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A B S T R A C T   

The search for less energy-intensive processes is pushing toward a diversification of Carbon-Capture and Utili-
zation/Sequestration (CCU/S) pathways. Biocatalytic processes offer sustainable solutions characterized by 
extremely mild operating conditions. Over the last decade, post-combustion CO2 capture based on enzymatic 
reactive absorption experienced remarkable growth from the laboratory to the demonstration scale. The present 
study explores a novel CCU concept based on phenol carboxylation catalyzed by cofactor-free decarboxylases. 
The design of the CCU process includes CO2 capture by alkaline solvents boosted by carbonic anhydrase followed 
by bicarbonate fixation via enzymatic phenol carboxylation. Phenols generated from fractional pyrolysis of 
biomass were assumed as carboxylation substrates. Two process layouts have been developed and modelled, and 
reliable experimental data and kinetic model supported the computations. Simulated best cases prove to be 
feasible options for integrating the enzyme cascade with the conventional CO2 absorption/desorption loop and 
lignocellulose biomass-derived substrates.   

1. Introduction 

Mitigation of climate change encompasses a wide set of measures. 
Among these, reducing greenhouse gas emissions through CO2 capture 
from point sources (mainly power plants and hard-to-abate industrial 
processes) followed by storage and/or utilization processes plays a sig-
nificant role. Indeed, CO2 may be a valuable component in several in-
dustrial applications as well as a substrate in biotechnological processes. 
Enzymes and microorganisms able to convert and fix CO2 into valuable 
products or intermediates are gaining interest, e.g. in methane synthesis 
through bio-electrochemical anaerobic digestion (Wang et al., 2023) 
and biodiesel production through microalgae or cyanobacteria (Severo 
et al., 2019, Dineshkumar et al., 2015). Moreover, the significant energy 
penalty affecting the costs of CO2 capture (Ember, 2022) is driving re-
searchers to search for less energy-intensive, more economical capture 
paths as one key to CCU/S feasibility. Post-combustion CO2 capture by 
cyclic absorption/desorption is accomplished by absorption of CO2 in 
alkaline solvents (Liu et al., 2020, De Carvalho Pinto et al., 2022, 
Borhani et al., 2015), followed by recovery of concentrated CO2 using a 

thermal stripping column (Knuutila et al., 2009). This process is most 
typically carried out with amine-based solvents, but recently also car-
bonate/bicarbonate solutions with enzymatic promoters have been 
successfully proposed. The use of amine-free solutions allows for capture 
of CO2 in bicarbonate solutions (wet capture) and, therefore, opens the 
path toward direct conversion of bicarbonate into products, which may 
represent a less energy-intensive solution to CO2 utilization. 

1.1. CO2 reactive absorption in carbonate/bicarbonate solutions 

Fig. 1 reports a typical post-combustion CO2 capture process based 
on reactive absorption followed by continuous thermal desorption 
where the CO2-rich solution produced in the absorption unit is thermally 
regenerated in a stripping unit. The required heat for the desorption 
process is supplied to the reboiler typically by using low-temperature 
steam available in the power plant. Energy integration is accom-
plished by pre-heating the solution by exploiting the enthalpy of the CO2 
lean solution recirculated to the absorption column. The stream of 
concentrated CO2 is recovered and separated from water vapor by 
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condensation downstream of the stripper. 
The environmentally friendly and non-volatile nature and the ther-

mal stability of sodium and potassium carbonate solutions make them 
promising and effective solvents for CO2 wet capture. The substantial 
absence of solvent emissions and the non-degradable nature of the sol-
vent drastically reduce the ancillary costs typically associated with 
amines’ oxidative and thermal degradation. As a drawback, carbonates- 
based solvents have low CO2 absorption rates (Harte and Baker, 1933; 
Comstock and Dodge, 1937; Knuutila et al., 2010), and absorption 
promoters must be added to make the process competitive compared to 
the amine-based options. Several inorganic promoters have been studied 
over the years. The best-performing inorganic promoter is arsenic acid, 
but it cannot be considered as a feasible solution for industrial-scale 
applications due to its toxicity (Hu et al., 2016). Another widely stud-
ied option is the addition of a fast-reacting amine to promote absorption 
(Hu et al., 2016). However, adding amines will imply that amine 
emission mitigation systems will be needed, and amine degradation will 
also require additional solvent management strategies. A less problem-
atic promoter for carbonate-based solvents is represented by the enzyme 
carbonic anhydrase. 

1.2. CO2 reactive absorption in bicarbonate/carbonate solutions 
promoted by carbonic anhydrase 

Carbonic anhydrase (CA) (EC 4.2.1.1) catalyzes the reaction of CO2 
hydration (Eq. (1)) and thus increases the overall rate of CO2 reactive 
absorption in aqueous solutions. The spontaneous uncatalyzed CO2 
hydration reaction contributes to a very limited extent to the overall 
absorption rate in alkaline solutions (pH > 8), because the overall ab-
sorption rate is mostly affected by the rate of CO2 hydroxylation reaction 
(Eq. (2)). 

CO2(liq) +H2O ̅→←̅
CA HCO−3 +H+ (1)  

CO2(liq) +OH− ↔HCO−3 (2) 

In carbonate solutions, carbonate ions accept the protons released 
from CO2 hydration, forming a further bicarbonate ion (Eq. (3)). 
Equation (4) is the resulting overall reaction occurring in alkaline car-
bonate solutions along CO2 reactive absorption. 

CO2−
3 +H+ ↔HCO−3 (3)  

CO2(liq) +CO2−
3 +H2O↔ 2HCO−3 (4) 

Several CAs have been studied and characterized in alkaline solu-
tions (pH > 8), and several authors demonstrated their stability up to 
40–50 ◦C and resistance to some pollutants (SO2, NOX) of flue gas (Russo 
et al., 2013a). The effectiveness of CA is maximized by its presence in 
proximity of the gas–liquid contact surface. To this aim, technical so-
lutions for both CA immobilization and gas–liquid contactors, such as 
packed columns (Russo et al., 2016, Reardon et al., 2014) or membrane 
reactors (Rasouli et al., 2021), have been purposely designed and 
developed. Free CAs have been studied and tested at both laboratory and 
pilot scales (Peirce et al., 2018a; Kunze et al., 2015). Despite some 
thermostable CA forms being active and stable even as free enzymes, the 
high temperature in the stripping column can inactivate them. This 
would require enzyme recovery prior to stripping, which may be 
extremely cumbersome and expensive. Successful immobilization of CA 
(Russo et al., 2022) on dispersed solid particles through covalent 
attachment, physical adsorption, or matrix entrapment results in a more 
stable catalyst that can be confined inside the absorption unit and can be 
easily recovered (Xu et al., 2021; Shamna et al., 2021; Liu et al., 2018). 
Moreover, much larger enzyme loadings are permitted by immobiliza-
tion, avoiding protein precipitation and foaming in high carbonate 
concentration solvents (Peirce et al., 2018a). 

1.3. Wet capture and biotechnological routes for CO2 utilization 

Wet capture provides CO2 as bicarbonate ions that can be used as C1 
source for several biotechnological applications. Seawater microalgae 
are commonly cultivated using culture media where the carbon source is 
potassium or sodium bicarbonate. The use of bicarbonate instead of 
CO2-enriched air fed to photobioreactors where microbial growth occurs 
is a promising strategy to maximize CO2 bio-fixation, reducing CO2 
losses to the atmosphere and avoiding some pollutants contamination 
that can inhibit the growth (Jun et al., 2020; Song et al., 2019). 

Besides this microbial use of bicarbonate as a carbon vector towards 
CO2 utilization, other enzyme-catalyzed bioprocesses require aqueous 
sources of CO2/HCO3

–. The cell-free synthesis of high-valued phenolic 
acids from phenolic compounds (catechol, orcinol, resorcinol) and CO2/ 

Fig. 1. Typical layout of an absorption-based CO2 capture process (Russo et al., 2022).  
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HCO3
– was proved using co-factor free decarboxylases (Aresta et al., 

1998; Yoshida et al., 2004; Wuensch et al., 2014). This process can be 
considered a novel biocatalytic pathway for CCU made possible by 
electron-rich co-substrates (phenols) and enzymatic carboxylation. 
Indeed, in the biological equivalent of Kolbe-Schmitt reaction (Lindsey 
and Jeskey, 1957), an electron-rich substrate (phenols) reacts with a 
bicarbonate ion to form a more polar carboxylate anion (Payer et al., 
2019). This type of reaction is catalyzed by cofactor-free and non- 
oxidative dihydroxy-benzoic acid (de)carboxylases (DCs) that bind one 
bicarbonate ion to the aromatic ring, releasing a water molecule (Glueck 
et al., 2010; Tommasi, 2019). These enzymes catalyze the de- 
carboxylation reaction in the metabolisms of fungi and bacteria, and 
the reversible nature of this reaction makes it suitable for CCU-directed 
biotechnological carboxylation of phenols, illustrated in Fig. 2 with 
reference to catechol and orcinol. 

Phenol carboxylation promoted by DC occurs at mild temperatures 
(30 ◦C) and shows high regioselectivities towards ortho-carboxylated 
products, which avoid side product synthesis, unlike the conventional 
Kolbe-Schmitt reaction. These carboxylic acids have a large market as 
intermediate components for the synthesis of biopolymers, coatings, 
active pharmaceutical ingredients and food additives. 

Lab-scale carboxylation tests have been carried out for catechol 
(Pesci et al., 2015), orcinol (Meyer et al., 2018) and resorcinol (Ohde 
et al., 2021) using free DCs as a biocatalyst. Pesci et al. (2015) investi-
gated the kinetics of the reversible carboxylation of catechol including 
the effect of bicarbonate as the co-substrate, that was correlated ac-
cording to a Michaelis-Menten model. An extensive screening of 
phenolic substrates has been reported by Wuensch et al. (2014). Results 
show the effect of the excess bicarbonate ions and the phenol concen-
tration on the theoretical phenol conversion degree. Bicarbonate con-
centration showed the most evident effect on conversion degree: 1.5–2 
M HCO3

– is necessary to achieve the maximum theoretical phenol con-
version (between 20 and 50 %). Phenol concentrations larger than 
80–100 mM lead to possible enzyme deactivation and a critical drop in 
the conversion. The solubility of phenolic compounds in carbonate/bi-
carbonate solutions may be a further constraint. To overcome thermo-
dynamic limitations, several product separation protocols have been 
proposed. Ohde et al., (2021) showed how adding quaternary amines for 
in situ carboxylic acid precipitation can improve the yield by pushing the 
equilibrium reaction towards carboxylic acids. Meyer et al. (2018) 
proposed using ion-exchange resins (IERs) and nonionic adsorbents to 
remove both orcinol and the produced 2,6-dihydroxy-4-methylbenzoic 
acid. Anionic IERs (cloride form), such as Dowex 1x2 and Diaion 
PA312, showed a good affinity towards both molecules and completely 

removed them in about 30 min in 2.5 M potassium bicarbonate solution 
in a stirred tank vessel. The use of IERs is strictly related to the pH in the 
reaction volume since both orcinol and the carboxylic acids can be 
present or not as dissociated species. Between pH 9 and 11, orcinol is 
mostly mono-dissociated and so it is easily removed by the anionic IER. 
However, this essential feature is not highlighted in the other previously 
mentioned studies. Moreover, although these product recovery solutions 
are promising, accumulation of amines or released ions from IER must 
be considered when solvent regeneration and reuse are considered. 
Hence, carboxylic acid removal from alkaline solutions at large HCO3

– 

concentrations and solvent regeneration stem out as two aspects of 
primary importance for cyclic CCU potential applications. 

The large excess of bicarbonate (>1.5 M) necessary to boost 
carboxylation suggests a possible exploitation of the rich solvent from 
CO2 reactive absorption units. A sustainable source of electron-rich 
substrates (low molecular weight aromatics) is represented by bio- 
based phenols. Accordingly, the interesting perspective of bridging the 
bioconversion pathway with pyrolytic conversion of lignocellulosic 
biomass in the light of modern biorefinery views (Luque et al., 2014; 
Fonts et al., 2021; Brown, 2021) has been pursued by assuming pyrolytic 
phenols from fractional pyrolysis of biomass as carboxylation substrates. 
Combining bio-based (phenols) and CO2-based (bicarbonate) building 
blocks offers a promising pathway to approach net zero emission by 
integrating lignocellulosic biomass waste valorization and CCU. 

In a previous preliminary study, enzymatic reactive absorption 
(ERA) of CO2 and enzymatic carboxylation (EC) were modelled based on 
(de)carboxylation equilibrium and mass balances (Marra et al., 2022). 
The study showed that large bicarbonate concentrations (about 2 M) 
increase phenol equilibrium conversion for both catechol and orcinol as 
substrates. However, phenol concentration affects the equilibrium con-
version in the range of 50–80 mM to a limited extent. Moreover, orci-
nol’s higher equilibrium constant resulted in a higher equilibrium 
conversion. As expected, based on chemical/physical data, phenols 
concentration is the tighter limit due to 1:1 EC stoichiometry. In addi-
tion, the phenols’ solubility limits the amount of CO2 converted to 
carboxylic acid, and, DC deactivation limits the maximum phenol con-
centrations (Pesci et al., 2015). DC immobilization can be a promising 
tool to increase protein resistance to phenols, but to our knowledge, no 
studies about DC immobilization have been reported yet. Some alter-
native solvents, including ionic liquid and deep eutectic solvents (DES), 
have been proposed for CO2 capture (Sarmad et al., 2017; He et al., 
2023) and may help to overcome limitations posed by phenols solubil-
ity, e.g. in phenols extraction from pyrolytic bio-oil by DES (Hizaddin 
et al., 2022). 
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Fig. 2. Reversible enzymatic carboxylation of catechol and orcinol.  
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Enzymatic carboxylation of phenols is the focus of the present study, 
with the aim of scrutinizing the feasibility of an attractive pathway for 
CO2 utilization in industrial decarbonization. Using biobased phenols 
derived from fast pyrolysis of biomass as the carboxylation substrates 
establishes a promising bridge between bioprocess engineering and 
thermochemical conversion of biomass. Process engineering is under-
taken by proper consideration of thermodynamic constraints and the 
performances of EC reactions (Payer et al., 2019). Two scenarios are 
analyzed. In the first scenario (Layout 1), a CO2 capture plant is entirely 
dedicated to carbon fixation via carboxylation through the reaction of 
the bicarbonate intermediate with a phenolic feedstock supplied via a 
bio-oil extended supply chain. This scenario is consistent with a vision 
based on decentralized pyrolysis of raw biomass and generation of bio- 
oil at satellite biomass harvesting/collection sites, which then feeds into 
larger centralized processing or upgrading biorefineries (Kang et al., 
2021; Troiano et al., 2022). A second scenario (Layout 2) assumes a CO2 
ERA-based closed-loop process, whence a fraction of the bicarbonate 
intermediate is used for the carboxylation of phenols generated by a 
dedicated medium-sized pyrolysis plant. The two layouts represent 
different realistic contexts and are characterized by different optimiza-
tion criteria. Both configurations were modelled using ASPEN PLUS® 
with custom-based kinetics of the relevant reactions. The EC unit was 
developed considering alternative reactor configurations (packed bed 
and series of stirred reactors) depending on the type of biocatalysts (DC 
covalently immobilized on solid particles and cross-linked enzyme ag-
gregates, respectively). Catechol and orcinol were set as reference sub-
strates in both layouts’ simulations. 

2. Methods 

2.1. General features of the model 

The process model was developed considering two layouts, both 
embodying a CO2 ERA stage and an EC stage. 

Layout 1 aims at the fixation of the whole stream of captured CO2 
into carboxylic acids. The process layout (Fig. 3) takes as an input the 
flue gas from an industrial point source (e.g. a power plant) to be treated 
in the ERA unit with an enzymatically promoted potassium carbonate 
solution. The EC unit is continuously fed with the bicarbonate-rich 
solvent from the CO2 ERA unit. The phenols stream is fed according to 
a distributed pattern to each EC reactor to keep phenol concentration 
below the solubility limit (50–80 mM) at any stage of the process. 
Assuming complete separation/recovery of the carboxylic acids, the 
bicarbonate/carbonate solvent is recycled back to the ERA CO2 unit. The 

CO2 ERA unit was designed according to Marra et al. (2022) to meet the 
bicarbonate excess demand of the EC process (see section 3.2). 

Unlike the previous scheme, Layout 2 (Fig. 4) corresponds to a 
‘conventional’ absorption–desorption process for CO2 capture, whereby 
only a portion of the rich solvent is treated in the EC section, depending 
on the available stream of phenolic substrates. The CO2 not converted to 
carboxylic acids is recovered in the desorber as a gas stream and com-
pressed for further utilization or storage. Phenols are mixed with the rich 
solvent fraction before entering the first EC subunit to achieve the 
desired inlet phenol concentration (50–80 mM). Assuming a complete 
separation/recovery of carboxylic acids, the potassium bicarbonate/ 
carbonate solvent from the EC unit is combined with the rich solvent 
stream from the CO2 ERA unit and fed to the CO2 desorption column to 
recover CO2 and regenerate the solvent. 

For both layouts, the feedstock of phenolic substrates is assumed to 
derive from biomass fractional pyrolysis, yielding low molecular weight 
phenols. The valuable end-products of the process are 2,3 dihydrox-
ybenzoic acid (DHBA) for catechol feeding and 2,6 dihydroxy 4 meth-
ylbenzoic acid (DHMBA) for orcinol feeding. 

Fig. 5 provides a detailed description of each EC reaction subunit 
embodying the carboxylic acids separation stage. Several separation 
protocols for carboxylic acids recovery after EC in highly concentrated 
bicarbonate solutions have been proposed in the literature to overcome 
EC equilibrium conversion limit (see section 1). Due to the uncertainty 
of the performances of immobilized DC and the lack of information 
about the regeneration of separating agents (resins, salts etc.), the 
description of the product separation process was beyond the aim of the 
present work. Accordingly, it was assumed that carboxylic acids could 
be removed entirely in the separation unit and that no product accu-
mulation occurred in the carbonates solvent, essential to solvent 
regeneration/reuse. 

2.2. CO2 enzymatic reactive absorption 

ASPEN PLUS® was used to model the CO2 ERA unit. Table 1 shows 
the main parameters/properties of the absorption section. The flow rate 
and composition of the flue gas stream were set according to Russo et al. 
(2013b) based on a realistic case of a pilot plant (Wu et al., 2018; Smith 
et al., 2014). The concentration of aqueous K2CO3 has been fixed at 3 M, 
according to the literature (Matsui et al., 2006; Wuensch et al., 2014; 
Ren et al., 2016). The liquid-to-gas (L/G) mass ratio was increased in the 
two layouts until to the flooding values of 80 % given by ASPEN PLUS® 
corresponding to the maximum working L/G mass ratio of 5 kg/kg. The 
column works with negligible pressure drop for both the gas and liquid 

Fig. 3. Layout 1 for enzymatic CO2 capture and carboxylation.  
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phases. The temperature of the outlet gas (Table 1) decreases as L/G 
ratio increases (e.g., the outlet gas is at 25.9 ◦C at 5 kg/kg L/G). As 
expected, L/G ratio has negligible effect on the temperature profile of 
the liquid solvent (e.g., the rich solvent is at 28.2 ◦C at 5 kg/kg L/G). 
Immobilized CA was considered confined in the absorption column, and 
its properties were set according to Peirce et al. (2018b), who developed 
a biocatalyst with CA covalently immobilized on paramagnetic nano-
particles of Fe3O4. The concentration of dispersed biocatalyst in the ERA 
unit was fixed considering a 2 %vol solid hold-up, according to Russo 
et al. (2016). 

The kinetics of CO2 hydration catalyzed by immobilized CA was 
reported by Peirce et al., (2018a) for experimental conditions close to 
those set for the ERA unit. The kinetic model of CO2 hydration in K2CO3 
solutions catalyzed by immobilized carbonic anhydrase was included in 
both forward (rf ) and backward (rb) CO2 hydration reactions of the 
ASPEN PLUS® RADFRAC column section (Eq.s 5 and 6). 

rf = kE • [CA]im • ρsolid • εs • [CO2] (5)  

rb =
kE • [CA]im • ρsolid • εs

K1
•
[
HCO−3

]
• [H+] (6) 

Fig. 4. Layout 2 for enzymatic CO2 capture, storage and carboxylation.  

Fig. 5. EC subunits including product separation and alternative reactor configurations in the inset.  
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K1 is the CO2 hydration reaction equilibrium constant (Eq. (1)) 
whose temperature dependency was calculated according to the ASPEN 
PLUS® properties library. 

A rate-based calculation method was used to include mass transfer 
phenomena and CO2 hydration kinetics, hence the effect of CA on the 
overall CO2 absorption rate. ELECNRTL was used as a properties 
calculation model to describe electrolyte solutions. 

This ERA unit design was included in both Layout 1 and Layout 2 
simulations. In Layout 2, a stripping unit was also coupled to complete 
the absorption/desorption loop. The process flowsheet designed with 
ASPEN PLUS® is reported in Figure S1, and it was used to simulate the 
CO2 absorption/desorption process in Layout 2 as an open loop to 
overcome any convergence issues. A RADFRAC column model was 
applied using the EQUILIBRIUM calculation, and simulations were 
carried out by setting 5 stages with a 3⋅104 Pa pressure at stage 1 
(condenser), 70 ◦C rich solvent inlet temperature, and by varying the 
reboiler thermal duty (at stage 5) to reach a satisfactory solvent regen-
eration so that the solvent loading was smaller than 0.55 molC/molK+. 

2.3. Enzymatic carboxylation 

A preliminary study (Marra et al., 2022) first analyzed coupling the 
CO2 ERA process with EC through an equilibrium model based on 
published data on reversible enzymatic carboxylation of several 
phenolic substrates, such as catechol and orcinol (Pesci et al., 2015; 
Meyer et al., 2018; Ohde et al., 2021). The present model is based on the 
realistic assumption that (de)carboxylases (DCs) may be immobilized to 
be used in a continuously operated EC reactor. Depending on the DC 
immobilization method, two alternative reactor configurations were 
considered: 

a) DCs covalently attached on a solid granular support suitable for 
utilization in a packed bed reactor; 

b) DCs immobilized through a covalent carrier-free technique (Cross- 
Linked Enzyme Aggregates – CLEA) that can be used as a dispersed solid 
biocatalyst in stirred reactors. 

Due to the reversible nature of the EC reaction, the use of a segre-
gated reactor configuration instead of a mixed type is desirable. Hence, a 
tubular packed bed and series of stirred reactors were considered as 
convenient configurations for a DC-based biocatalyst developed ac-
cording to immobilization techniques a) and b), respectively. Both 
configurations were modelled as a series of 5 CSTR in ASPEN PLUS® 
using the R-CSTR module (see Fig. 5 and Figure S2). 

The kinetic model of free DCs catalysis (Pesci et al., 2015) was 
assumed valid for the immobilized DCs and was included as a custom 
reaction rate equation (Eq. (7)) in ASPEN PLUS® to describe the enzy-
matic carboxylation of catechol. 

rDHBA = Eload • ρS •
εs

1 − εs
•

Vf
max

KmcKb
c
• [1, 2DHB] •

[
HCO−3

]
−

Vb
max•[2,3DHBA]

KmHA

1+ [1,2DHB]Kmc
+
[HCO−3 ]
Kmb
+
[2,3DHBA]

KmHA
+
[1,2DHB]•[HCO−3 ]

KmcKb
c

(7) 

Eq. (7) shows the DHBA production rate where Eload is the immobi-
lized DC loading (mass of immobilized enzyme per unit mass of solid 
support); ρS the solid density, εs volumetric hold up of solid, Vf

max and 
Vb

max are the maximum reaction rates for the forward and backward 
carboxylation reactions depending on the substrates ([1, 2DHB] and 
[
HCO−3

]
) and the product concentration ([2, 3 DHBA]). Kinetic parame-

ters in Eq. (7) were set according to Pesci et al. (2015) and reported in 
Table 2. 

The properties of the biocatalysts are reported in Table 3 according 
to the reactor configurations described in Fig. 5. The DC loading per unit 
mass of solid carrier was set according to reasonable values obtained 
from the literature for the selected immobilization techniques. In 
particular, the DC loading of CLEA was set at 1000 gE/kgS, by assuming 
that the biocatalyst can be considered as a pure enzyme and neglecting 
the mass of the cross-linker (Peirce et al., 2017; Sheldon and Brady, 
2021). Similarly, solid densities were set considering resin supports (in 
packed bed) and enzyme aggregates (in stirred tanks). The solid hold-up 
was set assuming spherically single-sized beads in the packed bed and 
diluted fine biocatalyst particles dispersed in the stirred tanks. 

2.4. Model computation and validation methods 

This section reports the description of the general model computa-
tion method and the criteria followed for model validation. The resulting 
data and their discussion are presented in sections 3.1-6. A base case for 
the simulation of the CO2 ERA unit was established, setting the lean 
solvent loading at 0.5 molC/molK+ and the 5 kg/kg L/G ratio corre-
sponding to 80 % of the flooding limiting value (L/Gflooding = 6.22 kg/ 
kg). The packing height in the absorption column ranged between 3 and 
10 m. The packing height with maximum CO2 capture efficiency (Eq. 
(8)) was used for further sensitivity studies, where the effect of the L/G 
ratio and the lean solvent loading on both CO2 capture efficiency and 
composition of the rich solvent was assessed. 

CO2 capture efficiency =
kgflue gas

CO2
− kggas to atm

CO2

kgflue gas
CO2

(8) 

The model of the CO2 absorption unit was validated by comparing 
the results of the RADFRAC model with experimental results from a pilot 
plant operated with no CA and a similar solvent composition (Smith 
et al., 2014). To this aim, the concentration of CA was set at zero, and the 

Table 1 
Main parameters of the CO2 ERA stage.  

Flue gas stream to be treated 

Flow rate 1000 Nm3/h  N2 0.88 mol/mol 
Temperature 60 ◦C H2O 0.02 
Pressure 1.1 105 Pa CO2 0.1 
Lean solvent stream 
L/G ratio 3–5 kg/kg  Pressure 1.3 105 Pa 
Temperature 25 ◦C [K2CO3] 3 M 
Biocatalyst: immobilized carbonic anhydrase 
Enzyme (CA) loading 0.04 kg/kgsolids  Solid hold-up 2 %vol 
Solid density 5240 kg/m3 kE 1460 m3/kg s 
Column design 
Diameter 0.43 m  Packing type MELLAPACK 350Y SULZER  

Table 2 
Kinetic parameters of the reversible carboxylation of catechol catalyzed by 2,6 
DHBD (Pesci et al., 2015).  

Parameter Value Unit 

Vmax
f 2.10 10-5 mol hr− 1 mg− 1 

Vmax
b 6 10-5 mol hr− 1 mg− 1 

Kmc 0.03 M 
Kc

b 0.087 M 
KmHA 0.0012 M 
Kmb 0.839 M  

L. Marra et al.                                                                                                                                                                                                                                   
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only CO2 hydration and hydroxylation reactions were considered in the 
model. Table 4 reports experimental data (Smith et al., 2014) on the 
absorption column geometry, packing type, operating temperatures, and 
L/G ratio used for the validation. 

The EC unit simulations were performed to assess its size in terms of 
the number and volume of modular tubular or stirred reactors with 
different initial conditions for both Layouts 1 and 2. 

In Layout 1 simulations, the minimum number of EC subunits (see 
Fig. 3) required to achieve the complete conversion of captured CO2 
(dissolved in the rich solvent as HCO3

– ions according to the simulation of 
the CO2 ERA unit base case) was calculated assuming that the maximum 
phenol carboxylation degree was obtained in each EC subunit. The 
composition of the outlet stream from each EC subunit was assessed by 
the previously developed equilibrium model (Marra et al., 2022) that 
provided the consumption of HCO3

– occurring at each EC step supplied 
with a phenol stream at 50 and 80 mM catechol/orcinol. In Layout 1, the 
CO2 ERA best case (L/G ratio and solvent loading) was selected to 
minimize the number of EC subunits required to fix 1 kg/h of captured 
CO2. 

Similar calculations were performed to assess the minimum number 
of modules of the EC section in Layout 2. In this case, the effect of 
product separation efficiency (20–100 %) on the minimum number of 
modules of the EC section was assessed. The mass flow of phenols 
available as a product of a pyrolytic bio-oil production/fractionation 
plant was assumed as the limiting operating parameter. Phenolic sub-
strates can be obtained as a fraction of pyrolytic bio-oil from several 
biomass feedstocks (Dhyani and Bhaskar, 2018). Accordingly, phenols 
mass flow was estimated for a typical biomass fast pyrolysis capacity 
plant of 10 tons/day with a 50 % bio-oil fraction, and a 2 % low mo-
lecular weight phenols yield upon bio-oil fractionation. 

The fraction of the rich solvent processed in the EC stage was set 
according to the solubility limit of phenols (see Fig. 2). In Layout 2, the 
CO2 ERA best case was selected to maximize the CO2 capture from flue 
gas by adjusting the heat input to the regeneration to reach lean solvent 
loading of 0.54 molC/molK+. 

For both layouts and EC reactor configurations, the size of each EC 
reactor was calculated as follows. First, the volumetric concentration of 
immobilized DC enzymes (referred to the liquid phase) was calculated 
according to immobilized DC properties (Table 3). Then, the liquid- 
phase hydraulic residence time (HRTliq) was iteratively varied in the 
ASPEN PLUS® R-CSTR model until the maximum equilibrium conver-
sion was approached. The liquid volume was calculated from the HRTliq, 
taking into account the liquid flow rate as well as the total reactor vol-
ume, and considering the solid hold-up set in Table 3. 

3. Results and discussion 

3.1. Validation of the CO2 absorption unit model 

Despite the CA selected for the present model has been extensively 
characterized from the standpoint of immobilized enzyme kinetics 
under conditions relevant to the study (Peirce et al., 2018b), no data are 
available at the pilot scale. At the same time, no kinetic models are re-
ported in the literature for other CA forms that have been successfully 
tested in pilot plants (Kunze et al., 2015, Reardon et al., 2014). For these 
reasons, the absorption unit model was validated by matching results of 
computations against experimental results published by Smith et al. 
(2014), characterized by similar solvent composition (Table 4), 
although no CA was used. It is reasonable to assume that the immobi-
lized CA has a very limited impact on the vapour-liquid equilibria and 
chemical-physical properties of the solvent. Accordingly, this approach 
allowed validating the design method of the absorption column also in 
the case of the CA-catalyzed reaction. Fig. 6 compares the experimental 
data in terms of CO2 capture efficiency corresponding to three values of 
L/G mass ratio with results from model computations for the set of 
operating parameters reported in Table 4. A fair agreement between the 
simulations and the experimental data is recorded. Indeed, for each L/G 
value, the simulation results (diamonds) are included in the range of the 
observed capture efficiencies (vertical bars). 

3.2. CO2 enzymatic reactive absorption 

Several simulations were run setting the parameters as in Table 1 to 
assess the effect of the packing diameter (0.43–1 m) on the performances 
of the column. The results are reported in Figure S3. The 0.43 m 
diameter was set similarly to the value reported by Smith et al. (2014) 
for a pilot-scale absorption column. Then, the effect of CA on the overall 
performance of CO2 ERA was assessed for a 0.43 m diameter and is re-
ported in Fig. 7 for a range of packing heights. Without CA, the CO2 
capture efficiency increases almost linearly with the packing height. In 
the presence of CA immobilized on fine particles dispersed in the liquid 

Table 3 
Properties of immobilized decarboxylases.  

Reactor configuration Packed bed Stirred reactor series 

DC immobilization 
technique 

Covalent attachment on 
solid particles 

Cross-linked enzyme 
aggregates 

Enzyme loading [gEnz/ 
kgsol] 

10–100 1000 

Solid density [kgsol/ 
m3

sol] 
1200 1050 

Solid hold-up [m3
sol/ 

m3
liq] 

0.6 0.02  

Table 4 
Selected parameters for the literature pilot runs used for absorption model validation (Smith et al., 2014).  

L/G 
[kg/ 
kg] 

Gas Pressure 
[kPag] 

Flue gas temperature 
[◦C] 

Lean solvent 
temperature [◦C] 

Lean solvent K2CO3 

concentration [wt%] 
Packing height 
[m] 

Column 
Diameter 
[m] 

Packing type 

3 2 41 49 28 4.8 0.21 Sulzer 
Mellapak 
(standard) 

4 5 65 41 
5 5 40 40  

Fig. 6. Validaton of the CO2 absorption unit submodel. Vertical bars: ranges of 
experimental data from Smith et al. (2014), diamonds: theoretical data ac-
cording to the present study. 
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solvent, the CO2 capture efficiency increased from 6 to 14 times 
depending on the packing height. Increasing the packing height above 7 
m yields a moderate growth of the CO2 capture efficiency (<3%). Thus, 
the base case was selected as 7 m packing height, 4.98 kg/kg L/G ratio 
(80 % from flooding), and 0.5 molC/molK+ lean solvent loading, corre-
sponding to 74 % CO2 capture efficiency. 

3.3. Impact of lean solvent loading on capture efficiency and rich solvent 
composition 

The performances of the ERA unit were investigated by simulations 
performed at lean solvent loading values ranging from 0.5 molC/molK+

(pure solvent) to 0.75 molC/molK+ to mimic a regenerated solvent with 
residual bicarbonate. Fig. 8 A-B report these results referred to L/G ra-
tios ranging between 50 and 80 % of the flooding value. Larger bicar-
bonate concentrations reduced the CO2 capture efficiency by decreasing 
the overall reaction rate and yielded larger bicarbonate concentrations 
in the rich solvent (up to 1.88 M). According to Marra et al. (2022), the 
bicarbonate concentration is crucial to select proper conditions at the 
inlet of the EC unit to promote the conversion of phenols via the 
reversible enzymatic carboxylation. This criterion and the results in 

Fig. 7. Effect of packing height on CO2 capture efficiency in CO2 ERA unit with 
and without CA (operating conditions and solvents composition in Table 1). 

Fig. 8. Effect of the lean solvent loading on A) CO2 capture efficiency and B) bicarbonate concentration in the rich solvent as a function of the L/G mass ratio.  

L. Marra et al.                                                                                                                                                                                                                                   



Chemical Engineering Science 285 (2024) 119618

9

Fig. 8B were considered to set the conditions for the simulations of 
Layout 1, as discussed in the next section. 

3.4. Model computations: Layout 1 

The L/G ratio and the lean solvent loading are the key variables to 
ensure both a satisfactory CO2 capture efficiency and an appropriate 
value of bicarbonate concentration in the rich solvent. Indeed, large 
bicarbonate concentrations (>1M) are necessary to push the maximum 
theoretical limit of phenols carboxylation degree. The simulations of 
Layout 1 were aimed at the assessment of the required number of EC 
modules to achieve the complete conversion of the captured CO2 in a 
range of L/G mass ratios and solvent loadings values. The overall 
number of EC subunits (NECS) is a function of the bicarbonate con-
centration in the rich solvent that, in turn, affects both the phenols 
conversion degree and the CO2 capture efficiency. Moreover, NECS 
depends on the carboxylation equilibrium constant and thus on the type 
of phenolic substrate and its inlet concentration in each EC reactor. This 
limits the amount of CO2 that can be fixed in each EC subunit. Indeed, 
each EC reactor can convert a stoichiometric amount of bicarbonate 
depending on the theoretical equilibrium conversion that is about 20 % 
and 50 % for catechol and orcinol, respectively, according to the 
available data on EC equilibria (Pesci et al., 2015; Meyer et al., 2018). 
Also, the mass flow rate of captured CO2 decreases at increasing solvent 
loading and decreasing L/G ratios. The number NFix of EC subunits 
required to fix 1 kg/h of captured CO2 was calculated as the ratio be-
tween NECS and the mass flow of captured CO2 (mCO2) (Eq. (9)). 

NFix =
Number of EC subunit for complete conversion of captured CO2

mCO2

(9) 

Fig. 9 shows the effect of the lean solvent loading on Nfix. As mCO2 
decreased at increasing solvent loading, a smaller value of NECS is 
required to fully convert the captured CO2 into carboxylic acids 
(Figure S4, S5). In addition, as the bicarbonate concentration in the rich 
solvent increased, Nfix decreased because of the beneficial effect of the 
larger bicarbonate excess on the maximum phenols carboxylation 

degree (see section 1). 
Data in Fig. 9 show how the value of NFix decreases as the L/G ratio 

increases. At a given solvent loading, a negligible decrease of NECS with 
increasing L/G ratio is expected because the larger amount of captured 
CO2 (mCO2) per unit volume of liquid flow (L) (Figure S6) is damped by 
the larger liquid solvent flow (decrease of the bicarbonate concentration 
in reach solvent at increasing L/G ratios – Fig. 8B). The reduction of NFix 
is negligible for solvent loading larger than 0.67 molC/molK+ at any L/G 
ratio. Accordingly, 0.67 molC/molK+ was set as the optimal loading for 
Layout 1, and NFix was calculated for orcinol and catechol carboxylation 
(Fig. 10). NFix is smaller for orcinol because of the value of the carbox-
ylation equilibrium constant (0.16 M− 1 and 0.5 M− 1 for orcinol and 
catechol respectively) and decreases at increasing inlet phenols con-
centration. This is related to the stoichiometric ratio between available 
phenols and the amount of bicarbonate fixed as carboxylic acids. 

The iterative procedure described in section 1.4 was applied to assess 
the reactor volume of each EC subunit, assuming a packed bed and series 
of stirred reactors as alternative configurations. In the case of a packed 
bed, the DCs are immobilized in granular solids, and the reactor volume 
below which there is an appreciable departure from the maximum 
conversion of the phenolic substrate was of about 1 m3 (Fig. 11). The 
calculation was repeated for several concentrations of immobilized DCs. 
In the absence of specific kinetic data for immobilized DC, the kinetics of 
immobilized DC was described starting from the parameters available 
for free DC (Table 2). The activity of immobilized DCs has been rated at 
50 % of the free enzyme activity, as a partial deactivation of the enzyme 
is expected upon immobilization. As expected, the effect of the inlet 
catechol concentration on the reactor volume is negligible since the 
substrate concentration does not significantly affect the EC equilibrium 
conversion (Marra et al., 2022). According to the literature, 25–50 mg/g 
of immobilized DC per unit mass of solid support is a reasonable loading 
(Russo et al., 2022). This makes the prediction of EC subunits having 
volumes smaller than 1 m3 reliable. Similar calculations were applied to 
the case of the stirred reactor series. Fig. 12 shows the overall reaction 
volume for each reactor configuration. The packed bed reactors require 
smaller volumes than the cascade of stirred reactors to approach the 
equilibrium conversion of catechol carboxylation. This is due to the 
typical solid hold-up of packed bed reactors (0.6 according to Table 3) 

Fig. 9. Effect of the lean solvent loading on the number of EC subunits required to convert 1 kg/hr of captured CO2 (Nfix), 50 mM (solid lines) and 80 mM (dashed 
lines) catechol concentration. 
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larger than that establishing in mixed reactors (0.02). This difference 
impacts positively and overtakes the effect of the immobilized DC 
loading that ranges from 5 to 50 g/kg for packed solids to 100–500 g/kg 
for suspended cross-linked aggregates in the mixed reactors. In the EC 
section, the size of each reactor decreases along the series of subunits 
due to the progressing decrease of the bicarbonate concentration (e.g. 
from 1.69 to 1.37 M in layout 1) upon carboxylation. Because of the 
effect of bicarbonate on the theoretical catechol conversion degree, it 
drops from 21.2 to 17.9 % along the series of EC subunits. 

3.5. Model computations: Layout 2 

The results from the sensitivity analysis guided the selection of the 
input values for simulations of Layout 2. As previously discussed, Layout 
2 corresponds to a general-purpose CO2 capture plant (Table 1), whence 

a portion of the captured CO2 via ERA is valorized through phenol 
enzymatic carboxylation. Input data for this configuration were based 
on typical operating conditions of such plants and are reported in 
Table 5. In particular, maximization of the capture efficiency is typically 
accomplished by increasing the L/G ratio and keeping the lean solvent 
loading as low as possible by solvent regeneration. 

The results of the CO2 ERA model simulations are reported in 
Table 6. As expected, CO2 capture efficiency (68 %) is higher than in 
Layout 1 (39 %). Hence, the rich solvent bicarbonate concentration is 
smaller due to the smaller lean solvent loading (0.54 molC/molK+). With 
these numbers, the reboiler duty was a 5.54 MJ/kgCO2 (see section 2.2). 
In Layout 2 the mass flow of phenols was assumed as the limiting factor 
to the conversion of the captured CO2. The available stream of phenols 
from pyrolytic bio-oil fractionation was used. The pyrolysis plant is 
assumed to have the capacity of 10 tons/day with a 50 % bio-oil yield 

Fig. 10. Effect of the L/G mass ratio (as a fraction of flooding point) on the number of EC subunits required to convert 1 kg/hr of capture CO2 as a function of 
phenolic substrate concentration (lean solvent loading 0.67 molC/molK+),. 

Fig. 11. Effect of the reactor volume (packed bed) on catechol conversion degree for a 25 mg/g loading of actively immobilized DC.  
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and a 2 % weight fraction of low molecular weight phenols of the bio-oil. 
The rich solvent fraction used to feed the EC unit was calculated by the 
amount of the available phenol and by setting 50 – 80 mM as the inlet 
concentration of catechol (Table 6). 

As expected, the conversion of orcinol is achieved with a smaller 
number of EC subunits due to the more favourable equilibrium 
carboxylation constant (Meyer et al., 2018). Because computations were 
performed with a fixed mass flow rate of phenols (4.2 kg/h), the 
different molecular weights of catechol and orcinol yielded a small 
difference between the total amounts of fixed CO2 in the two acid 
products. Due to the negligible effect of the inlet phenol concentration 
on the theoretical maximum conversion, the number of EC subunits did 
not change when inlet substrate concentration ranged between 50 and 
80 mM. How the inlet concentration of substrate affected the volume of 
EC subunits was calculated for Layout 2, assuming that the maximum 
catechol conversion was approached in the continuous steady operation. 
Results in Fig. 13 show the overall reaction volume for both biocatalyst 
types (Table 2): DCs attached on solid particles in a packed bed reactor 
or series of stirred reactors operated with dispersed cross-linked enzyme 
aggregates. The inlet catechol concentration affects the reactor volumes 

due to the combined effects of the reaction kinetics and of the total 
volumetric flow to be processed. 

The effect of carboxylic acid concentration on the reaction volume 
was assessed assuming a separation efficiency between 20 and 100 % 
(Fig. 14). The conversion of catechol in each EC subunit decreases due to 
the accumulation of the product. The number of EC subunits (9) and the 
total reaction volume of the EC section (0.45 m3 at 90 g/m3 immobilized 
DC concentration, Fig. 13) are both still reasonably small at 80 % 
product separation efficiency. 

3.6. Comparison between alternative process layouts 

Table 7 reports an overview of the process variables for the two 
investigated Layouts, providing the starting point for an assessment and 
a comparison between the two options. 

Layout 1 accomplishes complete fixation of the captured CO2 
without the stripping section, hence, with no recovery and storage of gas 
phase concentrated CO2. The ERA section follows optimization criteria 
driven by the need to ensure large excess bicarbonate in the rich solvent 
to push the theoretical maximum conversion in the EC section of the 
process. The resulting operating conditions (lean solvent loading 0.67 
molC/molK+) bring about a reduction of the CO2 capture capacity (36 %) 
compared with Layout 2. The phenol throughput is 327 kg/h, a 
remarkably large value that implies an extensive and reliable bio-oil 
supply to sustain steady feeding and operation. 

In Layout 2, the enzymatic carboxylation is a side process integrated 
into an existing ERA-based CO2 capture plant. Only a limited fraction of 
the captured CO2 is converted to valuable products via carboxylation of 
phenols. Simulations reported in this study refer to 4.2 kg/h phenol 
feeding under the hypothesis that a single medium-sized biomass py-
rolysis plant could supply the required phenol feedstock. Despite this 
small fraction handled for CO2 utilization purposes and its negligible 
impact on the reboiler heat duty, the production of value-added car-
boxylic acids can support the costs of the entire CCU/S process. More-
over, larger phenol feed rates might be considered, depending on the 
potential of the bio-oil supply chain and on economic optimization 
criteria. Increasing the phenol throughput according to the proposed 
scheme could be accomplished by adjusting the rich solvent split frac-
tion, that is, increasing the rich solvent feed rate to the EC section so as 
to keep phenol concentration in the EC feeding within the solubility 
limit. The maximum theoretical carboxylation potential would 

Fig. 12. Overall reaction volume of the EC section in Layout 1 as a function of the concentration of immobilized DC (referred to the liquid volume). Substrate: 
catechol, solvent loading = 0.67 molC/molK+, L/G = 80 % L/Gflooding. 

Table 5 
Base case operating conditions and performances of CO2 ERA unit in Layout 2.  

L/G ratio 4.98 kg/kg 

Lean solvent loading 0.54 molC/molK+

Packed section height 7 m 
Bicarbonate in rich solvent 1.44 M  

Table 6 
Results of Layout 2 simulations.  

Inlet 
phenol 

Number of 
EC subunits 

Converted 
Phenol [kg/ 
h] 

Converted 
CO2 [kmol/ 
h] 

Rich solvent 
split fraction 
[%vol] 

Catechol 
50/80 
mM 

6 4.2  0.038 17.1/10.7  

Orcinol 
50/80 
mM 

4  0.034 15.2/9.5   
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correspond to 100 % rich solvent processed in the EC section (4.45 m3/ 
h), which would bear a maximum mass flow rate of dissolved catechol 
equal to 24.5 kg/h. This is much less than the phenol throughput of 
Layout 1. It is worth noting, however, that the throughput of Layout 2 
might be further increased beyond this limit by implementing the 
distributed phenol feeding pattern that was assumed in Layout 1: phe-
nols are fed as parallel streams to each EC subunit so as to keep the 
phenol concentration in each subunit below the solubility limit. 

Altogether, Layout 1 may be considered a benchmark, a solution 
aiming at the very ambitious target of accomplishing complete fixation 
of captured CO2, a potential candidate for dedicated production of 
added value CO2-based chemicals when the CCU concept must be 
emphasized over CCS. The inherent advantage of the lack of the CO2 
stripping section and the larger throughput is counterbalanced by the 
smaller CO2 capture efficiency and some lack of process flexibility, 

especially with respect to the reliability of the phenol supply. 
Conversely, Layout 2 is inherently more robust and flexible and can be 
retrofitted to an existing CO2 capture plant, provided that bicarbonate 
solutions are produced as the intermediate carbon vector. The process 
robustness is essentially warranted by the stripping section, which 
provides a stable and reliable backup to compensate for any variability 
of bio-oil supply and performance of the EC section. 

4. Conclusions 

The production of valuable dihydroxybenzoic acids by phenol 
carboxylation has been assessed through a system design study. Using 
biobased phenols derived from fast pyrolysis of biomass as the carbox-
ylation substrates establishes an attractive bridge between bioprocess 
engineering and thermochemical conversion of biomass. Phenol 

Fig. 13. Overall reaction volume of EC section in Layout 2 as a function of the concentration of immobilized DC (referred to liquid volume). Substrate: catechol; 
solvent loading = 0.54 mol C/molK+, L/G = 80 % L/Gflooding. 

Fig. 14. Number of EC subunits required to achieve complete conversion of catechol (50 mM) in Layout 2 as a function of DHBA separation efficiency.  
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carboxylation is accomplished via enzyme-catalyzed reaction of the 
phenolic substrate with a bicarbonate-rich aqueous stream coming from 
the carbonic anhydrase-catalyzed reaction/absorption of CO2 from 
concentrated sources (e.g. flue gases). Two alternative process layouts 
have been simulated using the ASPEN PLUS® process simulator, using 
kinetic data for the biocatalytic steps (CA-promoted CO2 capture and 
DC-catalyzed phenols carboxylation) obtained from dedicated experi-
ments and from the literature. Both layouts are examples of “direct” CO2 
utilization in an aqueous phase catalyzed by enzymes. 

Layout 1 assumes a scenario of complete fixation of CO2 into dihy-
droxybenzoic acids, with a dedicated CO2 capture plant and a phenolic 
compounds supply chain consistent with a vision based on decentralized 
pyrolysis of raw biomass and generation of bio-oil that feeds into 
centralized biorefineries. The optimization of CO2 ERA operating con-
ditions makes the capture and fixation of CO2 into valuable bio-based 
products feasible with no need for thermal regeneration of the liquid 
solvent. This ambitious target is pursued at the expense of reducing the 
CO2 absorption capacity with respect to conventional CCS processes. 

A second scenario (Layout 2) assumes a CO2 ERA-based closed-loop 
process, whence a fraction of the bicarbonate intermediate is used for 
carboxylation of pyrolytic phenols. The maximum fractional amount of 
CO2 fixed as carboxylic acids is smaller and is limited by phenol solu-
bility in the rich solvent. Layout 2 is inherently more flexible, thanks to 
the presence of the CO2 stripping section, and may be implemented as a 
retrofitting of an existing capture plant. 

The two layouts are representative of different realistic contexts and 
are characterized by different optimization criteria. Both deserve 
consideration for future developments aimed at exploiting biogenic re-
sources in combination with CO2 capture and utilization. Results of 
model computations provide guidelines for developing decarboxylases- 
based biocatalysts and for designing multiphase EC bioreactors. More-
over, they pinpoint research priorities and further steps that may sup-
port process development:  

• testing pyrolytic phenols (or mixtures thereof) as sources of electron- 
rich substrates for EC; 
• developing robust and efficient immobilization techniques to stabi-

lize (de)carboxylases in continuous-flow reactors;  
• extend the design study to the integration of continuous in-situ 

product separation with EC reactors. 
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Optimal lean solvent loading [mol C/molK+] 0.67 0.54 0.67 0.54 
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(a) only the option of packed bed reactors is reported, assuming 25 g/kg immobilized enzyme loading. 
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