of the residual water was assumed to be treated in a WW'TE. Rootle . cooza7c

temperature was set at 25 °C.

3. RESULTS AND DISCUSSION

3.1. Determination of the volumetric mass transfer coefficient (£;a) of CO, in a stirred-
tank reactor

To study CO, mass transfer, its volumetric mass transfer coefficient (k,a) was determined
in the stirred-tank reactor used for the multi-enzymatic CO, reduction reaction.
Estimating &;afor CO, is crucial in bioreactor design, as it assesses reactor efficiency and
guides scale-up, especially in processes requiring continuous CO, supply, such as in
several chemical processes and in some fermentations. (27) Moreover, optimizing CO,
transfer also reduces costs by supplying only the necessary gas amount, thereby
improving resource efficiency. (28) However, understanding CO, chemical equilibrium
in water is essential to evaluate its mass transfer in aqueous systems. CO, interacts with

water to form carbonic acid, bicarbonate, and carbonate, following this dissociation

equilibria at pH 7.0 and 30 °C (29) :

COQ + HQO g H2C03
H,CO; < H*+ HCO;5 (K, =4.3 x 107, pK, = 6.37)

HCO, & H*+ CO;> (K, = 5.6 x 10, pK, = 10.25)

According to some reports, the Total Inorganic Carbon (TIC), which reflects the
distribution of these species as a function of the medium’s pH, is a key parameter for

studying CO, gas—liquid transfer, since it not only estimates the amount of CO, absorbed

14
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but also identifies the dominant form in which it is present. (12) This parametgs ¢an-B8 ooz

determined using conventional methods such as alkalinity titration or specialized
techniques like Non-Dispersive Infrared (NDIR) analysis. (30) However, in this study,
kra oy was determined using a dynamic method that requires continuous real-time
tracking of the dissolved CO, concentration. For that, a digital in-line CO, sensor was
employed, which measures only dissolved CO, (mg L-'). This provides a simplified
methodology and enables immediate 7n situ tracking of concentration changes, which are
essential for the accurate and rapid determination of &;a throughout the process. The
operating principle of this sensor, based on the Severinghaus principle, is illustrated in

Figure S1 in SL.

In general, &;a determination depends on reactor type and volume, operating conditions
(temperature, pH, pressure, agitation), flow rate, immersion depth, suspended solids and
the properties of the gas and liquid phases, among other factors. (31) In this work, the
agitation speed was set at 300 rpm to prevent biocatalyst damage at higher stirring rates.
Consequently, other factors such as gas flow rate and resuspended solids (immobilization

carrier), were examined. As an initial step, the response time of the dissolved CO, sensor

(T) was assessed according to equation S1 in SI. Figure S3 in the SI provides a graphical

illustration and a brief discussion of the sensor’s response to a CO,-free medium, yielding

a response time of 0.93 min (56 s).
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Figure 3 shows the &; 4o, values obtained by evaluating different volumetric £low, 1ate8 - oozarc

of the 24% CO, mixture, along with the immobilization carrier (Ni** - ReliZyme) present
at 10% of the total volume are plot. As expected, the CO, gas—liquid transfer rate
increased with the volumetric flow rate from 0.1 to 1 vvm, while no further increase was
observed at 1.5 vvm, indicating that the mass transfer limit had been reached (Fig. 3A).
In experiments with 10% resuspended carrier, & acoy increased compared to assays
without carrier, particularly at higher flow rates such as 1 vvm (Fig. 3A). Suspended
solids likely enhance gas—liquid transfer by increasing turbulence and dispersing gas
bubbles, expanding the surface area for solubilization. (32) As before, no further increase

was observed at 1.5 vvm.

Table S1 in the SI summarizes the parameters evaluated for &; 4o, in the experiments

described. Across flow rates from 0.1 to 1 vvm, the data were well described by a linear

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

model (R? > 0.99). Under these conditions, a CO, gas—liquid transfer rate of 7.35 + 0.44

Open Access Article. Published on 23 March 2026. Downloaded on 3/23/2026 10:57:57 PM.

mg L' min'! (0.17 £ 0.02 mM min"') was achieved with 10% resuspended carrier at 1

(cc)

vvm. The £, a0, was also determined with pure CO, As expected, a highest transfer rate
was observed, yielding a &;a of 0.32 + 0.03 min™! (10.75 mg L! min!, Table S1), due to

the higher partial pressure driving faster gas—liquid transfer.

Finally, varying the resuspended carrier at 1 vvm (Fig. 3B) showed that concentrations
above 10% caused a linear decrease in &;acoy, likely due to interface saturation and
increased fluid viscosity limiting bubble mobility. (33) Minimal differences were

observed between 5% and 10%, suggesting a negligible effect within this range. Hence,
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a carrier concentration in that range (from 10 — 20%) and volumetric flow rate £rom Qs b oozsc
— 1.0 vvm from the gas mixture 24% CO, may represent the optimal operating conditions

for this multi-enzyme system.

A 024 B
0.22 min’1 i i 0.22 min™
o 0.21
0.18 E
é 0.12- 0.10 min™ 016 min”’ E 0.18+
< i ®, 0.16 min &,
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0.00 | | [ | |
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wwm Resuspended carrier (%)

-#- Gas mix 24% CO, -=- Gas mix 24% CO, + 10% carrier

Figure 3. (A) Gas-liquid CO, transfer rate (£;a) by varying the volumetric flow rate (vvm) from
the gas mixture 24% CO, in nitrogen and with a fixed amount of suspended carrier in the liquid
(10%). (B) Gas-liquid CO, transfer rate (k;a) by varying the percentage of resuspended Ni** -

ReliZyme in the medium at 1 vvm from the gas mixture 24% CO,.

Compared to oxygen (O,), for which 4;ais typically measured, CO, generally has a lower
k;aunder standard conditions (25 °C and 1 atm). Under similar reaction conditions in this
same reactor, k;do, can reach values up to an order of magnitude higher than &; 4o,
when air is directly bubbled into the system. Although CO, is more soluble than O, in
water (0.033 vs. 0.001 mol L!) under standard conditions (34) , this results not only from
physical dissolution but also from chemical interactions forming inorganic species that

prolong CO, retention. (7) However, despite its higher solubility, CO, diffuses more
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slowly than O, due to its larger molecular size, and chemical reactions that redugg the FE6) 5020

CO, available for transfer, leading to lower &; 4o, values. (35)

In contrast, O, transfer is often limited by agitation, as increased stirring produces smaller
bubbles and greater gas—liquid contact. In the case of CO,, its transfer is also limited by
agitation, but even more so by the gas flow rate, as higher flow rates continuously renews
the gas-liquid concentration gradient, thereby enhancing mass transfer and leading to
higher 4, aco, values. (36) However, at lower flow rates, mass transfer is slower, but rapid
gas saturation is avoided, maintaining the concentration gradient longer and allowing
more efficient gas utilization. In addition, gas bubbles also remain in contact with the
liquid for a longer time, promoting more effective CO, utilization. (7,37) Although some
studies suggest estimating k;dco, by multiplying k;40, by 0.91  attributed to
physicochemical differences (38) , these gases have demonstrated different diffusion
coefficients, so their transfer and absorption kinetics can differ even when bubbled
together. (39) However, in this study, &;4c0, Was successfully determined in a stirred-

tank reactor using a potentiometric sensor, enabling accurate and reliable measurements.

Importantly, this study of gas—liquid mass transfer provides a foundation for potentially
incorporating key parameters into reactor-scale simulations for dynamic mass balance
and reaction kinetics modeling. The measured &;a values describe CO, transfer, allowing
prediction of dissolved CO, profiles as a function of operating variables. These results
pave the way for implementing gas-liquid mass transfer studies in other enzymatic CO,

transformation including lactic acid production (22) and carboxylation, where reaction
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kinetics depend strictly on CO, mass transfer and pH levels Furthermore, this,approach. . oossc
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can be extended to other enzymatic processes involving gaseous substrates, such as
oxidation reactions, which rely on maintaining optimal dissolved oxygen concentrations
in the reaction medium.

3.2. Multi-enzymatic CO, reduction by evaluating different gas volumetric flow rates
The multi-enzymatic reduction of CO, into high-value compounds was assessed in a
stirred-tank reactor by testing different volumetric flow rates (0.1, 0.5, and 1.0 vvm) of a
gas mixture containing 24% CQO,, which corresponds to the typical CO, content reported
for the off-gases from blast furnaces in the iron and steel industry. (22) Although the
effect of different immobilization carrier loadings on the determination of 4;aco, was
also evaluated, a 10% carrier-to-volume ratio was used in all these following reactions to
ensure good distribution of the carrier in the liquid and to avoid the effect of excessive
solids on CO, gas-liquid mass transfer. The concentrations of both enzymes (GC-GlyDH
and FDH) in the biocatalyst were previously optimized by the authors, for both their free

(14) and co-immobilized on Ni**-ReliZyme forms. (15)

As a first point of comparison, it is important to understand the strong relationship
between CO, flow rate and the pH resulting in the reaction medium. As previously
explained, CO, reacts with water to form carbonic acid, which partially dissociates,
releasing protons (H) and thereby modulating the pH of the medium. (40) Therefore,
higher CO, flow rates lead to increased CO, mass transfer rate and a more pronounced
decrease in pH compared to lower flow rates. However, this close relationship is also

influenced by key factors in the reaction medium, including buffer capacity, temperature
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and partial pressure. (41) Figure S4 in SI shows a comparison of pH evolution Qyer fimig: <=
for reactions at different vvm. At 1 vvm, the pH dropped sharply from 7.5 to 6.7 within
one hour, then stabilized around pH 6.6. At 0.5 vvm, pH felt from 7.5 to 6.9 within one
hour, then gradually to pH 6.7. At 0.1 vvm, the initial drop was minor, decreasing slowly
from pH 7.3 to 7.0. Thus, the CO, dissolution rate governs pH changes over time,
indicating that the three reactions occurred at different pH levels, which could potentially
affect the reactions’ microenvironment. Notably, accounting for the CO,—carbonate
equilibrium is also essential for accurately predicting dissolved CO, concentrations as a
function of medium pH, mass transfer rate and other operating parameters, particularly
when extrapolating these effects to potential reactor-scale simulations. This approach has
previously been validated for the development of mass transfer models, highlighting gas
flow rate and CO, loading as the key factors influencing the mass transfer rate (42) as
well as for models based on mechanistic enzymatic kinetic models, such as those

describing carbonic anhydrase, under a range of operating conditions including

temperature, CO, partial pressure and concentration. (43,44)

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 23 March 2026. Downloaded on 3/23/2026 10:57:57 PM.

Regarding the multi-enzymatic CO, conversion reaction, Figure 4 presents the

(cc)

concentrations of formate, DHA, and glycerol carbonate, along with glycerol conversion,
obtained after 80 h of reaction for the three evaluated volumetric flow rates. The time
courses of the three reactions are illustrated in Figure S5 (SI). As observed, a linear
correlation (R? > 0.99) was found between the gas volumetric flow rate and each product
concentrations, as well as glycerol conversion across all experiments, suggesting that CO,
input and its concentration in the medium are key factors for the performance and

efficiency of this multi-enzymatic system. Formate production was inversely proportional
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to CO, input, with lower flow rates resulting in higher concentrations (Fig. 44A), Atoth
lowest flow rate (0.1 vvm), and therefore at a pH closer to neutral (pH 7.0), the highest
formate concentration was achieved, 66.1 + 1.4 mM (equivalent to 3 g L!). This
represents a 31.2% increase compared to the reaction conducted at 1 vvm (50.4 + 0.3
mM). This result represents up to an 8.5-fold improvement over previous reports on
enzymatic CO, reduction and cofactor regeneration platforms. (45-47) Similarly, this
formate production is comparable to electrochemical and bioelectrocatalytic studies,
where reported concentrations are similar or lower than those achieved in this work (48—
50) , highlighting the enhanced efficiency of the developed system. This milestone was
accompanied by a 1.5-fold increase in the formate synthesis rate (0.66 mM h' at 1 vvm
vs 0.96 mM h'! at 0.1 vvm), indicating enhanced catalytic performance under lower gas
flow conditions. Accordingly, this constitutes the highest formate concentration reported

to date via enzymatic synthesis.

For DHA, its concentration in the medium decreased as the gas volumetric flow rate was
reduced (Fig. 4B), however, its low quantification in the liquid phase is attributed to its
adsorption onto the biocatalyst with an adsorption capacity of 140.8 mg DHA g7', as
previously documented by the authors. (15) This effect arises from strong interactions
between DHA and protein amino groups through the Maillard reaction. (51) Compared
to the reaction at 1 vvm, which yielded a soluble DHA concentration of 12.2 = 0.4 mM,
the reaction at 0.1 vvm showed only 5.2 + 0.7 mM, indicating that 92.1% of DHA
produced was adsorbed onto the bifunctional biocatalyst (based on the equimolar formate
co-production). This behavior may result from changes in the local microenvironment,

such as reactor pressure, pH, or dissolved gas concentration, which can shift adsorption
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equilibria. (52) Despite this significant adsorption, the authors also have reported thg <= oane
saturation of the biocatalyst over several reaction cycles, allowing greater accumulation
of DHA in the liquid phase. Likewise, its desorption directly from the biocatalyst has also
been demonstrated under mild conditions, achieving desorption yields of up to 27.2 £+

1.8%. (15) However, further studies are needed to clarify the mechanisms driving this

DHA adsorption and the contribution of each variable under these conditions.

Regarding glycerol carbonate, its concentration decreased as the gas flow rate was
reduced (Fig. 4C). This may result from the multi-enzymatic reaction favoring formate
synthesis at lower dissolved CO, levels, leading glycerol to be preferentially consumed
for DHA production rather than glycerol carbonate synthesis. However, no significant
differences were observed in the GC production rate, suggesting that the intrinsic reaction
kinetics for this compound were not substantially affected by the gas flow conditions.
This indicates that the reaction was not limited by the gas—liquid mass transfer of CO,. In

the case of glycerol, its conversion increased with decreasing gas flow rate, reaching 99.5

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

+1.2% at 0.1 vvm (Fig. 4D). Thus, optimizing reaction conditions can enhance substrate

Open Access Article. Published on 23 March 2026. Downloaded on 3/23/2026 10:57:57 PM.

conversion and orientate the system toward improved formate and DHA enzymatic co-

(cc)

production.
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Figure 4. Multi-enzymatic reduction of CO, to high-value compounds using a bifunctional co-

immobilized biocatalyst with in sifu cofactor regeneration, evaluating three different gas

volumetric flow rates from a 24% CO, gas mixture. (A) Formate [mM]. (B) DHA [mM]. (C)

Glycerol carbonate [mM]. (D) Glycerol conversion [%]. The DHA concentrations shown in this

tigure correspond only to the soluble fraction (not adsorbed onto the biocatalyst).

Table S2 in SI presents some performance metrics obtained from the three reactions. At

0.1 vvm, a space-time yield (STY) for formate of 37.2 + 2.2 mg L! h'! was determined,

representing a 1.3-fold improvement compared to the reaction at 1 vvm. A similar

improvement was observed in catalyst yield, which reached 29.8 + 1.7 mg formate per g
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of biocatalyst. In the case of DHA and GC, these metrics decreased as the vQlumetit e coozo.
flow rate was reduced due to enhanced DHA adsorption on the biocatalyst and the shift
of the reaction conditions to favor the co-production of formate and DHA while

minimizing GC formation.

These remarkable findings can also be attributed to the sustained operational stability of
the co-immobilized biocatalyst throughout the reaction, as observed in Figure 5. Notably,
enzyme stability increased as the gas flow rate decreased, suggesting reduced inactivation
at lower gas flow rate and dissolved CO, levels. At 0.1 vvm, GC-GlyDH and FDH
retained 80.2 + 2.1% and 96 = 1.6% activity after 80 h, representing 1.9- and 1.8-fold
improvements over the operational stability of the biocatalyst in the reaction at 1 vvm.
This demonstrates the high biocatalyst’s robustness and potential for reuse for

consecutive reaction cycles under low dissolved CO, conditions. In addition, as

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

mentioned earlier, changes in the reaction microenvironment can vary with gas

Open Access Article. Published on 23 March 2026. Downloaded on 3/23/2026 10:57:57 PM.

supplementation, affecting parameters such as pH (Fig. S4 in SI). Since pH depends on

(cc)

dissolved CO, concentration, this can significantly influence enzyme stability. At slightly
acidic pH (6.5-7.0), free GlyDH can lose up to 30% of its activity compared to pH 7.5,
whereas free FDH loses only about 10%. (14) Additionally, even when immobilized, the
enzymes may show slight pH-dependent inactivation, but much less than in their free
form. (53) Consequently, lower dissolved CO, helped maintain near-neutral pH,

enhancing enzyme stability and biocatalytic efficiency for formate production
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Figure 5. Operational stability of the bifunctional biocatalyst after 80 h of reaction corresponding
to the multi-enzymatic reduction of CO, to high-value chemicals by evaluating three different gas
volumetric flow rates using a 24% CO, gas mixture (1, 0.5 y 0.1 vvm). 100% relative activity was

considered as the activity at the initial reaction time (time zero).

3.3. Carbon flow analysis in the CO, capture and utilization system

After evaluating the multi-enzymatic system at different gas flow rates, a mass balance
was performed to quantify the CO, captured and converted, representing the fraction of
emissions not released into the atmosphere. The setup included inlet, outlet, and dissolved
CO, sensors, providing real-time measurements throughout the reaction. Figure S6 in SI
shows the corresponding time-course data. At 1 vvm, dissolved CO, concentrations
remained stable between 227-247 mg L' (Fig. S6 A), indicating high gas turnover and
steady substrate supply. At 0.5 vvm, the maximum CO, concentration was ~232 mg L
but it gradually declined after 50 h, reaching 145 mg L! by the end of the reaction. A

similar behavior was observed at 0.1 vvm, where the maximum CO, concentration was
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only ~214 mg L, followed by a steady decline at 48 h and stabilizing duringthe, findl. o200
two h at around ~36 mg L, reflecting a slower gas renewal rate. Despite this, CO,
remained sufficient to sustain the multi-enzymatic reaction (Fig. S5, SI). Regarding the
decline in dissolved CO, concentrations observed at 0.5 and 0.1 vvm, it likely reflects
CO, consumption exceeding gas replenishment, unlike at 1 vvm where renewal maintains
stable levels (Fig. 6A). (54) Furthermore, as the reaction proceeds, rising fluid viscosity
and foam formation can further limit gas—liquid mass transfer, especially at low gas flow

rates. (55)

Regarding the gas inlet and outlet sensors, they operate via dual-wavelength infrared (IR)
absorption to quantify CO, in the gas phase. As shown in Figure S6 B, the inlet CO,
proportion remained steady at 24.4 + 0.2%, matching the gas mixture used in all

experiments. However, although the inlet CO, percentage was the same in all reactions,

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

the actual amount of CO, supplied varied with the gas flow rate. At 1 vvm, the outlet CO,

Open Access Article. Published on 23 March 2026. Downloaded on 3/23/2026 10:57:57 PM.

fraction remained stable at ~21.1 = 0.1%, indicating ~3.4 + 0.5% of CO, was continuously

(cc)

dissolved into the medium. At 0.5 vvm, the outlet CO, was ~19.8 + 0.9% during the first
30 h, then gradually declined to ~16.4 + 0.5%, reflecting more CO, accumulation in the
reaction system over time. At 0.1 vvm, the outlet CO, initially increased to ~8.4 + 0.4%
and then steadily decreased after 30 h, reaching complete capture after 55 h, with no CO,
detected at the system outlet. This behavior reflects lower gas turnover, allowing more

efficient CO, capture and progressive consumption.
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Based on the data collected from the gas sensors, the amount of non-emitted, €O oornc

(Captured fraction) throughout the reaction was determined. Table 1 summarizes the
overall CO, mass balance, including the amounts of CO, supplied, captured, and
converted (to formate and/or glycerol carbonate), as well as the yields at each stage. As
observed, only 13.8 + 1.3% of the CO, supplied was captured within the system during
the reaction conducted at 1 vvm, whereas at 0.5 vvm the CO, retention nearly doubled to
24.4 +0.9%. This implies that some CO, remains in the system, either physically trapped,
chemically absorbed (mainly as bicarbonate and other inorganic species), or unconverted
due to reaction limitations. In the case of the reaction at 0.1 vvm, an exceptional capture
efficiency of 93.3 + 2.1% was achieved, indicating that the decreased gas—liquid
interfacial saturation at low volumetric flow rates resulted in a significant improvement
in CO, retention within the system for its subsequent conversion. Under these conditions,
conversion performance was also favored, where nearly the entire amount of CO,
captured was converted into the target products, reaching production yields of 0.84 + 0.07
g of formate and 1.09 + 0.06 g of GC (as the total molecule) per g of CO,captured at 0.1
vvm. Thus, although more CO, is captured at 1 vvm, the multi-enzymatic system was
favored by the improved biocatalyst performance at near-neutral pH at 0.1 vvm, thereby
maximizing the utilization of the captured CO,. Despite this, the amount of CO, converted
into products was similar across all reactions, suggesting that conversion is the limiting

step of this system.
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Table 1. Material balance and performance metrics for CO, capture and conversion in the multi-enzymatic reduction process to high value-added compounds.
Experiments were conducted at three different volumetric gas flow rates using a 24% CO, gas mixture in a stirred-tank reactor with a 200 mL reaction volume.

GC: Glycerol carbonate.

Product yield (g product g CO, ') **

Thisarticleislicensed under a Creative Commons Attribution 3.0 lﬁportw

Open Access Article. Published on 23 March 2026. Downloaded on 3/23/2026 10-57:5

Volumetric Supplied CO, Captured CO, Capture efficiency Converted CO,
gas flow rate B
(vvm) (2 (2) (%) (2
Formate GC
oy 1 7.74 +£0.23 1.07 +£0.18 13.8+1.3 0.81 +0.13 0.43 +0.09 0.90 = 0.08
S
0.5 3.87+0.14 0.95 +0.08 244+09 0.84 +0.14 0.56 = 0.04 0.92 +0.09
0.1 0.77+0.11 0.72 +0.12 933+2.1 0.89 +0.08 0.84 +0.07 1.09 + 0.06

* Corresponding to the fraction of CO, atoms incorporated into formate and glycerol carbonate.

** Based on the total mass of each product.
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Based on CO, conversion to the target products, Table 2 summarizes key performancg
metrics for this stage. As observed, enzymatic selectivity for formate increases as the gas
flow rate decreases (82.5 = 2.4% at 0.1 vvm), showing more efficient enzymatic CO,
utilization at neutral pH. In the case of GC, its non-enzymatic production was less
selective, especially at 0.1 vvm, where formate yield was roughly twice that of GC. At
0.1 vvm, all captured CO, was efficiently converted into formate and GC, obtaining an
overall selectivity of 123.1 + 2.2%. This apparent overestimation likely arises from the
error linked to the determination of captured CO, (0.72 + 0.12 g) which represents almost
a 17% of error, combined with the accuracy of the flow meter and gas sensors, particularly
when operating at low flow rates. Nonetheless, despite this, the global selectivity in each
reaction was considerably high, as the system allowed for the maximization of CO,

utilization to produce both products.

In terms of carbon efficiency, only 10.5 £ 0.7% of the supplemented CO, at 1 vvm was
converted into the target products (formate and GC), while at 0.5 vvm roughly doubled
to 21.8 + 1.1%. Remarkably, at 0.1 vvm, all supplied CO, was converted into the target
products (114.7 + 1.6%), indicating maximal utilization of the total supplemented CO,.
The slight overestimation likely reflects the previously mentioned sources of errors.
Under these conditions, glycerol was also almost completely consumed, with a
conversion yield of 99.5 + 1.2% (Fig. 4D). Therefore, the inclusion of an additional CO,
and glycerol valorization route in this multi-enzymatic system, the synthesis of glycerol
carbonate, enhanced the overall carbon efficiency and expanded the products portfolio of

this process, thus also contributing to overall process sustainability by generating an
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additional high-value product from the same feedstocks. Likewise, the potential fOF.  oozsmc
developing reactor-scale predictive models based on these operation conditions requires
explicit consideration of pH-dependent CO, speciation when coupling gas—liquid mass
transfer with reaction kinetics. As result, this would enable a more realistic description of
CO; behavior and availability within the system, ensuring adequate gas supply for the

reaction while maximizing conversion efficiency in greener biocatalytic processes.

Table 2. Performance metrics of CO, conversion into high-value products, formate and glycerol
carbonate (GC), evaluated at different volumetric gas flow rates (1, 0.5 and 0.1 vvm) of a 24%

CO, gas mixture in a multi-enzymatic system.

Volumetric gas Selectivity (%) Global process Carbon
flow rate (vvm) Formate GC selectivity (%)  efficiency (%)
1 424+1.3 33.5+0.8 759+1.1 10.5+0.7
0.5 55.1+1.7 344+1.5 89.5+£1.6 21.8+ 1.1
0.1 82.5+2.4 40.6 £1.8 123.1£2.2 1147+ 1.6

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Several studies have shown successful CO, capture and conversion into value-added
products. Zhou ef al. demonstrated the production of methane from CO, with complete
capture and conversion efficiency (100%) using a fixed-bed reactor packed with
adsorbents specifically designed for CO,. (56) The same reactor, operated in different
configurations, has also been widely used to produce various chemicals and fuels from
industrial gas streams, achieving capture efficiencies over 85%. (57) On the other hand,
CO, capture using the regenerative ammonia method has reported efficiencies exceeding

90% for the direct production of fertilizers from CO, (58) , and capturing CO, as carbamic
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acid from amino acid salts has also been shown to be a feasible strategy for CO, utjlizatid)
to produce compounds such as oxazolidinones. (59) Additionally, among the simplest
capture methods, solvent-based approaches have achieved efficiencies above 90% using
solvents like monoethanolamine (MEA), 2-amino-2-methyl-1-propanol (AMP), and
piperazine (PZ). (60) However, CO, conversion in these systems is often limited by
solvent degradation, impurities, and the reduced reactivity of CO, caused by the formation
of stable amine complexes. (61) Finally, although electrochemical systems often achieve
high CO, conversion rates exceeding 95%, this performance frequently comes at the
expense of low selectivity, increased energy requirements and CO, supplementation with

low capture efficiencies. (62,63)

In the case of enzymatic processes, CO, conversion rates are often not reported, mainly
due to measurement challenges, the involvement of other inorganic substrates, and the
common practice of estimating yields from NADH consumption, as typically done in
FDH-catalyzed reactions. However, a study reported a CO, conversion to formate
efficiency of 80.5% using FDH immobilized on metal-organic frameworks (MOFs),
markedly improving the enzyme’s catalytic performance. (64) Additionally, complete
(100%) conversion of CO, from industrial off-gases to formate by FDH was also reported,
highlighting the potential of these systems for efficient valorization of gas emissions,
even at low CO, concentrations. (65) In multi-enzymatic systems, CO, reduction has been
successfully applied to produce compounds such as pyruvate, achieving conversion of
81%. (66) In contrast, methanol production generally shows much lower CO, conversion

efficiencies, mainly due to the complexity of multiple sequential enzymatic reduction
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steps, with reported values ranging from 3% to 25% (67,68) , highlighting the challengs$. . so2ae

in optimizing these multi-step biocatalytic processes. Finally, carbonic anhydrase has
been shown to selectively accelerate CO, capture up to 20-fold, while also promoting its
conversion into compounds such as carbon monoxide and carbonates, reaching yields of
approximately 80% or higher. (6,69) In addition, its synergy with FDH enzymes has been
effectively demonstrated to enhance the CO, conversion to formate. (46,47) Overall,
enzymes represent a feasible biocatalytic tool for the development of sustainable

processes aimed at CO, capture and conversion into value-added industrial products.

3.4. Environmental implications of the multi-enzymatic CO, reduction system

Once the CO, conversion performance was evaluated, the environmental impact of these
processes was also analyzed. As extensively reported, the enzymatic reduction of CO,
represents a green and sustainable catalytic route for mitigating greenhouse gas
emissions. (70,71) Since enzymes originate from renewable biological systems, they are
inherently biocompatible and environmentally benign, offering a safer alternative to
heavy-metal and synthetic complex catalysts. Consequently, enzymatic catalysis stands
out as a key strategy for advancing carbon-neutral bioprocessing and sustainable
industrial chemistry. (72) However, to the best of our knowledge, only few reports have
evaluated the environmental impact of these enzymatic processes. Therefore, to evaluate
the greenness of this multi-enzymatic reaction, the Global Warming Potential (GWP) was
estimated both in terms of the materials used for the production and the energy invested

in each reaction carried out at different volumetric gas flow rates (Fig. 6).
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Figure 6. Total Global Warming Potential (GWP) assessment of the multi-enzymatic reduction
of CO, to high value-added compounds (accounting for formate, DHA and GC), varying the inlet

volumetric gas flow rate from a 24% CO, gas mixture.

A clear correlation was observed between the applied volumetric gas flow rate and the
global warming contribution. At the lowest flow rate (0.1 vvm), CO, conversion was
highest, indicating that maximizing multi-enzymatic carbon utilization can significantly
reduce the environmental footprint of the process due to more efficient use of resources.
In this reaction, a total GWP of 13.2 + 0.2 kg CO, eq per kg of product was obtained.
Compared to electrochemical CO, reduction platforms, some processes can exhibit an
environmental impact at least 1.5 times greater than that observed in this study. (73-75)
This is mainly due to their high energy consumption, the materials required for electrodes
and electrolytes, and their rapid degradability, which generates additional waste.
However, in some cases, the optimization of these processes at industrial scales can

substantially improve their environmental footprint (up to four times lower than in this
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study). (76,77) . Regarding these enzymatic platforms, information on,,theit.  oozasc
environmental performance remains limited; nevertheless, the present study provides a
foundational dataset that can be used to further develop a comprehensive Life Cycle

Assessment (LCA).

On the other hand, the energy demand and conversion losses associated with fossil-based
processes can lead to a higher global warming impact compared to CO,-based processes,
where different amounts of products can be obtained directly from CO, (78) , as
demonstrated in this study. Consequently, renewable-based systems are considered the
most promising candidates for achieving negative greenhouse gases (GHG) emissions.
(79) As a result, a CO, capture and conversion system was successfully developed by
investigating the gas-liquid mass transfer of CO, and implementing a sensor-based
approach to accurately quantify the amount of CO, that was prevented from being emitted

into the atmosphere and effectively converted into valuable industrial molecules. These

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

findings pave the way for the development of large-scale sustainable multi-enzymatic

Open Access Article. Published on 23 March 2026. Downloaded on 3/23/2026 10:57:57 PM.

systems and the establishment of benchmarks such as industrial feedstock valorization,

(cc)

CO; capture and conversion efficiency, robust biocatalyst stability, and reduced
environmental impact, which could serve as key criteria for identifying promising
strategies that make a substantial contribution to GHG mitigation and advance green

chemistry and CCU technologies

4. CONCLUSIONS
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The gas-liquid transfer of CO, in the multi-enzymatic system was successfully gyaluated. ozsc

in a stirred-tank reactor using reactor engineering to gain insights into CO, mass transfer
during the stages of capture and conversion and enabling a first assessment of the
sustainability of this type of bioprocess. The volumetric mass transfer coefficient (k;a)
was determined with a digital in-line CO, sensor based on pH under different gas flow
rates from a 24% CO, gas mixture, showing that higher flow rates increased CO, transfer
when the system operated with 10% immobilization carrier resuspended. At the lowest
volumetric gas flow rate (0.1 vvm), the multi-enzymatic reaction achieved the highest
formate concentration reported to date by an enzymatic route, 66.1 + 1.4 mM . This was
attributed to pH shifts from CO, dissolution, which improved biocatalyst stability at near-
neutral pH and revealed a strong correlation between pH and CO, transfer rate,
significantly influencing the biocatalytic transformation. Finally, the mass balance
showed that a portion of the supplied CO, was effectively retained, avoiding its release
to the atmosphere, with the highest capture efficiency at 0.1 vvm (93.3 = 2.1%).
Moreover, although a higher amount of CO, was captured at 1 vvm, all CO, captured at
0.1 vvm was selectively converted into value-added products (formate and glycerol
carbonate) demonstrating the high efficiency of the multi-enzymatic system for CO,
valorization, facilitated by significantly improved reaction conditions at 0.1 vvm. Thus,
evaluating gas flow rate provided key insights into CO, gas-liquid transfer, directly
enhancing enzyme-driven carbon utilization at low CO, concentrations. These insights
provide a foundation for further reactor-scale simulations predicting CO, behavior based
on pH-dependent speciation, mass transfer rates, and other key operating variables under

these conditions. Furthermore, the environmental impact assessment highlights
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enzymatic CO, reduction systems as promising and viable strategies for industEal. ooz
implementation within conventional manufacturing processes, achieving a substantial
reduction in the environmental impact of this system, afforded by maximal CO,

utilization for the production of the target products.
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protein content measurement, and HPLC analysis. Equations for the response time of the
dissolved CO,sensor, its operating diagram, and the CO, mass balance equations. Scheme
of the reaction mechanism for GC formation. Results of the determination of the response
time of the dissolved CO, sensor, determination of the volumetric mass transfer
coefficient (k;a) of CO, under different conditions, performances metrics of yields and
productivity, pH monitoring, time-course of substrates and products, and monitoring of
dissolved CO, concentrations and inlet/outlet CO, fractions during multi-enzymatic CO,

reduction reactions.
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