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Abstract: Innovative carbon capture technologies that capture CO, from large point sources and di-
rectly from air are urgently needed to combat the climate crisis. Likewise, corresponding technologies
are needed to convert this captured CO; into valuable chemical feedstocks and products that replace
current fossil-based materials to close the loop in creating viable pathways for a renewable economy.
Biocatalytic membranes that combine high reaction rates and enzyme selectivity with modularity,
scalability, and membrane compactness show promise for both CO, capture and utilization. This
review presents a systematic examination of technologies under development for CO, capture and
utilization that employ both enzymes and membranes. CO, capture membranes are categorized by
their mode of action as CO, separation membranes, including mixed matrix membranes (MMM) and
liquid membranes (LM), or as CO; gas-liquid membrane contactors (GLMC). Because they selectively
catalyze molecular reactions involving CO,, the two main classes of enzymes used for enhancing
membrane function are carbonic anhydrase (CA) and formate dehydrogenase (FDH). Small organic
molecules designed to mimic CA enzyme active sites are also being developed. CO, conversion
membranes are described according to membrane functionality, the location of enzymes relative
to the membrane, which includes different immobilization strategies, and regeneration methods
for cofactors. Parameters crucial for the performance of these hybrid systems are discussed with
tabulated examples. Progress and challenges are discussed, and perspectives on future research
directions are provided.

Keywords: biocatalyst; carbonic anhydrase; CO, capture; CO, reduction; enzyme; formate
dehydrogenase; immobilization; membrane

1. Introduction

Carbon dioxide (CO,) interacts with atmospheric, oceanic, and terrestrial biospheres [1]
and is a part of feedback mechanisms that are responsible for natural glacial cycles [2].
Within the past century, anthropogenic CO, emissions have skyrocketed, causing an abrupt
increase in atmospheric CO; levels [3] which is speeding up global warming and risks
irreversible climate changes [4]. Carbon capture technologies that reduce the emissions
from large point sources and capture legacy emissions directly from air are necessary to
combeat this crisis [5]. Converting captured CO; into valuable chemical feedstocks and
products that replace current fossil-based materials is increasingly important for its double
benefit and has incentivized the growth of an emerging market for carbon utilization [6].

Already, there are four types of industrially used CO; capture technologies. They
include absorption in chemical or physical solvents, adsorption on solid absorbents, cryo-
genic processes, and membrane-based separations [7]. Each have their own advantages and
limitations depending on the specific implementation conditions, such as temperature, pres-
sure, and CO, concentrations. It is therefore common to combine more than one technology
in efforts to reduce the overall cost of the capture process. For example, a conventional
membrane separation process can be assisted by a cryogenic unit to improve CO, purity to
a level that is not attainable by the membrane alone [8]. In another hybrid example, the
porous structure of a gas-liquid membrane contactor (GLMC) is used to increase the contact
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surface areas of a gas stream with conventional chemical absorption solvents to achieve
higher CO; capture efficiency with a smaller footprint [9]. The development of more
sophisticated hybrid systems that combine the relatively newer concepts of metal organic
frameworks (MOFs), ionic liquid (IL), and enzyme-based CO, capture and reactor systems,
together with conventional CO; capture technologies, offer new possibilities for carbon
capture and utilization applications [10]. By comparing their features, this review examines
the range of hybrid technologies that employ both enzymes and membranes, and provides
critical analyses of the promises and challenges within the field of biocatalytic membranes
for carbon capture and utilization (CCU). This review provides a concise account of both
membrane and biocatalysis concepts relevant for CCU. The analyses and discussions are
intended to stimulate inspiration for novel ideas, and especially, to encourage collaboration
among researchers from different academic backgrounds.

1.1. Enzymes for CO, Capture and Utilization
1.1.1. Carbonic Anhydrases

Among the many chemical reactions catalyzed by enzymes in biological systems, the
hydration and dehydration reactions of CO, and bicarbonate (Equation (1)) related to cell
respiration and blood pH homeostasis are among the most critical. Carbonic anhydrases
(CAs) are a ubiquitous class of metal-containing enzymes found in all domains of life.
At ideal conditions, CAs can catalyze the conversion of up to the order of one million
molecules of substrate per molecule of enzyme per second [11]. Interest in using CA for
engineering purposes was initially limited to CO, separation from life supporting closed
spaces [12], such as submarines and spacecraft, or in biomedical devices, such as artificial
lungs [13]. Now interest has been rekindled for its potential industrial-scale use [14] in
mitigating the negative effects of CO; on climate change.

COZ + Hzo < H + HCO37 (1)

In recent years, CA has been evaluated both in a dissolved form [15] or immobilized on
packing materials [16,17] as a promoter in conventional CO; chemical absorption processes
for enhancing CO, capture from power plant emissions using benign low regeneration
energy solvents, such as aqueous solvents containing potassium carbonate, K,COs. These
inorganic salt-based solvents enhanced by CA offer the special advantage of minimizing
pore wetting for novel gas-liquid membrane contactor applications, which is discussed
in detail below. With the goal of finding lower cost synthetic alternatives, various CA
mimic enzymes such as Zinc-based [18] and Cobalt-based [19] catalysts have been devised.
Because water (moisture) is essential for CA enzymes to provide an enhancement effect,
membrane developments that utilize CA and its mimics focus on “wet” membranes as the
catalytic reaction cannot occur in dry membranes [20].

Like many other enzymes, CAs generally have low tolerance for elevated tempera-
ture environments, such as those encountered in the CO; stripper of reactive absorption
processes. However, some CAs are naturally thermostable [14], and non-natural vari-
ants have been made by protein engineering to create ultra-thermostable CAs that can
tolerate temperatures of up to 107 °C with pH > 10.0 in amine solvents [21]. Further-
more, enzyme immobilization can circumvent CA instability by retaining CAs in the lower
temperature absorber column, thus preventing them from being exposed to the high tem-
perature environment, and can also stabilize CAs against denaturing in harsh solvents for
improved longevity [22].

1.1.2. Formate Dehydrogenases

Due to its vast quantity, captured CO, needs to be stored permanently, or ideally
turned into valuable materials that displace CO, emissions from traditional processes. Such
processes include the cement and chemical industries, which account for 7% of global
CO; emissions and 7% of all oil extracted, respectively [23]. Formate dehydrogenase
(FDH) catalyzes the reversible reduction of CO, to formic acid (Equation (2)), a commodity
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chemical with an existing market of more than one million tons/year [24]. Theoretically,
the market size would grow much larger if efforts to use formate for liquid hydrogen fuel
storage [25] or as a carbon source for microbial growth and biosynthesis of higher carbon
chemicals [26,27] can be realized.

CO, + H* +2e~ <> HCOO™ @)

The two major categories of FDH are metal-independent and metal-dependent. Metal-
independent FDHs have limited CO; reduction activity [28], preferring to catalyze the
formate oxidation reaction. CO; reduction requires a proton and two reducing electrons,
which are supplied by enzyme cofactors, such as the reduced form of nicotinamide adenine
dinucleotide (NADH). To convert each mole of CO;,, an equal molar amount of NADH
is converted to the oxidized NAD™ form. This means that NADH must be continuously
supplied or regenerated to operate enzymatic membrane reactors continuously. Efficient
regeneration of natural cofactor or artificial electron donors and carriers is, therefore, the
bottleneck in enzyme efficiency that has spurred many innovative strategies reflected in
the recent literature in this field. For example, Song et al. [29] covalently linked copper
nanoparticles (CulNPs) with FDH for the regeneration of the enzyme cofactor NADH
that is also tethered on the FDH through a flexible polyethylene glycol (PEG) swing arm.
In addition, the rhodium bipyridine complex has been widely used to modify electrode
surfaces for cofactor regeneration [30].

1.1.3. Enzyme Cascade with Other Oxidoreductases

Enzymatically produced formic acid has many downstream pathways for utilization.
Enzymatic conversion to formaldehyde and methanol, both of which are among the top
10 petrochemicals produced in the world, is of interest in the search for sustainable low-
temperature processes [28]. Redox reactions of formic acid catalyzed by formaldehyde
dehydrogenase (FaldDH) and then alcohol dehydrogenase (ADH) produce formaldehyde
and methanol in sequence. Such an enzyme cascade reaction that incorporates relevant
enzymes in the same system in close proximity to each other could have additive rate
enhancement effects due to raised local substrate concentration and reduced product inhi-
bition [28]. However, there are several common limitations on current oxidoreductase for
CO; reduction systems that need to be addressed. These include low enzyme activity in the
carbon reduction direction, low efficiency of cofactor regeneration, low efficiency of electron
transfer in cofactor-free systems, and CO, solubility and mass transfer limitations [31].
Research activities in protein engineering, enzyme immobilization [32], and reactor design
and integration with complementary systems [33] have all contributed to overcoming these
limitations [31]. Details of recent advances in performance and understanding of cascade
systems involving membranes are discussed below.

1.1.4. Enzyme Immobilization

Enzymes are commonly immobilized on solid carriers—membranes being one of the
most versatile—to improve their stability, facilitate their reuse, and reduce overall processing
and chemical conversion costs [34]. Membranes, as enzyme carriers, can either be fabricated
before (pre-existing) or during (formed in situ) the enzyme immobilization process.

On pre-existing (often commercially available) membrane carriers, enzymes are immo-
bilized through various mechanisms including adsorption, covalent bonding, and affinity
binding [32]. Sun et al. [35] used water plasma for treating a polyvinylidene fluoride (PVDEF)
flat sheet membrane, followed by silanization to introduce amine and epoxide groups on
the membrane surface for subsequent covalent attachment of enzymes. Another versatile
surface coating reagent, dopamine (DA), can impart amine functionalities on almost any
type of material surface. Sun et al. co-deposited polyethylenimine (PEI) with DA on
PVDF and polyethylene (PE) membranes and covalently attached CA enzyme through
glutaraldehyde (GA) crosslinking with high activity recovery and excellent reusability
for enhancing CO, mineralization through CaCOj precipitation [36]. In a technique that
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is especially suitable for membrane carriers, enzymes can be immobilized by direct and
deliberate membrane fouling. Luo et al. [37] used a simple pressure driven filtration system
to immobilize FDH, FaldDH, and ADH into flat sheet membrane pores for biocatalytic
production of methanol from CO, without the need for chemical reagents.

Enzymes can also be immobilized in matrices by encapsulation or entrapment mecha-
nisms during the phase inversion process of membrane fabrication. Ren et al. [38] encapsu-
lated CA in zeolitic imidazolate framework 8 (ZIF-8), a type of MOF, and embedded the
biocatalytic MOF in a poly(vinyl alcohol)/chitosan (PVA/CS) composite membrane. In
a CaCOj precipitation test, the membrane structures formed during the immobilization
process assisted biocatalyst recovery and reuse and exhibited a 1.63-fold improvement, com-
pared with non-membrane MOF containing CA. Wen et al. [39] created CA nanoflowers,
prepared by co-crystallization with Cu?* and Zn?** metal ions, and then embedded these
in a CS/PVA hydrogel membrane. The amount of CaCOj3 produced by the biocatalytic
composite membrane was nine-fold and two-fold higher compared with the free CA or
dispersed nanoflowers alone, respectively. Enzyme immobilization by entrapment is the
method most commonly used to fabricate mixed matrix membranes (MMM) with CA, or
with CA mimics, for facilitated CO, transport separation applications [19].

While enzyme immobilization is its own extensive discipline, the introduction above
should suffice for purposes of the current review topic. Interested readers are referred to
classical protocol compilations for more detailed discussions about specific techniques for
enzyme immobilization [40,41]. In addition, as awareness of biomimetic CO, mitigation
solutions increases, the field of CA immobilization has matured. These advances are
found in recent review articles on CA immobilization for CO, capture technologies [42], its
industrial implementation [43], and its use in reactive absorption processes [44]. Reviews
on enzyme immobilization for biocatalytic membranes in general are also available [32].

1.1.5. Comparisons of Biocatalysts with Electrocatalysts for CO, Reduction Reaction

When the reducing electrons are supplied by an external power source, the biocatalyst
is effectively functioning as an electrocatalyst. However, there are several characteris-
tics that make biocatalysts different in term of advantages and disadvantages. Enzymes
have three-dimensional active sites that are able to have very specific interactions with
a particular substrate from a mixture of similar compounds [45]. This high selectivity
is one of the most sought-after features of biocatalysts. However, the drawback of high
substrate selectivity is that the CO, reduction reaction can only proceed one step at a
time by matching each specific substrate with a specific type of enzyme. This means a
cascade of multiple enzyme systems is needed for complete oxidation or reduction of
substrate to product. An example of the intricate reaction cascades utilized by nature is the
Krebs'’s cycle, which is essential to the energy generation in cells [46]. Secondly, enzymes
are complex folded long-chain protein molecules that are, for the most part, insulators
against electron transfers. Therefore, effectively “wiring” enzymes to electrodes becomes
especially challenging [47]. This is not the case for inorganic electrocatalysts used for CO,
reduction reactions, including metal alloys, metal oxides, metal chalcogenides and others,
where increasing selectivity and current density and reducing over-potential, are the major
research obstacles within the field [48]. Recently, Saxena et al. reported copper selenide [49]
and cobalt telluride [50] that are able to reduce CO; to C2 products, such as acetic acid,
with greater than 80% Faradaic efficiency (FE) and 75% selectivity at a low applied po-
tential. In a nickel selenide electrocatalyst system, the selectivity of the product can be
controlled by the applied potential, and an FE of over 98% can be achieved for acetic acid
at lower applied potential [51]. By fine tuning the CO intermediate adsorption energy on
the active site using a bimetal copper cobalt selenide electrocatalyst, an FE of 100% towards
C2 products such as ethanol and acetic acid was achieved [52]. For comparison, the FE of
electrocatalysts used for CO, reduction reactions in the literature vary significantly from 3%
to over 90% [48], while in a limited number of reports, the FE of biocatalysts varied from
10% for a three enzyme cascade system that produced methanol by cofactor-free direct
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electron transfer [53] to 23% for a single immobilized enzyme and cofactor regenerating
hybrid system that produced formic acid [29]. Both electrocatalytic and bio-electrocatalytic
CO; reduction research fields are in their infancy, and knowledge can be learned from each
to towards a common goal.

1.2. Types of Membranes for CO, Capture and Utilization

Membranes are a promising technology platform for CO, capture because they are
modular, scalable, and compact. This makes them desirable for process intensification and
reducing energy costs [54,55]. Membranes encompass many different types of materials
and functionality. In this discussion, to distinguish biocatalytic membranes according to
their configurations and separation mechanisms, membranes are loosely divided into two
categories, based on the physical states of the fluids separated by the membrane: CO, gas
separation membranes and CO; gas-liquid membrane contactors (Figure 1).

‘ Membranes for CO, capture ‘
|

[ ]

‘ Gas separation membrane ‘ Gas-liquid membrane
: I l contactor (GLMC)
‘ Non-porous membrane ‘ ‘ Liquid membrane ‘
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Improved permeance
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Figure 1. Categories of biocatalytic membranes used for CO, capture.

1.2.1. CO, Separation Membrane

A membrane that separates two gas phases on either side—CO, lean gas mixture
on the feed and CO, enriched gas phase on the permeate side—is called a CO, separa-
tion membrane. This category encompasses a large selection of membrane types from
non-porous glassy polymer membranes, fixed-site carrier membranes [56], and ultrathin
nanocomposite membranes [57], to contained liquid membranes [58]. Research efforts on
CO; separation membranes have focused on improving performance-limiting membrane
properties, such as CO, gas permeance and selectivity [59]. New classes of polymer mate-
rials, such as polymers of intrinsic microporosity (PIM) [60,61] and ladder polymers [62],
have been invented that show superior CO, separation properties well above the empirical
Robeson upper-bound [63], which classically delineates the trade-off relationship between
gas permeability and selectivity. However, physical aging is still an issue that needs to be
solved. This problem is common to all glassy polymer membranes, including in the new
classes of materials, albeit to a lesser extent owing to the presence of inherent structural
porosities. In one case, treatment with super critical CO; altered the internal structure of a
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PIM, leading to decreased CO, permeance [64]. In another case, after being physically aged,
ladder polymers showed increased selectivity but decreased permeability [62], indicating a
decreased free volume. To alleviate physical aging issues in glassy non-porous polymer
membranes, inorganic aging-resistant CO,-philic components are added to the polymer
matrix to form mixed matrix membranes (MMM). Recently, Tan et al. [65] discovered a
new method for adding high loadings of zeolite into a polyimide membrane matrix that
achieved a CO,/CH, mixed-gas selectivity of ~423 and a CO, permeability of ~8300 Barrer
at moderate pressure and ambient temperature. To put these numbers in perspective, at a
similar CO, /CHy selectivity of 400, the 2008 Robeson upper-bound for the CO,/CHy4 pair
anticipates a CO, permeability of only ~1 Barrer [63].

In order to improve the overall sustainability profile of CO, separation technologies,
biopolymer-based MMM, such as chitosan-based non-porous membranes, have recently
emerged as alternatives to conventional non-renewable polymer matrices [66]. Casado-
Coterillo et al. [67] fabricated a chitosan MMM filled with metal organic framework (MOF)
and non-toxic ionic liquid that achieved a high permeability of 4754-5413 Barrer (or 47-52
GPU) and a CO,/Nj selectivity of 12-19. Borgohain et al. [68] synthesized carboxymethyl
chitosan as a matrix for compatibilization with scarcely soluble multi-walled carbon nan-
otubes (MWCNT) to make a thin MMM selective layer (2.7 pm) that exhibited a CO,
permeance of 43 GPU and a CO,/Nj selectivity of 45. The hydrophilicity and free amine
groups of the chitosan material could be contributing to the excellent CO, transport prop-
erties, especially in humidified conditions, compared with the commercial hydrophobic
membranes [69]. Owing to their abundance in nature, tailorable functional groups, and
excellent membrane forming properties, chitosan [70] and other polysaccharides [71,72],
could play an increasing role in the fabrication of novel CO, separation membranes.

Another way to improve membrane performance is by making thin film composites
(TFC) [73] or integrated multilayer membranes [74], both with ultra-thin CO, selective
layers for facilitated CO; transport. CA and CA mimics have been successfully used to
construct both MMM and thin CO; selective layers for facilitated CO, separation [75,76].
However, these advanced facilitated transport membranes are still at lab-scale and no direct
comparison between these and commercial scale CO, chemical absorption processes is
available in the literature. Nevertheless, a recent techno-economic analysis (TEA) study
compared a non-facilitated polymeric membrane process (Membrane Technology and
Research, Inc., Newark, CA, USA) [77] to an enzyme-based chemical absorption process
(Akermin Inc., St. Louis, MO, USA) and found that the latter is economically more attractive
in a simulated CO; capture scenario from a 600 MW, power plant flue gas. This result
emphasizes the potential for enzymes to improve energy efficiency of conventional energy
intensive processes. Interestingly, the study also predicted that the membrane technology
could become more efficient if CO, permeance at low pressure (<1.5 bar) could be enhanced.
Because CA is already particularly efficient at converting CO; to bicarbonate at ambient
pressure, developing low pressure facilitated CO, transport membranes that utilize the fast
enzyme reaction rate is a promising concept.

Liquid membranes that separate two gas phases are also defined as CO; separation
membranes. CA plays a similar CO, hydration facilitator role in liquid membranes, pro-
vided there is water present. General types of liquid membranes include supported liquid
membranes and contained liquid membranes (Figure 1). Sometimes distinctions are made
between supported liquid membranes (SLM) and immobilized liquid membranes (ILM),
where in the first case, liquid fills spaces between fibers in the membrane and the second
case, liquid fills specific pores in the membrane [78]. However, most of the time, these two
nomenclatures are used interchangeably. Disadvantages of common SLMs or ILMs include
the formation of gravity-induced downward bulges in the liquid phase (called catenary
curves), low tolerance to transmembrane pressure differences, and a high evaporation
tendency. All of these problems can be alleviated by contained liquid membrane configura-
tions in which liquid is bound by porous membrane surfaces [78]. Different types of liquid
can be used to construct liquid membranes, including hydrogels [79], ionic liquids [80],
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deep eutectic solvents [81], and aqueous buffers [82]. Both flat sheet and hollow fiber
membranes are commonly used. Considering the variety of configurations and liquid types
and the large number of associated publications, liquid membranes are further discussed
in a separate section from facilitated non-porous polymer membranes.

1.2.2. CO; Liquid Contactor Membrane

A membrane that separates a gas phase containing CO, from a liquid phase where CO,
is absorbed, is categorized as a CO; liquid contactor membrane (Figure 1). This category
emerged as a new hybrid membrane system, called gas-liquid membrane contactors
(GLMC), that combines the modularity and high surface area of the membrane with the high
selectivity of the chemical absorption process [83,84]. Non-enzymatic GLMC developments
have focused on improving membrane stability [85], minimizing pore wetting [86], and
selecting the best solvent and activator [9]. Reviews of modeling methods used to analyze
the mass transfer in hollow fiber gas-liquid membrane contactors (HFGLMC) for post-
combustion carbon capture are available [83]. Improvements to membrane materials
were also explored by blending polysulfone (PSf) with PEI, a CO,-philic polymer. The
observed optimal additive ratio for higher capture performance was attributed to chemical
affinity, whereas non-optimal conditions inadvertently caused pore wetting and clogging
by K,COj3 precipitation [87].

Another way to improve GLMC performance is increasing the mass transfer of CO; at
the gas-liquid interface catalyzed by CA enzymes, which are either immobilized on the
membrane [88], dissolved in the solvent [89], or immobilized both on the membrane and on
mobile nanoparticles dispersed in the solvent for additional process intensification [90]. A
recent TEA study compared a CA-immobilized hollow fiber membrane contactor (HFMC)
with benign solvent and vacuum-assisted solvent regeneration with the benchmark case
where monoethanolamine (MEA) was used in a conventional packed column process. The
projection estimated that at 90% CO; capture from a 685 MW, coal-fired power plant,
the enzymatic process achieved a 43% reduction in energy consumption of the capture
and compression unit, a 31% reduction in capital cost (CAPEX), and a 28% reduction in
operating expenses (OPEX) in comparison with the MEA benchmark [91]. Enzyme-based
GLMC is discussed in more detail below.

1.2.3. Other Membrane Structure Functions

The simplest definition of a membrane is a thin layer that acts as a boundary or barrier.
This barrier can prevent random mass exchange based on size or physical phase, or can
provide protection against harsh environments. Membranes used for CO, conversion and
utilization applications may require different or added functionality compared with those
used for CO; capture. For example, as shown in Figure 2, an ultraviolet (UV) protective
membrane was used to block UV irradiation and simultaneously retain enzymes (based on
their large size) on the biocatalysis side [92], while allowing small cofactor molecules to
freely pass between the separate photocatalytic and biocatalytic reaction chambers.

Additionally, membranes provide ample surface area for enzymes to be immobi-
lized, and therefore, can provide high catalytic enhancement. Considering the mem-
brane’s separation function, when substrate is delivered as dissolved CO;-saturated
water [35,36], the membrane structure creates a localized environment where the CO,
conversion reaction can take place continuously in the liquid phase. Membranes can sep-
arate either dissolved or immobilized biocatalysts from products [38,39] (exemplified by
two schematics under “Separation” in Figure 2). The importance of this seemingly simple
function of solid-liquid separation and recovery of enzymes should not be underesti-
mated. An evaluation of using ultrafiltration membranes to separate dissolved enzymes
from a CO,-rich solvent [93], to avoid pumping the enzymes into a high temperature
desorber for solvent regeneration, found that even with an enzyme retention rate as high
as 99.9%, only 50% of the enzymes are retained after 1 month of operation. Therefore,
strategies that prevent enzymes from leaching through or away from membranes can be
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critical. Biocatalyst retention by immobilization is especially important for operating
enzymatic membrane reactors for CO, reduction catalyzed by oxidoreductases.

’ Membranes for CO, conversion ‘
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Figure 2. Functionalities of membranes used for biocatalytic CO, conversion.

As illustrated under ‘gas distributor” in Figure 2, porous membranes, specifically
porous hollow fiber membranes, can be used to infuse gaseous CO, into the reaction
medium [94] to increase the availability of soluble CO,. This approach is often used in
conjunction with adjacent sets of hollow fiber membranes with immobilized enzymes
attached [95]. In addition, since gaseous CO; is attracted to hydrophobic surfaces, am-
phiphilic membranes functioning as gas—solid-liquid contactors (Figure 2, right schematic)
have recently been developed for converting gaseous CO, into water soluble formic acid [96].

Specific examples and the performance of these various membrane functionalities are
discussed in detail in Section 5.

2. Facilitated Transport Membranes
2.1. CA vs. CA-Mimic

Published examples of adding CA enzymes directly into the polymer matrix of a
separation membrane are rare. The concerns with this approach include enzyme tolerance
to membrane fabrication solvents and quality of protein dispersion in the polymer solution.
In one example, Zheng et al. [20] compared Pebax-1657 mixed matrix membrane (MMM)
doped with either CA-mimic in the form of a Zinc-coordinated metal organic framework
(MOF) or with bare CA enzymes. CA-doped MMM fabricated by solvent evaporation
showed a 4- to 5-fold improvement compared with the CO, permeability of the Pebax-1657
control at a pH range of 7-10. The CA-mimic doped MMM demonstrated an 8- to 9-fold
enhancement over a wider pH range of 5-11, which was attributed to the CA-mimic’s dual
function of resembling the CA enzyme active site and benefiting from a well-defined MOF
pore structure for gas transport. In another study, Zhang et al. [75] encapsulated a high
loading amount (~24 wt%) of CA enzyme in Zinc-coordinated 2-Methylimidazole metal
organic framework (ZIF-8) cavities grown in situ on an oriented halloysite nanotube (HNT)
layer supported by a polyacrylonitrile (PAN) porous membrane. The optimal CO,/N»
selectivity was 166, which was about 21-fold higher than the negative control membranes
containing denatured CA. Because the only difference between the two was the activity of
the CA, the enhancement was attributed solely to the catalytic effects of the CA enzyme.

Most of the literature on biomimetic CO, facilitated transport membranes only uses
CA-mimics for catalytic enhancement. The most common CA-mimics are Zn—cyclen [76],
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Cobalt-coordinated Co-2,6-bis(2-benzimidazolyl)pyridine (Co-BBP) [19], Zinc-coordinated
histidine-based bolaamphiphile (His-Bola) [97], and Zinc-coordinated bibenzotriazoles
(Hp-bibta) [20]. Comparisons of the active sites of CA-mimics with CA enzymes are
provided in Figure 3. Although the reaction rates per active site of the CA-mimics are not
comparable with those of the CA enzymes, their lower molecular weights make it possible
to load a large number of active sites per unit mass of synthetic polymer membrane, which
partially offsets the lower activity. Additionally, high thermal stability (>200 °C) and a wide
effective pH range make CA-mimics a popular choice for fabricating facilitated transport
membranes [76]. This situation may change as ultrastable CA enzymes [21] become more
readily available.
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Figure 3. Chemical structures of active sites of CA enzyme (shown in orange oval) and CA-mimics
(shown in blue rectangles).

2.2. Membrane Structures

Two common pathways to improve CO; separation performance of non-porous mem-
branes are the creation of mixed matrix membranes (MMM) or multilayer composite
membranes with a CO, selective layer. The former involves the incorporation of solid CO,-
philic additives in a continuous polymer matrix, which combines advantages from both
materials. The later reduces membrane thickness to improve CO, permeance by supporting
a thin CO; selective layer on a less selective but more sturdy gas permeable membrane.

Zhang et al. [19] dispersed 1.33 wt% of CoBBP CA-mimic in Pebax-1657 (PEO:PA6
polyamide 60:40 wt%) matrix through a dissolution—evaporation process for MMM and
achieved a CO; permeability of 675.5 Barrer and a selectivity of 62, which is above the
empirical Robeson upper-bound. Nilouyal et al. [97] incorporated up to 9 wt% of Zinc-
coordinated His-Bola nanoparticles in Pebax-1657 matrix and obtained a higher CO; /N
selectivity of 158.2 but a lower CO, permeability of 188.4 Barrer, which also surpassed the
Robeson upper-bound. However, after accounting for their thickness of 70-75 um, these
MMMs had CO, permeances in the single digits, at 9 and 3 GPU, respectively. To increase
CO, permeance, additional CO, transport mechanisms are needed. Zheng et al. [20]
incorporated a CA-mimic that forms MOF porous structures itself and supplements the
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catalytic function with additional CO; diffusion pathways. Similarly, Wang et al. [98]
compounded 28.5 wt% CoBBP CA-mimic with porous organic polymers (POP) that contain
inherent microporous structures before mixing them into the Pebax matrix. Both of these
examples increased the permeability significantly, with CO, permeances of around 30 GPU
at a membrane thickness of 50 um.

Membrane thickness is a bottleneck for achieving high CO, permeance. The solution
is to construct multi-layer composite membranes with a thin selective layer for providing
gas selectivity and thicker gas permeable layers as physical supports for providing me-
chanical stability. For example, Jahan et al. [99] made cast poly(vinyl alcohol) (PVA) MMM
containing 1 wt% crystalline nanocellulose and 5 pmol/g Zn-cyclen on a polysulfone (PSf)
ultrafiltration membrane. The thickness of the selective MMM layer was 800 nm with a
CO, permeance of 126 GPU and a CO, /CHy selectivity of 42, which are significantly higher
than the prior examples. Saeed et al. [100] used a similar strategy in combining 1 wt%
carbon nanotubes (CNT) as nano-filler with 5 umol/g Zn-cyclen in PVA to create a selective
layer with a thickness of 830 nm supported on PSf membrane. Adding CNT resulted in
a higher water swelling capability of the PVA membrane and a high CO, permeance of
363 GPU and a CO,/Nj selectivity of 120.

In special cases, where CO, needs to be separated from smaller gas molecules, such as
H; and He, the thickness of the membrane cannot be reduced without affecting CO,
selectivity. For example, the CO, permeance of a poly(amidoamine) (PAMAM) den-
drimer/poly(ethylene glycol) (PEG) hybrid membrane, which works by a facilitated trans-
port mechanism through amino groups of the PAMAM [101], is lower with an inverse
relationship with the membrane thickness (Qco, « L™%62), whereas hydrogen permeance
has an almost inverse relationship with the thickness (Qp, « L~09). Therefore, the selec-
tivity of CO, over H decreased with a reduced membrane thickness. However, when CA
enzyme was spray-coated on the sweep side of the hybrid membrane, the membrane’s CO,
permeance became nearly inversely proportional to membrane thickness (Qco,o L™%%),
making reducing membrane thickness a possible strategy for improving CO, permeance
without sacrificing selectivity. At a membrane thickness of 15 um, the CO, permeance was
490% higher compared with the no-CA membrane. In this example, rather than distributing
CA enzymes or CA-mimics homogeneously throughout the polymer matrix, spray-coating
CA enzymes only on the membrane surface made it possible to explore the effect of CA
enzyme location on the separation properties. For a fixed membrane thickness, CA spray-
coated on the feed side alone did not alter CO; permeance, nor did CA coated on both
the feed and sweep sides perform better than CA coated on the sweep side alone. It was,
therefore, concluded that the CO, desorption step on the sweep side was the rate limiting
step that was assisted by the presence of spray-coated CA enzyme. For membranes that
do not contain CO; transport facilitating amino groups, CA coated on both sides of the
membrane may be necessary for optimal separation performance. Further studies with
different membrane chemistries are needed to fully evaluate the benefits and effects of
CA placement relative to the membrane, including on the interfaces and dispersed in
the matrix.

2.3. Humidity

The mechanism of facilitated CO, transport through bicarbonate formation requires
participation of water molecules, regardless of whether it is a CA enzyme [75], CA-
mimic [76], or amino group facilitated reaction [101]. For membranes with dual transport
mechanisms, the dominating mechanism depends on humidity, and higher humidity favors
bicarbonate facilitated transport [20]. As an example, the CO, permeance of the CA-MOF
dual-function MMM increased by 62% from dry to humidified conditions [20]. In most
cases, both the CO, permeance and selectivity of facilitated transport membranes increase
with increasing humidity, and the difference can boost certain membranes to perform CO,
separation at above the Robeson upper-bound, even when they otherwise do not achieve
this under dry conditions [97]. For context, the empirical Robeson upper-bound was ini-
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tially constructed based on non-facilitated membrane performance and thus serves as a
benchmark for indicating the effectiveness of facilitated mechanisms. Moisture is required
for all facilitated CO, transport membranes described here, and the best performance
values reported in Table 1 were all obtained under humidified experimental conditions if
not otherwise specified.

Table 1. Facilitated transport membranes with carbonic anhydrase or enzyme mimics for CO, separation.

Enzyme,

Application Membrane Configuration 4 Performance Year, 1st Author, Ref
Concentration
CO; separation P&é;ﬂgﬂf;;?gﬁ;;%ﬁ:?g;g 5 umol/g (Zn—cyclen CO, permeance: 256-363 GPU 20;?;5316
from N PSf ultrafiltration membrane /PVA) with 1 wt% CNT CO, /Ny selectivity: 107-120 [76,100]
Biocatalytic composite 2017
CO; separation membranes HNTs/MOF/CA o . CO; permeance: 24.2 GPU
from N, selective layer supported by 24.2wt% CA in MOF CO,/Nj selectivity: 165.5 Zhang
[75]
PAN membrane
MMM with Cobalt-based CO, permeability: 675.5 Barrer 2018
CO, separation CA-mimic CoBBP dispersed in 1.33 wt% CoBBP in CO, permeance: 9 GPU (75 pm Zhan
from N Pebax-1657 (PEO:PA6 Pebax thickness) [19] &
polyamide 60:40 wt%) CO, /N3 selectivity: 62
. PAMAM/PEGDMA /GMA 1 wt% CA loading CO; permeance: 14.4 GPY 2019
CO, separation . CO, permeability: 216 Barrer (15 pm
hybrid membrane supported spray-coated on the . Duan
from H, on PES porous s ort hybrid membrane thickness) [101]
porous supp 4 CO,/He selectivity: 28.7
MMM with CoBBP CA-mimic  28.5 wt% CoBBP in POP. CO; permeability: 1620 Barrer 2020
CO, separation loaded on POP (CoBBP@POP) 5 wt% CoBBP@POP CO, permeance: 32.4 GPU (50 pm Wan
from N and together both were loaded composite in Pebax thickness) 9 8]g
in Pebax-1657 matrix matrix. CO,/Nj selectivity: 102
CO; separation Pgi_fﬂfﬁ;ivsiﬁggitzan;;u;;}g 5 umol/g (Zn—cyclen CO;, permeance: 126 GPU é?é;
from CHy ultrafiltration membrane /PVA with 1 wt% CNC) CO, /CHy selectivity: 42 [99]
. . CO, permeability: 188.4 Barrer
CO; separation MMM.W}th His NI.JS 0-9 wt% His-NPs in CO, permeance: 2.7 GPU (70 pm 2 022
CA-mimic loaded in . . Nilouyal
from N Pebax-1657 matrix Pebax-1657 matrix thickness) [97]
CO,/Nj selectivity: 158.2
CO, permeability: 869 (dry) Barrer
. MMM with Zinc-coordinated o S 1409 (humid) Barrer CO, permeance: 2022
Cozfrs(iﬁa&atlon MOF CA-mimic loaded in 3% MI(’)e l:)aCﬁl—ggl;mc mn 28.2 GPU (50 pm thickness) Zheng
2 Pebax-1657 matrix CO, /Nj selectivity: 88.6 (dry) [20]

83 (humid)

Acronyms: PVA—poly(vinyl alcohol); PSf—polysulfone; GPU—gas permeation unit: 107¢ cm3(STP)/(cm?
s cm Hg); CNT—carbon nanotube; PAN—polyacrylonitrile; HNT—halloysite nanotube; MOF—metal
organic frameworks; CA—carbonic anhydrase; MMM—mixed matrix membrane; CoBBP—Co-2,6-bis(2-
benzimidazolyl)pyridine; PEO—poly(ethylene oxide); PA6—polyamide 6; Barrer—10~10 cm3(STP) cm/(cm? s
cmHg); PAMAM—poly(amidoamine) dendrimer; PEGDMA—poly(ethylene glycol) dimethacrylate; GMA—
glycidyl methacrylate; PES—polyethersulfone; POP—porous organic polymers; CNC—crystalline nanocellu-
lose; His-NPs—Zinc-coordinated self-assembled histidine-based bolaamphiphile nanoparticles.

3. Liquid Membranes

Strictly speaking, liquid membranes (Figure 1) promoted by CA and CA mimics
are also considered facilitated transport membranes within the gas separation membrane
category, where two gas phases are separated on either side of the membrane. However,
the fabrication of liquid membranes is distinctly different from the non-porous facilitated
transport membranes detailed in Section 2. Often, commercial porous membranes are
used to construct liquid membranes, and the choice of either hydrophobic or hydrophilic
materials is based on the type of liquids used and the membrane configurations. The
history and recent advances of enzyme-promoted liquid membranes are discussed in this
section. Their key parameters and performance metrics are summarized in Table 2.
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Table 2. Liquid membranes with carbonic anhydrase for CO, separation.
Application Membrane Configuration Corl::?eztftrrl;i;on Performance Year, 1st Author, Ref
Microporous PP HFCLM mat o
CO; separation with heat exchanger type 3mg/mLCAinl1.0M At10% CO; 2006
. CO;, permeance: 90 GPU Bao
from N design (mutually orthogonal NaHCO; L
fiber orientation) CO, /Ny selectivity: 234 [78]
. 10 mg/L CAin
CO, separation Mlcrop(?rous PP HFCLM poly(acrylic Able to reduce CO; from 0.52% to 2008
. bundle with feed and sweep . . Cheng
from air - L . acid-co-acrylamide) 0.09%
fibers intimately commingled [79]
hydrogel
. Microporous PVDEHFCLM . 1218 W-AU/LCA o ‘ 2011
CO; separation bundle with feed and swee displayed on the surface 40% increase in CO, removal rate, Fan
from air - L weep of E. coli suspended in 2 times more stable than free CA
fibers intimately commingled [102]
y & water
SLM with enzyme solution
impregnating hydrophilic . s
CO; separation PVDF membrane; hybrid 0.2mg/mL CAin1M COXZ ferri\e?n‘c]iea 108 (iig’ illll « FZ Ovlrl
from N nylon-silica CLM sandwiched NaHCO3 pH~8 ceroge’ provices a i ona avre
between two hydrophobic catalytic benefit [103]
PVDF membranes
0.01 wt% CA in ..
CO, separation SILM with porous hydrophobic II\:[ZaXHSOi /th21 Seﬁcgziltyrfi’ 1\21012
from N, hydrophobic PVDF membrane [C4MIM][Tf,N] ionic preo fo?mcel: aet hflghceer vjaterscor(l)t:nt [f 8’ :]S
liquid or PEG 300
. . Selectivity:
CO, separation SILM with hydrophobic PVDF > Tg/ AI/EIR/II]IE%YIC\IIEOE) k;‘(i)flc CO,/N3:30.3 Biglfar
from N,, Hp, CHy microfiltration membrane 4 li 3 CO,/CH4:19.9 [80]
1qut CO,/Hy:11.2
. - CO, permeability: 93 Barrer
CO; separation SLM with porous hydrophilic 2 mg CA/mL in Tris CO;, permeance: 0.75 GPU 2018,
cellulose acetate membrane . Nemestothy
from N reinforced by pectin buffer (20Mm, pH 8.3) (120 um thickness) 182]
yp CO, /N selectivity: 54
CO, separation ILM within 8 nm hydrophilic 2 CA per nanopore; CO; permeance: 2600 GPU 2018
zfrorﬁ N silica mesopores and thickness  effective conc. of 100 mg Selectivity: CO,/N,:788; Fu
2 of 18 nm CAmL™ CO, /H,:1500 [105]
. SLM with DES filling 0.5 mg CA/g CO;, permeability: 78 Barrer 2021
CO, separation hvdrophili holine chloride and CO, /N; selectivity: 32 d
from N, ydrophilic PTFE DES (choline chloride an Adding CA failed to enhance e Castro
microfiltration membrane levulinic acid) . [81]
selectivity
CO; permeability: 140 Barrer
. - (w/CA)
CO, separation S]%M dvl:’;tt;]l?llispfll“gg\g 0.1 mg CA/mL DES Selectivity: Crza(zzzeliro
from N, and CHy micro}f,iltrart)ion membrane (choline chloride and urea) CO,/Nj: below RUB [106]
CO,/CHy: above (w/0 CA) and
on (w/CA) RUB
. L 1 wt% disperse phase . .
CO; separation SLM Wlth.water-ln-01l (05§ CA/LK,CO3 pH 11, Pern;eablhty of CO, mcreas.eq by 2022
from CH emulsion filling porous 59% PEG 300) in corn oil ~15% and CO, /CHy selectivity Mondal
4 hydrophobic PVDF membrane V\(')ith 2 wi% Tween 80 increased by 2.9-fold with CA [107]
CO; separation SLM with hydrophilic PTFE 0.5mg CA/g solve?t CO, permeablyt.y: 81 Barrer 2022
from Nj and CHy microfiltration membrane (12.5/14.5/75.0 wt% Selectivity: Castro
2 ChOH/water/glycerol) CO,/Nj: 90.5 [108]

Acronyms: PP—polypropylene; HFCLM—hollow fiber contained liquid membrane; CA—carbonic anhydrase;
GPU—gas permeation unit: 107% cm3(STP)/(cm? s cmHg); PVDF—polyvinylidene fluoride; W-A—Wilbur
and Anderson; SLM—supported liquid membrane; CLM—contained liquid membrane; SILM—supported
ionic liquid membrane; [C4MIM][Tf,N]—1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide;
PEG—polyethylene glycol; ILM—immobilized liquid membrane; DES—deep eutectic solvents; RUB—Robeson
upper-bound; ChOH—choline hydroxide.
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3.1. Early Developments in CA-Promoted Supported Liquid Membrane (SLM)

The concept of using CA for enhancing CO, transport through a thin liquid membrane
dates back to the late 1960s. Enns [109] demonstrated that transport enhancement across a
membrane resulted from a dominating bicarbonate diffusion mechanism because at pH
values higher than 6.1, bicarbonate concentration was higher than dissolved CO,, and
increased bicarbonate concentration was facilitated by the rapid interconversion between
dissolved CO; molecules and bicarbonate ions catalyzed by CA. The supported liquid
membrane (SLM) used in these tests was created by saturating a Millipore filter with
nominal pore size of 0.45 um, void space of 80%, and a thickness of 150 pm with 25 mM
aqueous sodium bicarbonate solutions containing 1-10 mg/mL dissolved CA. In SLM, there
is a continuous liquid phase from one side of the membrane to the other. Capillary forces
hold the liquid within the open pores of the solid support. CO, transport enhancement
of more than two orders of magnitude was possible at pH 9.0 with the highest enzyme
concentration. Shortly after, Ward et al. [12] described an “immobilized liquid membrane”,
also a flat sheet supported liquid membrane (SLM), in which a porous cellulose acetate
film was saturated with 2 N aqueous potassium bicarbonate containing 2 mg/mL of CA.
An initial 6-fold enhancement in CO, transport was observed, but this decreased to zero
after several days, indicating low stability of the liquid membrane and the CA being used.
Therefore, improving the stability of the liquid membrane by reducing solvent evaporation
is a primary research objective and requirement for CO, separation applications.

3.2. SLM with Non-Volatile Liquids

One of the strategies for retaining enzyme activity and reducing evaporative sol-
vent loss in SLM is the use of non-volatile liquids and thermostable CA strains [110].
Neves et al. [104] chose a hydrophobic ionic liquid supported by a hydrophobic porous
PVDF membrane. The addition of 0.01 wt% CA in the ionic liquid showed an enhancement
effect only at higher water content, signifying a compromise between optimizing the ionic
liquid internal structure and benefiting from enzymatic CO, hydration enhancement. The
same was true when a higher CA concentration of 5 mg/mL was added and maximum CO,
selectivity versus other gases remained low [80]. Recently, deep eutectic solvents (DES),
such as the choline chloride and levulinic acid pair, have been explored to form stable
SLM. However, adding CA into DES failed to improve CO, selectivity over N; [81] and in
certain cases, decreased its selectivity over CHy [106]. Castro et al. [108] prepared a choline
hydroxide-based alkaline solvent containing 14.5% water and 75% glycerol supported on a
hydrophilic PTFE microfiltration membrane. With the help of 0.5 mg CA/g solvent and
the presence of a large percentage of water, CO;, /N, selectivity increased to 90.5. Another
promising case involves the formation of a stable emulsion for filling the porous membrane.
Mondal et al. [107] formulated a water-in-oil emulsion with 1 wt% aqueous disperse phase
in corn oil stabilized by 2 wt% Tween 80 and filled the pores of the porous hydrophobic
PVDF membrane. The aqueous phase comprised 0.5 g CA per liter potassium carbonate
solvent and 5 wt% PEG 300 for enzyme stabilization. With the help of the CA enzyme, CO,
permeability increased by ~15% and CO, /CHy selectivity increased by 2.9-fold.

3.3. CA-Promoted Contained Liquid Membrane (CLM)

As interest in capturing CO; from air and from power plant flue gas grew, new
membrane configurations emerged to overcome supported liquid membrane instabil-
ity. Contrary to SLMs, where hydrophilicity /hydrophobicity of the liquid and support
should match in order for the liquid to fill the pores or space in between the fibers of
the support [82], contained liquid membranes (CLM) use a mismatch of the hydrophilic-
ity /hydrophobicity of the liquid and the membrane surfaces to create physical barriers that
contain the liquid in a confined space (e.g., between flat membrane sheets, or between adja-
cent hollow fibers (HF)), forming a liquid membrane. Because of the additional physical
barriers between the liquid and gas phases, CLMs tend to be less prone to the instability
caused by solvent evaporation.
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Bao et al. [78] constructed a CLM by surrounding a microporous PP woven HF mat,
with mutually orthogonal fiber orientations between hollow fibers containing feed and
sweep gases (arranged like a heat exchanger), using different CO, absorption liquids.
The CLM with the space between the feed and sweep fibers filled with 1.0 M NaHCOj;
containing 3 mg/mL dissolved CA performed better than that filled with 20 wt% di-
ethanolamine (DEA). Alternatively, Trachtenberg et al. (Carbozyme Inc., Monmouth Junc-
tion, NJ, USA) [58] immobilized CA on the liquid side wall of both feed and sweep hollow
fiber microporous membranes in a contained liquid membrane (CLM) configuration to in-
tensify the CO, mass transfer between the gas and liquid and back from liquid to gas at the
gas-liquid interfaces. Immobilization alleviated solvent evaporation and enzyme instability,
and 85% CO, removal was achieved in a preliminary test using 15.4% CO,, a concentration
typical for flue gas from coal-fired power plants. Zhang et al. [111] immobilized CA in a
poly(acrylic acid-co-acrylamide) /hydrotalcite (PAA-AAm/HT) nanocomposite hydrogel,
in the interstitial space between feed and sweep hollow fiber membranes, and reported
the immobilized CA retained over 76% activity. However, the bicarbonate diffusion rate
through the hydrogel phase was found to be the rate-limiting step of the overall process.
The same was concluded about enzyme-based facilitated transport contained liquid mem-
branes (EBCLM), where increases in liquid thickness led to increases in CO; selectivity but
decreases in CO, permeance [112].

3.4. Liquid Membrane Thickness

Whether it is a SLM or CLM, the thickness of the liquid membrane, which is deter-
mined by the thickness of the support membrane or the distance between two surfaces
of the support membrane, greatly influences the CO, permeance of the liquid membrane.
Typical liquid membrane thicknesses reported in the literature range from 10s to 100s pm,
which could result in low CO, permeance even if their permeabilities are high. To decrease
the liquid membrane thickness and greatly improve CO, permeance, Fu et al. [105] fabri-
cated an inorganic membrane with close-packed arrays of silica mesopores with a diameter
of 8 nm and total thickness (depth) of 1 um, with the top 18 nm being hydrophilic and the
rest being hydrophobic. The hydrophilic portions of the pores were filled with CA solution
through capillary forces with an average of 2 CA enzymes per 18 nm thick liquid film in
each mesopore. This drastic reduction in liquid layer thickness and high nominal CA con-
centration inside the channel resulted in a remarkably high CO, permeance of 2600 GPU,
and high selectivities of 788 and 1500 for CO,/N; and CO, /Hy, respectively, were achieved
at room temperature and atmospheric pressure. This example experimentally verified the
hypothesis that a reduced liquid layer thickness coupled with high enzyme loading can
produce a liquid membrane with outstanding permeance and selectivity. Such encouraging
results argue for more studies to demonstrate this phenomenon with other types of support
membranes, which will require advancements in respective material processing techniques
for fabricating well-controlled nano-sized structures.

4. Gas-Liquid Membrane Contactor
4.1. Advantages Compared with Conventional Gas Separation Membrane and Chemical Absorption

An important practical challenge for conventional CO, separation membranes lies in
the limited partial pressure driving force at atmospheric application conditions. The CO,
concentration in the flue gas of a coal-fired power plant is only ~14% and is even lower in
natural gas power plant emissions at only ~5% [113]. Both are emitted at near atmospheric
pressure, leading to a CO; partial pressure of only 0.05-0.14 bar. Gas permeation occurs
when the partial pressure of CO, on the feed side is greater than the partial pressure of
CO; on the permeate side:

nEX pr> ny X pp @)

where, 715 is the molar concentration of CO; in the feed, py is the feed pressure, 1, is the mo-
lar concentration of CO; in the permeate, and p, is the permeate pressure. Rearrangement
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of Equation (3) shows that the maximum separation that can be achieved by a membrane is
limited by the ratio of the feed and permeate pressures:

B2 @
Pp  nf

A feed to permeate pressure ratio greater than one is needed to drive the CO, enriching
process, no matter how selective the membrane is, and the compression and vacuum cost
could easily make the whole process unaffordable [8].

Chemical reactive absorption processes using primary amine solvents have been
the benchmark technology for capturing CO; at atmospheric pressure owing to the high
CO, removal rate. However, broad adoption of the technology has been impeded by
corresponding high regeneration energy consumption (high OPEX) and large equipment
size (high CAPEX) [114]. One solution for reducing the high energy penalty is by using
lower energy solvents such as sterically hindered amines, tertiary amines, and inorganic
carbonate-based solvents [115]. However, the CO, absorption rates of these solvents are
often low despite having higher absorption capacity on a mole basis than the primary
amine benchmark, monoethanolamine (MEA) [116]. In combination with CA enzymes,
however, low energy solvents have the potential to meet MEA absorption efficiency [117].

In addition, the CO; absorption rate can be improved with mass transfer intensifica-
tion strategies, such as the use of gas-liquid membrane contactors (GLMC), which provide
a well-defined interfacial area that is orders of magnitude higher than conventional packed
columns [118] along with modularity and a small footprint. Additional advantages of using
GLMC stem from its non-dispersive nature which helps avoid common problems in con-
ventional packed columns, such as flooding, foaming, channeling, and entrainment [119].
GLMC modules are typically assembled as a bundle of hydrophobic microporous hollow
fibers packed parallel in a shell. Gas and liquid usually flow counter-currently on opposite
sides of the membrane (Figure 1). Leimbrink et al. [118] compared the CO, absorption
performance of conventional packed column, rotating packed beds, and a GLMC in 30%
MDEA, with and without 0.2 wt% CA. Without CA, the three contacting devices had similar
CO; absorption per effective interfacial area. With CA, although the membrane contactor
showed lower enhancement from the CA enzyme (due to the large specific surface area
of the membrane contactor making it seem less effective from enzyme enhancement), it
achieved the highest CO, absorption per contactor volume, requiring only a quarter of the
size to achieve the same absorption required for a packed column process.

4.2. Developments in CA-Promoted GLMC

Interest in improving the CO, removal rate of artificial lung devices prompted the
early development of enzyme immobilized GLMC for CO, transport. In contrast to con-
ventional GLMC used for CO, absorption, the essential function of an artificial lung is
to act similar to a desorber contactor, where CO,, delivered as a liquid flow in the form
of dissolved bicarbonate ions, is quickly converted to CO; gas and carried away by the
oxygen sweep gas. The oxygen sweep gas acts as the low CO; partial pressure driving force
for desorption. This desorption reaction is catalyzed by CA immobilized at the surface of
the hollow fiber membranes. Federspiel and coworkers [13,120-123] utilized plasma-based
surface modification techniques to introduce hydroxyl or amino functional groups on
hollow fiber membranes (HFM) followed by surface chemical activation using cyanogen
bromide or glutaraldehyde, both of which are reactive toward lysine amino groups in CA.
Enhancements of 115% and 37% in CO, removal rates were observed from buffer and blood,
respectively, after optimizing surface treatment and enzyme immobilization conditions,
including the use of chitosan as a tether polymer. Further increases in enzyme activity, by
use of a highly active recombinant human CA, did not yield additional improvement to the
CO, removal rate due to the lack of sufficient driving force at physiological conditions for
CA to push the reaction toward bicarbonate dehydration at the fluid boundary layer. This
emphasizes that CA offers a benefit when the reaction is kinetically limited in the presence
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of a driving force but does not overcome equilibrium dominated conditions. However,
when the local equilibrium was altered by introducing acidity at the boundary layer by
using an acidic sweep gas, a 109% increase in the CO, removal rate was achieved while
still maintaining the bulk blood at physiological pH. This further emphasizes that altering
the local equilibrium is a fundamental strategy by which enhanced CO; mass transfer
can be achieved in the presence of CA. While GLMC has only been explored somewhat
for CO; stripping [124,125], advances in artificial lungs with immobilized CA on HFM
could potentially provide alternatives to the high temperature CO, stripping process which
consumes the most energy in conventional chemical absorption processes.

The research field of CA-immobilized GLMC for CO; absorption is expanding [126]
as more attention is placed on the negative effects of greenhouse gas emissions on our
environment and efforts increase to find more efficient and sustainable solutions to mit-
igate this issue. Representative research studies with their materials selection and key
performance outcomes are summarized in Table 3. The dominant research themes include
membrane surface modification, enzyme immobilization, absorption solvent development,
and reducing mass transfer barriers.

Table 3. Gas liquid membrane contactor with carbonic anhydrase for CO, absorption and desorption.

Application Membrane Configuration Enzyme( Performance Year, 1st Author, Ref
Concentration
Artificial lungs 881‘31 Ezzileltzi(e:glfn[zr?(ﬁ;oer Rates of CO, exchange from buffer 2007
CO, PMP HFGLMC ° Y increased by 75% with Kaar
d . coverage, 0.3 U esterase . 7
esorption . immobilized CA [13]
activity
Artificial lungs Immobilized CA CO, removal rate increased by 2012-2015
CO, PMP and PP HFGLMC 0.99-8.8 U esterase 115% and 37% from buffer and Arazawa
desorption activity from blood, respectively [120-123]
PP flat sheet membrane with 5 €O hydr_aglon. reitle of 2015
CO, LbL polyelectrolytes 440 pg CA cm™~ per layer 19 £ 4 pmol cm™“ min™" per layer Yong
absorption tested up to 3 layers tested up to 3 layers using
PEI/PSS/PAH/MSNP CO,-saturated buffer (58]
CO; hydration rate of 2015
CO, Hydrophobic PVDF flat sheet ) 140 pmol cm =2 min~! nominal
. e . 700 ug CA cm . Hou
absorption membrane with TiO; coating membrane area using [127]
CO,-saturated buffer
PVDF flat sheet Janus
co membrane with CO; hydration rate of 2015
bsor zﬁ 0 fluorosilane-treated 165 + 22 pg CA cm 2 1.32 umol em~2 min~! from Hou
absorptio superhydrophobic and 100% CO, gas to pure water [128]
CNT-coated hydrophilic sides
PP- or TiO,-coated 200 ug 1mm0b1112ed CA CO; hydration rate of 2016
CO, hvdrophobic PP (on TiO; NP)/mL 1 em=2 min-1 f H
absorption Superily cTophiobic suspended in absorption 0.96 pmol em " min” " from ou
HFGLMC buffer 20% CO; gas mixture to buffer [129]
-2 in—1 0,
GLMC with a tubular porous 108 pmol cm min from 10% 2016
X L. CO, gas mixture to 1 M NaOH;
CO, glass membrane with 10 mM enzyme mimic in . . Saeed
. . . 10-fold increase in rate constant
absorption hydrophobic coating on the 0.5 M K,CO3 . . [130]
outer skin using 10 mM enzyme mimic in
0.5 M K,CO3
3-fold improvement in CO,
HFGLMC with porous PP or absqrpt}on rate in 30wt K.ZCO3
. . with immobilized CA which
co non-porous Psf with PDMS Three tri-layers retained > 80% activity after 2016-2017
bsor zﬁ 0 coating; LbL polyelectrolytes ~ (PSS/PAH/CA) and about " re to Common n}t/ minant Yong
absorptio PEI/PSS/PAH for enzyme 0.15 mg CA in HFGLMC. ef pos‘f‘l © fo common contamina [131,132]
adsorption rom flue gas but did not tolerate

high pH combined with high
temperature
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Table 3. Cont.
Application Membrane Configuration C Enzyme( Performance Year, 1st Author, Ref
oncentration
HEGLMC based on 2.2- and 1:7—f01d enzyme
. o enhancement in 30% MDEA with
hydrophobic porous PP (bulk 1 wt% CA concentrate IR 2017
CO, . . o (CO;y flux 0.41 umol cm™ min .
absorption and pores) and a dense dissolved in 30% MDEA from 15% COy) or without PIL Kim
hydrophilic PVDF layer and or MEA. . ivelv: . [89]
PIL coating on flue gas side coating, respectively; negative
effect for adding CA in 30% MEA
CO, Dense ilattirslheet P]?z[i GI;E/IC 0.1 mg CA/g of CP ionic Enzyme has no effect on Xe 2018
absorption from Separating £as a au liquid with water activity transport but has 1.9-fold Malankowska
. phase microfluidic channels .
CO, /Xe mixture . . of 0.753 enhancement for CO, absorption [133]
with alveolar design
CO, PVDF .HFGLMC with 498 U esterase activity per 15 umol cm~2 min~!, 150% higher 2019
. co-deposited PDA /PEI for > . . Xu
absorption . e m*~ membrane than non-biocatalytic membrane
enzyme immobilization [134]
Electrospun PSMA nanofiber
Co, men:ibranel.as egzyme carrier 10 mg CA/mg nanofiber C102 1'17yzdralt1(ir11 ;ate ) 2Q20
absorption and gas-liquid contacting membrane 8.9 umol cm™* min~" from 100% Kim
surface positioned by flotation CO; gas [135]
device
MOF grown on Al,O3 0.1 mg CA/me2m brar.le CO; hydration rate 2021
CO, filter f or 75 ug CA/cm* nominal lem=2 min— f .
absorption membrane filter for enzyme area 108 pmol cm™* min~" from Liu
adsorption 5% CO, gas into water [136]
co Flat sheet PP GLMC with CO; hydration rate 2021
absor Ztion co-deposited PEI/PDA for 94.3 ug CA/ cm? 1.74 pmol cm~2 min~! from Rasouli
p enzyme immobilization 15% CO; into 100 mM Tris buffer [137]
Biocatalytic Flat sheet PP
co GLMC and MNP both were CO; hydration rate 2022
absor Ztion co-deposited with PEI/PDA  6.49-65.44 mg CA/Lyeactor 1.7 umol cm~2 min~! from Rasouli
p and used for enzyme 15% CO, into 100 mM Tris buffer [90]

immobilization

Acronyms: PMP—poly(methyl pentene); HFGLMC—hollow fiber gas liquid membrane contactor; CA—carbonic
anhydrase; PP—polypropylene; LbL—layer-by-layer assembly; PEI—polyethylenimine; PSS—poly(styrene sul-
fonate); PAH—poly(allylamine hydrochloride); MSNP—mesoporous silica nanoparticle; PVDF—polyvinylidene
fluoride; CNT—carbon nanotube; NP—nanoparticle; GLMC—gas liquid membrane contactor; PSf—polysulfone;
PIL—poly(ionic liquids); MDEA—methyldiethanolamine; MEA—monoethanolamine; CP—cholinium propi-
onate; PDA—polydopamine; PSMA—poly(styrene-co-maleic anhydride); Al,O3—aluminum oxide; MNP—
magnetic nanoparticle.

4.3. Materials and Surface Modifications

The role of a membrane in GLMC is to separate the liquid phase from the gas phase and
provide well-defined non-dispersive contacting areas between the two phases. Therefore,
the most commonly used type of membranes are hydrophobic porous membranes, includ-
ing, poly(methyl pentene) (PMP) [13], polypropylene (PP) [88], and polyvinylidene fluoride
(PVDF) [134]. Serving the same function, tubular porous glass membranes can also be used
after applying hydrophobic coatings on the outer membrane skin [130]. Surface modifica-
tions, such as coating with sol-gel TiO;, have been implemented on PVDF membranes to
improve enzyme compatibility [127]. However, decreased water contact angle and liquid
entry pressure were observed, and severe pore blockages occurred after multiple sol-gel
coating cycles. Superhydrophobic coating, 1H,1H,2H,2H-perfluorodecyltriethoxysilane
(PDTS), was applied on a TiO, functionalized PP membrane, leading to improved opera-
tional stability while inadvertently also increasing membrane resistance [129].

In addition to deliberate surface modifications carried out by chemical reagents and
polymer coatings, the surface properties of membranes, including the parts of pores exposed
to enzyme immobilization solutions, are drastically altered by immobilized enzymes, often
leading to membrane pore wetting. In one study, at a high enzyme loading, the surface
pore openings were narrowed and the water contact angle of a pristine PP membrane
dropped from 131° to 78° after enzyme immobilization [90]. However, the extra mass
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transfer resistance caused by partially wetted pores was overcome by enzymatic CO,
hydration enhancement caused by CA enzymes attached inside the wetted pores [137]. A
biocatalytic GLMC operated in fully pore-wetted conditions has been described where CA
was adsorbed on hygroscopic and catalytic MOF grown on the surface of a hydrophilic
Al,O3 membrane, where a CO; hydration rate of 108 pmol cm ™2 min~! from 5% CO, gas
into water was achieved [136], but the buffering capacity of the system was not explained.
The additional mass transfer resistance of the wetted pores was likely overcome by the
combined catalytic hydration enhancements from CA and MOF. A recent modelling study
concurred with the observation that mass transfer resistance in wetted pores can be reduced
by catalyzed CO, hydration [138].

To overcome pore wetting caused by immobilized enzymes, a “Janus” configuration
was used to modify a PVDF membrane, with hydrophilic carbon nanotubes (CNT) on one
side and superhydrophobic fluorosilane on the other side of the membrane [128]. CA was
immobilized through physical adsorption onto the hydrophilic side to prevent interference
with the pore structure and properties of the hydrophobic membrane. In a pressure drop
test, where the hydrophilic side faced water and the superhydrophobic side faced the
overhead gas chamber filled with 100% CO, gas to 1 atm, the CA immobilized membrane
achieved up to a 2-fold increase in CO, hydration rate compared with the no-enzyme
control membranes. The advantage of immobilizing CA on a Janus membrane located
at the gas-liquid interface was demonstrated by the fact that over 30 mg of free CA had
to be dissolved in the liquid bulk to achieve a similar CO, hydration rate as 2.97 mg CA
immobilized on the membrane. Because the mass transfer at the gas and liquid interface is
the rate-limiting step, the immobilized enzyme concentrated at the interface was able to
catalyze the CO, hydration more efficiently.

In addition to hydrophobic porous membranes, non-porous CO, permeable mem-
branes were also explored as GLMC for CO; absorption. CO, absorption into 30% K,COs3
solvent using a non-porous polysulfone (PSf) HFM coated with a layer of PDMS [132]
was 70-90% that of a porous PP HEM, both incorporating immobilized CA through layer-
by-layer electrostatic adsorption [131]. A 60-um-thick free-standing non-porous PDMS
membrane used in microfluidic devices to separate anesthesia gases from an ionic liquid
(IL)-based CO, absorption solvent exhibited a 1.9-fold increase in CO; affinity when 0.1 mg
CA/ g IL was added, while Xenon permeability was not affected [133]. A seemingly
counter intuitive example showing promise was based on a porous hydrophobic PP mem-
brane with a dense non-porous hydrophilic PVDF skin that was surface-coated with a CO,
selective, hydrophilic, and anti-fouling poly(ionic liquid) (PIL) layer facing the flue gas
side [89]. The added resistance from the hydrophilic PVDF dense non-porous skin layer
was insignificant compared with the improved affinity of CO, brought about by the PIL
layer, which resulted in a synergy with dissolved enzyme in the solvent and an overall
improvement in CO, absorption.

These encouraging examples show that studies on modification of the membrane
surface with control over hydrophilicity /hydrophobicity and the location of the immo-
bilized enzymes and CO;-philic additives will continue to evolve in positive directions.
At the current stage, larger scale demonstration studies are urgently needed to prove the
feasibility and longevity profiles of enzymatic GLMC processes for commercialization.

4.4. Enzyme Immobilization

The basic principles of enzyme immobilization outlined in the introduction are applica-
ble to membrane immobilization. For GLMC applications, enzymes are exclusively immobi-
lized on the surface of the pre-made carriers, either stationary on the membranes [131,134]
or mobile on nanoparticles that are dispersed in the absorption solvent [90,129]. Because
GLMCs are positioned at the gas-liquid interface where the limiting step in mass transfer
occurs it makes sense to expose the immobilized enzyme as close to this interface as possible.
This requires enzymes to be adsorbed to or immobilized on the liquid-facing membrane
side or requires enzymes to stay mobile in the liquid and thus have chances to approach
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the gas-liquid interface as the liquid flows. These principles were combined in a recent re-
port [135] where CA enzymes were immobilized on an electrospun poly(styrene-co-maleic
anhydride) PSMA nanofiber membrane that was floated at the air-liquid interface assisted
by 3D printed flotation devices, and the actual air and liquid interface was refreshed fre-
quently as the liquid was agitated. Such a configuration could be useful outside of the
column-based absorption systems, such as for enhancing CO; uptake in natural systems
such as in ponds and lakes.

One important parameter that studies across the field strive to improve is the enzyme
loading. Enzyme loading is commonly reported as the mass of enzyme (ug or mg) or
esterase activity (U) of CA, either as a total number for the module assembly [13] or divided
by the nominal area of the membrane [136] or volume of the reactor [90]. Various strategies
can be used to increase enzyme loading. For example, enzyme loading increased linearly
with the number of alternating enzyme layers in a layer-by-layer (LbL) electrostatic adsorp-
tion technique [131,132]. Enzyme loading can also be optimized by moderating chemical
reagent ratios to control surface functional group density [134] or by optimizing instrument
power and duration settings, such as plasma radio frequency glow discharge [120-123].
A monolayer of enzyme coverage, estimated through geometrical calculations, can be
compared with the obtained enzyme loading [13]. However, beyond a certain point, the
CO; hydration rate of the immobilized enzyme no longer follows a linear correlation with
the total amount of enzyme detectable by the esterase activity assay [128]. This is because
only the surface-exposed enzymes are able to catalyze the extremely fast CO, hydration
reaction, while enzymes buried deeper under the surface are mass transfer limited and,
therefore, not able to contribute to the catalytic effect. Nevertheless, higher enzyme loading
could indeed improve product longevity because fresh layers of enzyme could be exposed
over time to continue the catalytic enhancement [128].

It is widely acknowledged that the immobilized enzyme orientation on surfaces can
affect its activity, and the impact of such effects with immobilized CA enzymes have already
been studied on simple geometries such as ultra-flat template-stripped gold (TSG) [139].
However, due to the more complex geometry of membranes and the non-specificity of
chemical bonds or physical interactions involved in many immobilization approaches,
experiments on the controlled orientation of immobilized CA on membranes and the effect
on CO, absorption performance have not yet been reported. This is an important research
direction as the fields of enzyme immobilization and protein engineering converge toward
orienting immobilized enzymes with enhanced activity and stability.

4.5. Solvents and Form of Substrate

Initial evaluations of biocatalytic GLMC measured the enzymatic CO; hydration rate
enhancement with the membrane immersed in CO,-saturated buffers [88,127]. However,
this type of configuration circumvented the critical and rate-limiting mass transfer step
of CO, from the gas phase to the liquid phase, which is a critical performance function of
GLMC that should be evaluated. More realistic configurations, with membranes positioned
at gas-liquid interfaces, were later implemented with 100% CO, gas [128] and soon after
with more realistic lower concentration CO, gas mixtures [129].

Common liquids used as CO, absorption solvents for lab scale testing are water [136]
and low concentration aqueous buffers [137]. The advantages of using these solvents, in-
clude abundancy, non-corrosiveness, and less tendency to wet the hydrophobic membrane.
However, a drawback is their low CO, capture capacity, which inevitably requires the
use of higher amounts of liquid to absorb more CO,. Concentrated aqueous solutions of
potassium carbonate are relatively benign and are known to both benefit from CA kinetic
enhancement and have a useful carbon loading capacity [14]. An aqueous 30 wt% K,;COj3
solvent was used in an HFGLMC apparatus where three layers of CA were electrostatically
immobilized, resulting a three-fold improvement in CO, absorption rate compared with
the non-enzyme control membrane [131,132]. The immobilized CA retained over 80%
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activity after a 200 h exposure to common contaminants from flue gas and to the high pH
environment brought about by the high solute concentration.

The low regeneration energy solvent 30% methyldiethanolamine (MDEA) was com-
pared with the benchmark solvent 30% monoethanolamine (MEA), both with 1 wt% dis-
solved CA concentrate, in an HFGLMC configuration [89]. Dissolved CA contributed up
to a 2.2-fold CO, absorption rate enhancement in 30% MDEA, while showing a negative
effect for 30% MEA. The explanation is that MEA reacts directly with CO; to rapidly form
carbamate molecules, which is not enhanced further by CA, which instead acts through
a bicarbonate formation mechanism. A less common category of absorption solvent for
GLMC, ionic liquid, was also studied with dissolved CA [133]. The water content was es-
sential for detecting an enzyme enhancement effect because the hydration reaction requires
1 mole of water per mole of CO, converted to bicarbonate.

In summary, CA-enhanced GLMCs, with both immobilized and dissolved CA, offer
rate enhancement benefits from the biocatalyst and, thus, are able to use aqueous benign
solvents, which greatly reduces membrane wetting and improves membrane longevity.
Because pumping and heating large volumes of water take a lot of energy, future studies
that couple the CO; capture in natural liquid sources with direct utilization have the
potential to avoid the desorption cost and make this process more desirable.

5. Enzyme Membrane Reactor

Beyond CO; capture, membranes play a vital role in the design of efficient enzyme
membrane reactors (EMR) for carrying out CO, utilization chemical conversion reactions.
These processes benefit from the combined separation function of the membrane together
with continuous-flow chemical reactors. Discussions in this section focus on intense re-
search on the design and application of EMR for CO, reduction reactions that incorporate
oxidoreductase enzymes and representative studies are summarized in Table 4.

Table 4. CO, conversion to chemicals with oxidoreductase.

Cofactor Regeneration

Application Membrane Configuration Enzyme, Concentration Electron Transfer System Year, 1st Author, Ref
CO, conversion to Ceramic tubular membrane as FDH; UV > TiO; (EtOH as hole 2005
formic acid UV-light blocker DAH quencher) > MV > DAH > Kurayama
NADH > FDH [92]
. Flat sheet polymeric membranes . . 2015
CO; conversion to with immobilized enzymes by FDH; FaldDH; ADH NADH > FDH; FaldDH; Luo
methanol . . ADH
direct membrane fouling [37]
CO, conversion to Hydrophobic HFM as gas 2016
2f L distributor and PAA-grafted PE FDH NADH > FDH Wang
ormic acid :
HFM as enzyme carrier [95]
Hydrophilic flat sheet
macroporous (200 nm) SiC
Formaldehyde membrane pretreated with 2018
) Y P ADH NADH > ADH Zeuner
conversion to methanol NaOH and surface [140]
functionalized with PEI or
APTES as enzyme carrier
CO, conversion to PAA-grafted PE HFM modified 2018
2formic acid by PEI through electrostatic FDH NADH > FDH Wang
interaction as CO,-philic surface [141]
Electrospun PS nanofiber 2018
CO; conversion to membrane surface modified by FDH Cu foam electrode > Barin
formic acid acid treatment, APTES, and GA NADH > FDH [142]
activation as enzyme carrier
PVDF porous membrane
CO; conversion to functionalized by dead-end FDH; FaldDH; ADH; L-glutamate > GDH > 2019
. . .. NADH > FDH; FaldDH; Zhu
methanol filtration of MOFs containing GDH ADH [143]

enzymes and cofactor
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Table 4. Cont.

Application

Membrane Configuration

Enzyme, Concentration

Cofactor Regeneration
Electron Transfer System

Year, 1st Author, Ref

CO, conversion to Porous HFM used as both gas UV >TiO, (EDTA as hole 2020
formic acid distributor and enzyme carrier FbH quencher) > [CpxRh(bpy) Gu
(H20)]** > NADH > FDH [144]
PAA-grafted PE HFM modified 2021
CO, conversion to by PEI corppargd w1th PEI/PDA FDH NADH > FDH Guo
formic acid co-deposited SiO, microsphere [145]
as enzyme carriers N
CO, absorption and PP or ceramic GLMC modified CA: 2021
conversion to formic by PEI/PDA and in situ grown FDI& NADH > FDH Chai
acid MOFs encapsulating enzymes [146]
Ultrafiltration membrane with
. hydrophobic PP support layer UV > MIL-125-Py-Rh 2022
COzf c;);l;/ersi(()in to and hydrophilic regenerated FDH (TEOA as hole quencher) > Lin
ormicac cellulose skin layer for enzyme NADH > FDH [147]
immobilization
Ultrafiltration membrane with
. hydrophobic PP support layer UV > Rhy3-N-PCN 2022
COzf con.vers%cgln to and hydrophilic regenerated FDH (TEOA as hole quencher) > Zhang
ormicac cellulose skin layer for enzyme NADH > FDH [96]
immobilization
. PE hollow fiber membrane was UV >TiO, (EDTA or F,0 2022
CO, conversion to used as the enzyme bearing FDH; as hole quencher) > Guo
& . 2+
formaldehyde reactor and gas distributor FaldDH [Cp+Rh(bpy) (FO)I" > [94]

NADH > FDH; FaldDH

Acronyms: UV—ultraviolet light; FDH—formate dehydrogenase; MV—methyl viologen; DAH—diaphorase;
EtOH—ethanol; FaldDH—formaldehyde dehydrogenase; ADH—alcohol dehydrogenase; HFM—hollow fiber
membrane; PAA—poly(acrylic acid); PE—polyethylene; SiC—silicon carbide; NaOH—sodium hydroxide;
PEI—polyethylenimine; APTES—(3-aminopropyl)triethoxysilane; GA—glutaraldehyde; MOF—metal or-
ganic frameworks; GDH—glutamic dehydrogenase; EDTA—ethylenediaminetetraacetic acid; [Cp*Rh(bpy)
(H,0)]**—pentamethylcyclopentadienyl rhodium bipyridine complex; GLMC—gas-liquid membrane contac-
tor; PDA—polydopamine; TEOA—triethanolamine; MIL-125-Py-Rh—a Ti-based MOF with anchored Rh com-
plex; Rhy3-N-PCN—Rhodium complex covalently grafted on amine functionalized polymeric carbon nitride.

5.1. Location of the Immobilized Enzymes

Biocatalyst stability, recovery and reuse are improved by immobilizing enzymes
on membrane supports, utilizing both their high surface area and separation functions.
Common immobilization strategies involve modifying porous membrane surfaces using
UV-grafting [141], acid [142] or base [140] treatment, silanization [140], polydopamine
(PDA) and PEI deposition [145]. The carboxylic acid or amine surfaces are further
activated with carbodiimide coupling reagent [95] or glutaraldehyde [142], respectively,
rendering the surface covalently reactive toward amino groups on the enzyme. Enzymes
immobilized on membrane surfaces have alleviated mass transfer limitations and thus
higher activity.

Leveraging the separation function of a membrane, direct membrane fouling [37],
also known as dead-end filtration [143], has been a popular non-chemical alternative for
enzyme immobilization. Enzyme cascades can be easily constructed by direct membrane
fouling methods. Luo et al. [37] immobilized formate dehydrogenase (FDH), formalde-
hyde dehydrogenase (FaldDH), and alcohol dehydrogenase (ADH), both as a co-localized
mixtures and as separate layers, in sequences using direct membrane fouling techniques.
While the direct cascade concept of reducing product inhibition and enhancing substrate
shuttling is appealing, the presence of a bottleneck enzyme in the cascade, FaldDH in this
case, requires a threshold formic acid concentration to move the reaction in the reduction
direction, making co-localization less effective. Rather, a cascade consisting of separate
enzyme layers is more conducive to higher final product yield because of the flexibility
this gives in optimizing reaction steps separately. Zhu et al. [143] encapsulated individual
enzymes in metal organic frameworks (MOF) and loaded them either randomly or in
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sequence into the pores of a support membrane by dead-end filtration. Consistent with the
foregoing study, they found that the ordered multi-enzyme cascade system achieved the
highest methanol yield.

Another aspect of localizing enzymes by immobilization is to protect enzymes from
harsh environments (Figure 2). Kurayama et al. [92] used a ceramic membrane to separate
the enzymatic reaction step from the photocatalytic chamber used for cofactor regeneration.
They found that when ultra-violet (UV) light shone on the whole system and directly on the
enzymes, no formic acid production occurred, indicating the critical importance of the UV
blocking function. Alternatively, Guo et al. [94] separated the NADH-depleted liquid and
pumped it to a separate quartz vessel for photo-regeneration, away from the enzymatic
reaction chamber. Tian et al. [148] encapsulated enzyme in zeolitic imidazolate-based MOF
to protect FDH from possible deactivation by reactive oxygen species (ROS) generated
in the photocatalytic reaction. Chai et al. [146] used thermal stable MOFs as protective
coatings to encapsulate FDH and protect it from high temperature flue gas conditions.
While the free enzyme denatured immediately, the MOF encapsulated enzyme maintained
activity even after 4 h at 100 °C. However, they pointed out that the NADH cofactor has
larger dimensions than the pore sizes of the MOF, thus limiting the effectiveness of the
immobilized enzymes to those exposed at the surfaces. This issue was investigated in
another study [143], where FDH, FaldDH, or ADH were paired with and co-immobilized
with glutamate dehydrogenase (GDH) for enzymatic NADH regeneration. The methanol
production rate increased in the cases where NADH was also co-immobilized in the
MOF structures. It seems that although the well-defined native MOF pores do not fit
the large NADH, the pre-encapsulated NADH generated larger cavities that were able to
accommodate it for a faster reaction.

5.2. Roles of Membrane in Substrate Uptake

Due to its low aqueous solubility, delivering CO, to the active site of enzymes becomes
a rate-limiting step. For many of the early studies, CO,-saturated water or buffer [37,92]
was used to circumvent the gas to liquid mass transfer limitation. For continuous delivery
as a gas, CO;, was bubbled into the reaction chamber [142]. CO, gas can also be infused into
the liquid by using hollow fiber membranes (HFM) as a CO; gas distributor [95], utilizing
both the high surface areas and porous structures of the membranes to generate small gas
bubbles for faster dissolution. For batch reactions, CO, can be blown into the liquid and
pressurized in the head space to a certain pressure before sealing the reaction chamber [145].

Another strategy to increase CO, uptake in the reaction solution, borrowing knowl-
edge from the CO, reactive absorption process, is the use of amine-based CO,-philic
materials. Wang et al. [141] found that a PEI modified HFM surface was able to bring in
more CO, from the gas phase in the form of bicarbonate ions and improve formic acid
production of dissolved FDH. This implies that CA could also assist FDH to reach a higher
productivity. Chai et al. [146] constructed a GLMC with immobilized CA and FDH, com-
bining CO; capture with CO, conversion in a single step. By positioning the GLMC at the
gas-liquid interface with the hydrophilic side facing the liquid, the biocatalytic membrane
produced 5.6 umol formic acid after 4 h of reaction using 20% CO, gas.

In addition, the hydrophilicity and hydrophobicity of the membrane have an influence
on CO; gas accessibility to the enzyme. Lin et al. [147] measured the CO, gas bubble
adhesion force on both hydrophobic and hydrophilic membranes and concluded that hy-
drophobic membranes attracts CO, gas bubbles better. FDH immobilized on a hydrophobic
layer achieved higher formic acid yield than that immobilized on a hydrophilic layer.

5.3. Cofactor Regeneration

While many studies used the natural cofactor NADH as the electron donor [95,140,141,145,146]
as a proof-of-concept, the continuous supply of NADH to run the reaction can be costly and
is uneconomical for real-world CO, reduction applications. To overcome this limitation,
NADH regeneration has been the focal point of many recent research publications. There
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are three main approaches for NADH regeneration, namely, biocatalytic [143], photocat-
alytic [147], and electrochemical [142].

Biocatalytic regeneration involves the use of another enzyme and its substrate as a
natural reducing electron source to reduce NAD* to NADH. Zhu et al. [143] co-immobilized
glutamic dehydrogenase (GDH) with FDH, FaldDH, and ADH. A continuous supply
of relatively inexpensive L-glutamate as the reductant powered the enzymatic cascade
reduction reactions from CO, to methanol.

Photocatalytic regeneration uses semiconductors or organic dye-based photosensi-
tizers to harvest light energy for creating high energy electrons that can be transferred to
NAD™ for its reduction. However, direct electron transfer from the photosensitizer to NAD*
is inefficient, and an electron mediator is usually needed. Kurayama et al. [92] paired TiO,
particle photo-catalysts with oxidized methyl viologen (MV2*) as the electron mediator
with the enzyme diaphorase (DAH) that accepts the reduced form of MV™* as the reducing
equivalent in reducing NAD* to NADH. The results showed that the concentrations of
both MV and NADH affected the overall CO, conversion rate, and that the DAH catalytic
reaction was the rate-limiting step. The requirement of an additional enzyme to transfer
the reducing equivalents from an electron mediator to NAD* is disadvantageous as it adds
additional bottlenecks, such as the DAH catalytic process.

Electrochemical approaches aim to overcome cofactor-dependent reaction limitations.
A Rhodium-based compound named pentamethylcyclopentadienyl rhodium bipyridine
complex, [Cp+Rh(bpy) (H,0)]?*, was reported to directly interact either with nicotinamide
cofactors or with a reagentless source of reduction equivalents, such as a cathode [149].
Gu et al. [144] employed soluble homogenous [Cp*Rh(bpy) (H,O)]** along with a het-
erogeneous TiO, photo-catalyst and achieved a maximum turnover number of 125 after
4.5 h for NADH regeneration. Guo et al. [94] utilized a similar regeneration system for the
synthesis of formaldehyde from CO, with both FDH and FaldDH immobilized on hollow
fiber membrane. They compared the pH and sacrificial electron donor and found that
ethylenediaminetetraacetic acid (EDTA) produced much higher formaldehyde yield than
water over a pH of 5-7.5.

The problem with using homogeneous (dissolved) electron mediators is that they
travel with the reaction liquid throughout the system and thus require a large amount of
medjiator to be used to achieve an effective concentration. The solution to this is to confine
or immobilize the electron mediator in a localized domain. Tian et al. [148] constructed
an elaborate compartmentalized photocatalyst-enzyme system inspired by the thylakoid
membrane (Figure 4). The electron-hole pair separation ability of an inorganic photosensi-
tizer graphitic carbon nitride C3N4 was improved by incorporating aromatic thiophene
into network structures, and the selective electron transfer to NAD" was mediated by a
Cobalt complex coordinated with bipyridine covalently bonded to the surface modifier
polyethylenimine (PEI) for efficient NADH regeneration. Lin et al. [147] synthesized a
Ti-based MOF with an electron-transferring Rh complex anchored to the light-harvesting
iminopyridine unit of the MOF and found an NADH generation yield of 66.4% in 60 min.
Zhang et al. [96] covalently grafted a Rh complex onto amino-functionalized polymeric
carbon nitride photo-catalyst for efficient regeneration of NADH with a conversion of 66%
in 20 min.

A common drawback for all photocatalytic systems is the use of a sacrificial electron
donor, after photo excitation and electron transfer, to deliver electrons to fill positively
charged holes and regenerate the photo-catalysts. This electron donor can be abundant
compounds, such as water, but the most efficient ones, such as EDTA and triethanolamine
(TEOA), would cause additional cost and chemical waste issues. Recently, some metal-
dependent FDHs have been reported to accept artificial electron donors by mediated
electron transfer (MET) [150], circumventing the use of the NADH cofactor. Obtaining
electrons directly from electrodes through direct electron transfer (DET) is an appealing
concept but it usually comes at the cost of lower interfacial electron transfer rates due to
the need for direct contact between electrode and enzyme, thus limiting effective enzyme
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loading to only a monolayer [151]. However, as of now, neither of these NADH-free
mechanisms has been used in conjunction with membrane technologies, and future work on
utilizing high surface area conductive membranes could potentially overcome the enzyme
loading limitation and result in highly efficient integrated electrochemical-enzymatic CO,
reduction technologies.
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Figure 4. Modified graphitic carbon nitride decorated with a Cobalt complex for photocatalytic
NADH regeneration (Reprinted with permission from Ref. [148]. Copyright 2020, American Chemi-
cal Society).

5.4. Long-Term Stability of EMR

The long-term stability of EMR includes storage and operational stabilities, and both
need to be addressed before large scale-up and commercialization is possible. A consistent
finding across studies is that the storage stabilities of immobilized enzymes are greatly
improved over their free dissolved enzyme counterparts. For example, FDH covalently
attached on HFM retained 83% and 67% activity after 30 and 60 days, respectively, in buffer
at 4 °C, compared with 48% activity retained for the dissolved FDH after only 14 days
under those conditions [95]. FDH immobilized on electrospun polystyrene nanofiber
retained 41% activity after 20 days storage in buffer at 4 °C [142], and close to 100%
activity retention was reported for CA and FDH encapsulated in MOF membranes after
20 days storage in ambient air [146]. Most studies report operational stabilities as the
“number of recycles”, which is usually limited to 10-20 cycles with total operation times
of several to tens of hours [37,142]. For example, ADH immobilized on ceramic silicon
carbide membranes retained less than 20% of the initial activity after 17 cycles of reuse [140].
However, high activity retention over many days of operation will be needed to fully
validate the operational stability of EMRs. Lin et al. compared FDH immobilized either
on the hydrophobic support layer or the hydrophilic skin layer of a photo-biocatalytic
membrane system over five 24 h cycles of operation (120 h total) and found that although
the former generated more formic acid, both configurations were able to retain all of their
initial productivity at the end of test [147]. Guo et al. comprehensively tested operational
stability by running their reaction continuously for 48 h, finding that a photo-enzyme
coupled system was significantly more stable than photocatalysis (UV/TiO, reduction
of COy,) or biocatalysis (FDH and FaldDH without NADH regeneration) alone [94]. This
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type of continuous operation testing is highly important in future studies. Analogous to
the CO; reduction reaction, the enzymatic fuel cell field has long been battling with short
lifetimes of bio-electrodes and instabilities of electron mediators [152]. By carefully fine
tuning the enzyme immobilization matrix, lifetimes of more than 45 days or even 200 days
of continuous operation are possible [153-155]. Certainly, the experiences [156,157] gained
in biofuel cell research should be adopted for the fabrication of stable biocathodes for CO,
reduction reactions, and we expect more long-term stability tests will be carried out with
this goal.

6. Conclusions and Future Perspectives

Biocatalytic membranes are a promising technology category for CO, capture and
utilization that combine high reaction rates and enzyme selectivity with high surface area
and separation functions of the membrane. CA and its mimics have been used in both
immobilized and in dissolved forms in conjunction with membranes, where the presence
of water molecules is essential for the facilitated CO, transport mechanism to function,
regardless of the membrane type. For mixed matrix membranes and liquid membranes,
membrane thickness is the bottleneck for achieving high CO, permeance. Recent trends
in constructing ultra-thin CA immobilized selective layers or liquid-immobilizing porous
structures, both supported by mechanically stable non-selective layers, for high permeance
CO, separation, are expected to continue as more sophisticated fabrication methods are
devised for reducing the membrane thickness.

CA-enhanced gas-liquid membrane contactors (GLMC), with both immobilized and
dissolved CA, offer rate enhancement benefits for the biocatalyst and, thus, are able to
use benign aqueous solvents, which greatly reduces membrane wetting and improves
membrane longevity. Although issues such as enzyme-induced membrane wetting, surface
hydrophilicity and pore blockages can occur, the additional mass transfer resistance of the
wetted pores can still be overcome by the catalyzed CO, hydration. Because the mass trans-
fer at the gas-liquid interface is the rate-limiting step, immobilized enzymes concentrated at
this interface are able to catalyze the CO, hydration reaction more efficiently. Modifications
of membrane surfaces with increased control over hydrophilicity /hydrophobicity and the
location of immobilized enzymes and CO,-philic additives will continue to evolve and
improve reaction performance. In addition, only limited exploration of GLMC for CO,
stripping has occurred. Advances in artificial lungs with immobilized CA on hollow fiber
membranes (HFM) could inspire alternatives to high temperature CO, stripping processes
which are responsible for high energy consumption.

While it is widely acknowledged that the orientation of enzymes on surfaces affects
the activity of immobilized enzymes, complex membrane geometries and non-specificity
of chemical bonds or physical interactions involved in many immobilization approaches
have hindered experiments on controlled orientation of immobilized CA on membranes.
Thus, the impact of oriented CA on CO, absorption performance is yet to be reported.
This is an important research direction as the fields of enzyme immobilization and protein
engineering converge toward orienting immobilized enzymes with enhanced activity and
stability. Likewise, enzyme cascades for CO, conversion, currently constructed by direct
membrane fouling, would benefit from improved control over enzyme placement and
orientation. The presence of a bottleneck enzyme in the cascade requires a minimum
threshold substrate concentration to move the reaction in the reduction direction, making
co-localization of enzyme pairs potentially less effective, though controlling the molar ratio
of enzymes in proximity to each other may help alleviate this issue. Alternatively, cascade
reactions consisting of separate enzyme layers could achieve higher final product yields,
due to the corresponding flexibility in optimizing each separate reaction step.

Poor aqueous solubility of COy is a rate limitation for delivering CO, to enzyme active
sites for CO, conversion. Utilizing CA-promoted CO; hydration reactions together with
HFM CO;, gas infusion is one way to supply higher concentrations of carbon in the form
of bicarbonate to solute selective membranes or to CO; reducing enzymes. Furthermore,
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coupling CO; capture in natural liquid sources with direct utilization has the potential to
completely avoid desorption costs and make this process more desirable. New gas-liquid-
solid tri-phase contactor configurations have the potential to further integrate and improve
the capture and conversion processes.

A critical challenge in the application of CO; reducing enzymes for CO, conversion
is the delivery of reducing equivalents, i.e., electrons and protons. While methods to
regenerate the natural cofactor NADH have been the focus of many studies in this field, and
proofs-of-concept for biocatalytic, photocatalytic, and electrochemical NADH regeneration
methods have been reported, more research is needed to develop and scale up these
important processes. In other areas of biocatalytic reactor research, certain metal-dependent
FDHs are reported to accept artificial electron donors by mediated electron transfer (MET)
or obtain electrons directly from the electrode through direct electron transfer (DET). Since
neither of these NADH-free mechanisms has yet been used in conjunction with membrane
technologies, future work on utilizing high surface area conductive membranes should be
conducted. Such efforts could potentially overcome enzyme loading limitations and result
in highly efficient integrated electrochemical-enzymatic CO, reduction technologies that
are urgently needed to address the climate change crisis.

Author Contributions: Writing—original draft preparation, J.S.; writing—review and editing, S.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was made possible by funding from North Carolina State University, the
Novo Nordisk Foundation, and the Alliance for Sustainable Energy, LLC, Managing and Operating
Contractor for the National Renewable Energy Laboratory for the U.S. Department of Energy.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Friedlingstein, P.; O’Sullivan, M.; Jones, M.W.; Andrew, R.M.; Hauck, J.; Olsen, A.; Peters, G.P.; Peters, W.; Pongratz, J.; Sitch,
S.; et al. Global Carbon Budget 2020. Earth Syst. Sci. Data 2020, 12, 3269-3340. [CrossRef]

2. Shakun, ].D.; Clark, P.U.; He, E; Marcott, S.A.; Mix, A.C.; Liu, Z.; Otto-Bliesner, B.; Schmittner, A.; Bard, E. Global Warming
Preceded by Increasing Carbon Dioxide Concentrations during the Last Deglaciation. Nature 2012, 484, 49-54. [CrossRef]
[PubMed]

3. Lindsey, R. Climate Change: Atmospheric Carbon Dioxide. Available online: https://www.climate.gov/news-features/
understanding-climate/climate-change-atmospheric-carbon-dioxide (accessed on 18 July 2022).

4. Lenton, T.; Rockstrom, J.; Gaffney, O.; Rahmstorf, S.; Richardson, K.; Steffen, W.; Shellnhuber, H.]J. Climate Tipping Points—Too
Risky to Bet Against. Nature 2019, 575, 592-595. [CrossRef]

5. Lebling, K.; Leslie-Bole, H.; Psarras, P.; Bridgwater, E.; Byrum, Z.; Pilorgé, H. Direct Air Capture: Assessing Impacts to Enable
Responsible Scaling. World Resour. Inst. 2022, 1-28. [CrossRef]

6.  Peplow, M. The Race to Upcycle CO, into Fuels, Concrete and More. Nature 2022, 603, 780-783. [CrossRef]

7. Mondal, M.K,; Balsora, H.K.; Varshney, P. Progress and Trends in CO, Capture/Separation Technologies: A Review. Energy 2012,
46,431-441. [CrossRef]

8. Merkel, T.C.; Lin, H.; Wei, X.; Baker, R. Power Plant Post-Combustion Carbon Dioxide Capture: An Opportunity for Membranes.
J. Memb. Sci. 2010, 359, 126-139. [CrossRef]

9. Witek-Krowiak, A.; Dawiec, A.; Modelski, S.; Podstawczyk, D. Carbon Dioxide Removal in a Membrane Contactor—Selection of
Absorptive Liquid/Membrane System. Int. |. Chem. Eng. Appl. 2012, 3, 391-395. [CrossRef]

10. Figueroa, ].D.; Fout, T,; Plasynski, S.; Mcllvried, H.; Srivastava, R.D. Advances in CO, Capture Technology—The U.S. Department
of Energy’s Carbon Sequestration Program. Int. ]. Greenh. Gas Control 2008, 2, 9-20. [CrossRef]

11.  Khalifah, R.G. The Carbon Dioxide Hydration Activity of Carbonic Anhydrase. I. Stop-Flow Kinetic Studies on the Native
Human Isoenzymes B and C. J. Biol. Chem. 1971, 246, 2561-2573. [CrossRef]

12. Ward, W.]J.; Robb, W.L. Carbon Dioxide-Oxygen Separation: Facilitated Transport of Carbon Dioxide across a Liquid Film. Science
1967, 156, 1481-1484. [CrossRef] [PubMed]

13. Kaar, J.L.; Oh, H.I; Russell, A.]J.; Federspiel, W.J. Towards Improved Artificial Lungs through Biocatalysis. Biomaterials 2007,

28, 3131-3139. [CrossRef] [PubMed]


http://doi.org/10.5194/essd-12-3269-2020
http://doi.org/10.1038/nature10915
http://www.ncbi.nlm.nih.gov/pubmed/22481357
https://www.climate.gov/news-features/understanding-climate/climate-change-atmospheric-carbon-dioxide
https://www.climate.gov/news-features/understanding-climate/climate-change-atmospheric-carbon-dioxide
http://doi.org/10.1038/d41586-019-03595-0
http://doi.org/10.46830/wriwp.21.00058
http://doi.org/10.1038/d41586-022-00807-y
http://doi.org/10.1016/j.energy.2012.08.006
http://doi.org/10.1016/j.memsci.2009.10.041
http://doi.org/10.7763/IJCEA.2012.V3.225
http://doi.org/10.1016/S1750-5836(07)00094-1
http://doi.org/10.1016/S0021-9258(18)62326-9
http://doi.org/10.1126/science.156.3781.1481
http://www.ncbi.nlm.nih.gov/pubmed/5611020
http://doi.org/10.1016/j.biomaterials.2007.03.021
http://www.ncbi.nlm.nih.gov/pubmed/17433433

Membranes 2023, 13, 367 27 of 32

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Salmon, S.; House, A. Enzyme-Catalyzed Solvents for CO, Separation. In Novel Materials for Carbon Dioxide Mitigation Technology;
Novel Materials for Carbon Dioxide Mitigation Technology; Elsevier: Amsterdam, The Netherlands, 2015; pp. 23-86.

Qi, G,; Liu, K.; House, A.; Salmon, S.; Ambedkar, B.; Frimpong, R.A.; Remias, J.E.; Liu, K. Laboratory to Bench-Scale Evaluation of
an Integrated CO, Capture System Using a Thermostable Carbonic Anhydrase Promoted K2CO3 Solvent with Low Temperature
Vacuum Stripping. Appl. Energy 2018, 209, 180-189. [CrossRef]

Shen, J.; Yuan, Y.; Salmon, S. Carbonic Anhydrase Immobilized on Textile Structured Packing Using Chitosan Entrapment for
CO, Capture. ACS Sustain. Chem. Eng. 2022, 10, 7772-7785. [CrossRef]

Shen, J.; Yuan, Y.; Salmon, S. Durable and Versatile Immobilized Carbonic Anhydrase on Textile Structured Packing for CO,
Capture. Catalysts 2022, 12, 1108. [CrossRef]

Niazi, M.B.K; Jahan, Z.; Ahmed, A.; Rafiq, S.; Jamil, F; Gregersen, &.W. Effect of Zn-Cyclen Mimic Enzyme on Mechanical,
Thermal and Swelling Properties of Cellulose Nanocrystals/PVA Nanocomposite Membranes. |. Polym. Environ. 2020, 28, 1921-1933.
[CrossRef]

Zhang, Y.; Wang, H.; Zhou, S.; Wang, J.; He, X,; Liu, J.; Zhang, Y. Biomimetic Material Functionalized Mixed Matrix Membranes
for Enhanced Carbon Dioxide Capture. ]. Mater. Chem. A 2018, 6, 15585-15592. [CrossRef]

Zheng, W.; Tian, Z.; Wang, Z.; Peng, D.; Zhang, Y.; Wang, J.; Zhang, Y. Dual-Function Biomimetic Carrier Based Facilitated
Transport Mixed Matrix Membranes with High Stability for Efficient CO, /Ny Separation. Sep. Purif. Technol. 2022, 285, 120371.
[CrossRef]

Alvizo, O.; Nguyen, L.J.; Savile, C.K.; Bresson, J.A.; Lakhapatri, S.L.; Solis, E.O.P,; Fox, R.J.; Broering, ].M.; Benoit, M.R,;
Zimmerman, S.A; et al. Directed Evolution of an Ultrastable Carbonic Anhydrase for Highly Efficient Carbon Capture from Flue
Gas. Proc. Natl. Acad. Sci. USA 2014, 111, 16436-16441. [CrossRef]

Reardon, J.; Bucholz, T.; Hulvey, M.; Tuttle, J.; Shaffer, A.; Pulvirenti, D.; Weber, L.; Killian, K.; Zaks, A. Low Energy CO, Capture
Enabled by Biocatalyst Delivery System. Energy Procedia 2014, 63, 301-321. [CrossRef]

Smit, B.; Park, A.H.A.; Gadikota, G. The Grand Challenges in Carbon Capture, Utilization, and Storage. Front. Energy Res. 2014,
2,2013-2015. [CrossRef]

Bulushev, D.A.; Ross, ].R.H. Towards Sustainable Production of Formic Acid. ChemSusChem 2018, 11, 821-836. [CrossRef]
[PubMed]

Grubel, K.; Jeong, H.; Yoon, C.W.; Autrey, T. Challenges and Opportunities for Using Formate to Store, Transport, and Use
Hydrogen. |. Energy Chem. 2020, 41, 216-224. [CrossRef]

Bar-Even, A. Formate Assimilation: The Metabolic Architecture of Natural and Synthetic Pathways. Biochemistry 2016, 55, 3851-3863.
[CrossRef] [PubMed]

Mao, W.; Yuan, Q.; Qi, H.; Wang, Z.; Ma, H.; Chen, T. Recent Progress in Metabolic Engineering of Microbial Formate Assimilation.
Appl. Microbiol. Biotechnol. 2020, 104, 6905-6917. [CrossRef]

Marpani, E; Pinelo, M.; Meyer, A.S. Enzymatic Conversion of CO, to CH3OH via Reverse Dehydrogenase Cascade Biocatalysis:
Quantitative Comparison of Efficiencies of Immobilized Enzyme Systems. Biochem. Eng. J. 2017, 127, 217-228. [CrossRef]

Song, H.; Ma, C.; Liu, P; You, C.; Lin, J.; Zhu, Z. A Hybrid CO, Electroreduction System Mediated by Enzyme-Cofactor Conjugates
Coupled with Cu Nanoparticle-Catalyzed Cofactor Regeneration. |. CO, Util. 2019, 34, 568-575. [CrossRef]

Chen, Y; Li, P; Noh, H.; Kung, C.; Buru, C.T.; Wang, X.; Zhang, X.; Farha, O.K. Stabilization of Formate Dehydrogenase in a
Metal-Organic Framework for Bioelectrocatalytic Reduction of CO,. Angew. Chem. 2019, 131, 7764-7768. [CrossRef]

Liao, Q.; Liu, W.; Meng, Z. Strategies for Overcoming the Limitations of Enzymatic Carbon Dioxide Reduction. Biotechnol. Adv.
2022, 60, 108024. [CrossRef]

Luo, J.; Song, S.; Zhang, H.; Zhang, H.; Zhang, ].; Wan, Y. Biocatalytic Membrane: Go Far beyond Enzyme Immobilization. Eng.
Life Sci. 2020, 20, 441-450. [CrossRef]

Lim, EN.A.R;; Marpani, F; Dilol, V.E.A.; Pauzi, S.M.; Othman, N.H.; Alias, N.H.; Him, N.R.N,; Luo, J.; Rahman, N.A. A Review on
the Design and Performance of Enzyme-Aided Catalysis of Carbon Dioxide in Membrane, Electrochemical Cell and Photocatalytic
Reactors. Membranes 2022, 12, 28. [CrossRef]

Shen, J.; Zhang, S.; Fang, X.; Salmon, S. Advances in 3D Gel Printing for Enzyme Immobilization. Gels 2022, 8, 460. [CrossRef]
Sun, J.; Wei, L.; Wang, Y.; Zhao, Z.; Liu, W. Immobilization of Carbonic Anhydrase on Polyvinylidene Fluoride Membranes.
Biotechnol. Appl. Biochem. 2018, 65, 362-371. [CrossRef] [PubMed]

Sun, J.; Wang, C.; Wang, Y.; Ji, S.; Liu, W. Immobilization of Carbonic Anhydrase on Polyethylenimine/Dopamine Codeposited
Membranes. J. Appl. Polym. Sci. 2019, 136, 1-9. [CrossRef]

Luo, J.; Meyer, A.S.; Mateiu, R.V.; Pinelo, M. Cascade Catalysis in Membranes with Enzyme Immobilization for Multi-Enzymatic
Conversion of CO, to Methanol. N. Biotechnol. 2015, 32, 319-327. [CrossRef] [PubMed]

Ren, S.; Li, C.; Tan, Z.; Hou, Y;; Jia, S.; Cui, J. Carbonic Anhydrase@ZIF-8 Hydrogel Composite Membrane with Improved
Recycling and Stability for Efficient CO, Capture. J. Agric. Food Chem. 2019, 67, 3372-3379. [CrossRef]

Wen, H.; Zhang, L.; Du, Y.; Wang, Z.; Jiang, Y.; Bian, H.; Cui, J.; Jia, S. Bimetal Based Inorganic-Carbonic Anhydrase Hybrid
Hydrogel Membrane for CO, Capture. ]. CO, Util. 2020, 39, 101171. [CrossRef]

Moehlenbrock, M.J.; Minteer, S.D. Introduction to the Field of Enzyme Immobilization and Stabilization. In Enzyme Stabilization
and Immobilization: Methods and Protocols; Minteer, S.D., Ed.; Humana Press: New York, NY, USA, 2017; Volume 1504, pp. 1-7.
ISBN 978-1-60761-894-2.


http://doi.org/10.1016/j.apenergy.2017.10.083
http://doi.org/10.1021/acssuschemeng.2c02545
http://doi.org/10.3390/catal12101108
http://doi.org/10.1007/s10924-020-01737-4
http://doi.org/10.1039/C8TA03198C
http://doi.org/10.1016/j.seppur.2021.120371
http://doi.org/10.1073/pnas.1411461111
http://doi.org/10.1016/j.egypro.2014.11.033
http://doi.org/10.3389/fenrg.2014.00055
http://doi.org/10.1002/cssc.201702075
http://www.ncbi.nlm.nih.gov/pubmed/29316342
http://doi.org/10.1016/j.jechem.2019.05.016
http://doi.org/10.1021/acs.biochem.6b00495
http://www.ncbi.nlm.nih.gov/pubmed/27348189
http://doi.org/10.1007/s00253-020-10725-6
http://doi.org/10.1016/j.bej.2017.08.011
http://doi.org/10.1016/j.jcou.2019.08.007
http://doi.org/10.1002/ange.201901981
http://doi.org/10.1016/j.biotechadv.2022.108024
http://doi.org/10.1002/elsc.202000018
http://doi.org/10.3390/membranes12010028
http://doi.org/10.3390/gels8080460
http://doi.org/10.1002/bab.1629
http://www.ncbi.nlm.nih.gov/pubmed/29222863
http://doi.org/10.1002/app.47784
http://doi.org/10.1016/j.nbt.2015.02.006
http://www.ncbi.nlm.nih.gov/pubmed/25698375
http://doi.org/10.1021/acs.jafc.8b06182
http://doi.org/10.1016/j.jcou.2020.101171

Membranes 2023, 13, 367 28 of 32

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

Guisan, ].M. New Opportunities for Immobilization of Enzymes. In Immobilization of Enzymes and Cells: Third Edition; Guisan,
J.M., Ed.; Methods in Molecular Biology; Humana Press: Totowa, NJ, USA, 2013; Volume 1051, pp. 1-13. ISBN 978-1-62703-549-1.
Rasouli, H.; Nguyen, K,; Iliuta, M.C. Recent Advancements in Carbonic Anhydrase Immobilization and Its Implementation in
CO, Capture Technologies: A Review. Sep. Purif. Technol. 2022, 296, 121299. [CrossRef]

Molina-Fernandez, C.; Luis, P. Immobilization of Carbonic Anhydrase for CO, Capture and Its Industrial Implementation: A
Review. J. CO, Util. 2021, 47, 101475. [CrossRef]

Russo, M.E.; Capasso, C.; Marzocchella, A.; Salatino, P. Immobilization of Carbonic Anhydrase for CO, Capture and Utilization.
Appl. Microbiol. Biotechnol. 2022, 106, 3419-3430. [CrossRef]

Hedstrom, L. Enzyme Specificity and Selectivity. In Encyclopedia of Life Sciences; Wiley: Chichester, UK, 2010; pp. 1-8.
ISBN 9780470015902. [CrossRef]

Bender, D.A. Tricarboxylic Acid Cycle. In Encyclopedia of Food Sciences and Nutrition; Elsevier: Amsterdam, The Netherlands, 2003;
pp. 5851-5856. ISBN 9780123786319.

Yates, N.D.].; Fascione, M.A.; Parkin, A. Methodologies for “Wiring” Redox Proteins/Enzymes to Electrode Surfaces. Chem.—A
Eur. J. 2018, 24, 12164-12182. [CrossRef] [PubMed]

Liu, Y,; Li, F; Zhang, X.; Ji, X. Recent Progress on Electrochemical Reduction of CO, to Methanol. Curr. Opin. Green Sustain. Chem.
2020, 23, 10-17. [CrossRef]

Saxena, A.; Liyanage, W.; Masud, J.; Kapila, S.; Nath, M. Selective Electroreduction of CO, to Carbon-Rich Products with a Simple
Binary Copper Selenide Electrocatalyst. . Mater. Chem. A 2021, 9, 7150-7161. [CrossRef]

Saxena, A.; Singh, H.; Nath, M. Cobalt Telluride Electrocatalyst for Selective Electroreduction of CO; to Value-Added Chemicals.
Mater. Renew. Sustain. Energy 2022, 11, 115-129. [CrossRef]

Saxena, A.; Liyanage, W.P.R; Kapila, S.; Nath, M. Nickel Selenide as an Efficient Electrocatalyst for Selective Reduction of Carbon
Dioxide to Carbon-Rich Products. Catal. Sci. Technol. 2022, 12, 4727-4739. [CrossRef]

Saxena, A.; Kapila, S.; Medvedeva, J.E.; Nath, M. Copper Cobalt Selenide as a Bifunctional Electrocatalyst for the Selective
Reduction of CO, to Carbon-Rich Products and Alcohol Oxidation. ACS Appl. Mater. Interfaces 2023, 15, 14433-14446. [CrossRef]
Schlager, S.; Dumitru, L.M.; Haberbauer, M.; Fuchsbauer, A.; Neugebauer, H.; Hiemetsberger, D.; Wagner, A.; Portenkirchner,
E.; Sariciftci, N.S. Electrochemical Reduction of Carbon Dioxide to Methanol by Direct Injection of Electrons into Immobilized
Enzymes on a Modified Electrode. ChemSusChem 2016, 9, 631-635. [CrossRef]

He, X. A Review of Material Development in the Field of Carbon Capture and the Application of Membrane-Based Processes in
Power Plants and Energy-Intensive Industries. Energy. Sustain. Soc. 2018, 8, 34. [CrossRef]

Bernardo, P.; Drioli, E.; Golemme, G. Membrane Gas Separation: A Review/State of the Art. Ind. Eng. Chem. Res. 2009,
48, 4638-4663. [CrossRef]

He, X.; Lindbréthen, A.; Kim, T.J.; Higg, M.B. Pilot Testing on Fixed-Site-Carrier Membranes for CO, Capture from Flue Gas. Int.
J. Greenh. Gas Control 2017, 64, 323-332. [CrossRef]

Merkel, T.; Kniep, J.; Wei, X.; Carlisle, T.; White, S.; Pande, S.; Fulton, D.; Watson, R.; Hoffman, T.; Freeman, B.; et al. Pilot Testing of
a Membrane System for Postcombustion CO, Capture; National Energy Technology Laboratory: Pittsburgh, PA, USA; Morgantown,
WYV, USA, 2015.

Trachtenberg, M.C.; Cowan, R.M.; Smith, D.A.; Horazak, D.A; Jensen, M.D.; Laumb, ].D.; Vucelic, A.P.; Chen, H.; Wang, L.; W,
X. Membrane-Based, Enzyme-Facilitated, Efficient Carbon Dioxide Capture. Energy Procedia 2009, 1, 353-360. [CrossRef]

Zhou, F; Tien, HN.; Xu, W.L,; Chen, ].T; Liu, Q.; Hicks, E.; Fathizadeh, M.; Li, S.; Yu, M. Ultrathin Graphene Oxide-Based Hollow
Fiber Membranes with Brush-like CO,-Philic Agent for Highly Efficient CO, Capture. Nat. Commun. 2017, 8, 2107. [CrossRef]
[PubMed]

McKeown, N.B. Polymers of Intrinsic Microporosity (PIMs). Polymer 2020, 202, 122736. [CrossRef]

Comesana-Gandara, B.; Chen, J.; Bezzu, C.G.; Carta, M.; Rose, I; Ferrari, M.C.; Esposito, E.; Fuoco, A.; Jansen, J.C.; McKeown, N.B.
Redefining the Robeson Upper Bounds for CO, /CH, and CO, /N, Separations Using a Series of Ultrapermeable Benzotriptycene-
Based Polymers of Intrinsic Microporosity. Energy Environ. Sci. 2019, 12, 2733-2740. [CrossRef]

Lai, HW.H.; Benedetti, EM.; Ahn, ].M.; Robinson, A.M.; Wang, Y.; Pinnau, I.; Smith, Z.P,; Xia, Y. Hydrocarbon Ladder Polymers
with Ultrahigh Permselectivity for Membrane Gas Separations. Science 2022, 375, 1390-1392. [CrossRef] [PubMed]

Robeson, L.M. The Upper Bound Revisited. ]. Memb. Sci. 2008, 320, 390-400. [CrossRef]

Scholes, C.A.; Kanehashi, S. Polymer of Intrinsic Microporosity (PIM-1) Membranes Treated with Supercritical COp. Membranes
2019, 9, 41. [CrossRef]

Tan, X.; Robijns, S.; Thiir, R.; Ke, Q.; De Witte, N.; Lamaire, A.; Li, Y.; Aslam, I.; Van Havere, D.; Donckels, T.; et al. Truly
Combining the Advantages of Polymeric and Zeolite Membranes for Gas Separations. Science 2022, 378, 1189-1194. [CrossRef]
Torre-Celeizabal, A.; Casado-Coterillo, C.; Garea, A. Biopolymer-Based Mixed Matrix Membranes (MMMSs) for CO,/CHy
Separation: Experimental and Modeling Evaluation. Membranes 2022, 12, 561. [CrossRef]

Casado-Coterillo, C.; Fernandez-Barquin, A.; Zornoza, B.; Téllez, C.; Coronas, J.; Irabien, A. Synthesis and Characterisation of
MOF/Ionic Liquid /Chitosan Mixed Matrix Membranes for CO, /N, Separation. RSC Adv. 2015, 5, 102350-102361. [CrossRef]
Borgohain, R.; Jain, N.; Prasad, B.; Mandal, B.; Su, B. Carboxymethyl Chitosan/Carbon Nanotubes Mixed Matrix Membranes for
CO, Separation. React. Funct. Polym. 2019, 143, 104331. [CrossRef]


http://doi.org/10.1016/j.seppur.2022.121299
http://doi.org/10.1016/j.jcou.2021.101475
http://doi.org/10.1007/s00253-022-11937-8
http://doi.org/10.1002/9780470015902.a0000716.pub2
http://doi.org/10.1002/chem.201800750
http://www.ncbi.nlm.nih.gov/pubmed/29637638
http://doi.org/10.1016/j.cogsc.2020.03.009
http://doi.org/10.1039/D0TA11518E
http://doi.org/10.1007/s40243-022-00211-6
http://doi.org/10.1039/D2CY00583B
http://doi.org/10.1021/acsami.3c00488
http://doi.org/10.1002/cssc.201501496
http://doi.org/10.1186/s13705-018-0177-9
http://doi.org/10.1021/ie8019032
http://doi.org/10.1016/j.ijggc.2017.08.007
http://doi.org/10.1016/j.egypro.2009.01.048
http://doi.org/10.1038/s41467-017-02318-1
http://www.ncbi.nlm.nih.gov/pubmed/29235466
http://doi.org/10.1016/j.polymer.2020.122736
http://doi.org/10.1039/C9EE01384A
http://doi.org/10.1126/science.abl7163
http://www.ncbi.nlm.nih.gov/pubmed/35324307
http://doi.org/10.1016/j.memsci.2008.04.030
http://doi.org/10.3390/membranes9030041
http://doi.org/10.1126/science.ade1411
http://doi.org/10.3390/membranes12060561
http://doi.org/10.1039/C5RA19331A
http://doi.org/10.1016/j.reactfunctpolym.2019.104331

Membranes 2023, 13, 367 29 of 32

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Casado-Coterillo, C.; Fernandez-Barquin, A.; Irabien, A. Effect of Humidity on CO;/N; and CO,/CHy Separation Using
Novel Robust Mixed Matrix Composite Hollow Fiber Membranes: Experimental and Model Evaluation. Membranes 2019, 10, 6.
[CrossRef] [PubMed]

Shen, J.; Nada, A.A.; Abou-Zeid, N.Y.; Hudson, S.M. Synthesis of Chitosan Iodoacetamides via Carbodiimide Coupling Reaction:
Effect of Degree of Substitution on the Hemostatic Properties. Carbohydr. Polym. 2020, 229, 115522. [CrossRef]

Nada, A.A,; Ali, E.A.; Soliman, A.A.F,; Shen, J.; Abou-Zeid, N.Y.; Hudson, S.M. Multi-Layer Dressing Made of Laminated
Electrospun Nanowebs and Cellulose-Based Adhesive for Comprehensive Wound Care. Int. J. Biol. Macromol. 2020, 162, 629-644.
[CrossRef]

Nada, A.A.; Abdellatif, EH.H.; Soliman, A.A.E,; Shen, J.; Hudson, S.M.; Abou-Zeid, N.Y. Fabrication and Bioevaluation of a
Medicated Electrospun Mat Based on Azido-Cellulose Acetate via Click Chemistry. Cellulose 2019, 26, 9721-9736. [CrossRef]

Ji, Y.; Zhang, M.; Guan, K.; Zhao, J.; Liu, G.; Jin, W. High-Performance CO, Capture through Polymer-Based Ultrathin Membranes.
Adv. Funct. Mater. 2019, 29, 1-9. [CrossRef]

Sandru, M.; Sandru, E.M.; Ingram, W.E; Deng, ].; Stenstad, PM.; Deng, L.; Spontak, R.J. An Integrated Materials Approach to
Ultrapermeable and Ultraselective CO, Polymer Membranes. Science 2022, 376, 90-94. [CrossRef]

Zhang, Y.; Wang, H.; Liu, J.; Hou, J.; Zhang, Y. Enzyme-Embedded Metal-Organic Framework Membranes on Polymeric Substrates
for Efficient CO, Capture. J. Mater. Chem. A 2017, 5, 19954-19962. [CrossRef]

Saeed, M.; Deng, L. CO, Facilitated Transport Membrane Promoted by Mimic Enzyme. ]. Memb. Sci. 2015, 494, 196-204.
[CrossRef]

Gilassi, S.; Taghavi, S.M.; Rodrigue, D.; Kaliaguine, S. Techno-Economic Evaluation of Membrane and Enzymatic-Absorption
Processes for CO, Capture from Flue-Gas. Sep. Purif. Technol. 2020, 248, 116941. [CrossRef]

Bao, L.; Trachtenberg, M.C. Facilitated Transport of CO, across a Liquid Membrane: Comparing Enzyme, Amine, and Alkaline.
J. Memb. Sci. 2006, 280, 330-334. [CrossRef]

Cheng, L.H.; Zhang, L.; Chen, H.L.; Gao, C.J. Hollow Fiber Contained Hydrogel-CA Membrane Contactor for Carbon Dioxide
Removal from the Enclosed Spaces. |. Memb. Sci. 2008, 324, 33—43. [CrossRef]

Bednar, A.; Nemest6thy, N.; Bakonyi, P; Fiilop, L.; Zhen, G.; Lu, X.; Kobayashi, T.; Kumar, G.; Xu, K.; Bélafi-Baké, K. Enzymatically-
Boosted Ionic Liquid Gas Separation Membranes Using Carbonic Anhydrase of Biomass Origin. Chem. Eng. J. 2016, 303, 621-626.
[CrossRef]

De Castro, A.M.; Prasavath, D.; Bevilaqua, ].V.; Portugal, C.A.M.; Neves, L.A.; Crespo, J.G. Role of Water on Deep Eutectic
Solvents (DES) Properties and Gas Transport Performance in Biocatalytic Supported DES Membranes. Sep. Purif. Technol. 2021,
255,117763. [CrossRef]

Nemestothy, N.; Bakonyi, P.; Németh, Z.; Bélafi-Bako, K. Evaluation of Pectin-Reinforced Supported Liquid Membranes
Containing Carbonic Anhydrase: The Role of Ionic Liquid on Enzyme Stability and CO, Separation Performance. J]. CO, Util.
2018, 24, 59-63. [CrossRef]

Rivero, ].R.; Panagakos, G.; Lieber, A.; Hornbostel, K. Hollow Fiber Membrane Contactors for Post-Combustion Carbon Capture:
A Review of Modeling Approaches. Membranes 2020, 10, 382. [CrossRef]

Vadillo, ].M.; Gémez-Coma, L.; Garea, A.; Irabien, A. Hollow Fiber Membrane Contactors in CO, Desorption: A Review. Energy
Fuels 2021, 35, 111-136. [CrossRef]

Porcheron, E; Ferré, D.; Favre, E.; Nguyen, P.T,; Lorain, O.; Mercier, R.; Rougeau, L. Hollow Fiber Membrane Contactors for CO,
Capture: From Lab-Scale Screening to Pilot-Plant Module Conception. Energy Procedia 2011, 4, 763-770. [CrossRef]

Ibrahim, M.H.; El-Naas, M.H.; Zhang, Z.; Van Der Bruggen, B. CO, Capture Using Hollow Fiber Membranes: A Review of
Membrane Wetting. Energy Fuels 2018, 32, 963-978. [CrossRef]

Zare, A.; Perna, L.; Nogalska, A.; Ambrogi, V.; Cerruti, P.; Tylkowski, B.; Garcia-Valls, R.; Giamberini, M. Polymer Blends for
Improved CO, Capture Membranes. Polymers 2019, 11, 1662. [CrossRef]

Yong, J.K.J.; Cui, J.; Cho, K.L.; Stevens, G.W.; Caruso, F,; Kentish, S.E. Surface Engineering of Polypropylene Membranes
with Carbonic Anhydrase-Loaded Mesoporous Silica Nanoparticles for Improved Carbon Dioxide Hydration. Langmuir 2015,
31, 6211-6219. [CrossRef] [PubMed]

Kim, TJ.; Lang, A.; Chikukwa, A.; Sheridan, E.; Dahl, PI.; Leimbrink, M.; Skiborowski, M.; Roubroeks, J. Enzyme Carbonic
Anhydrase Accelerated CO, Absorption in Membrane Contactor. Energy Procedia 2017, 114, 17-24. [CrossRef]

RASOULIL H.; ILIUTA, L; BOUGIE, F.; GARNIER, A.; ILIUTA, M.C. Hybrid Enzymatic CO, Capture Process in Intensified Flat
Sheet Membrane Contactors with Immobilized Carbonic Anhydrase. Sep. Purif. Technol. 2022, 287, 120505. [CrossRef]

Nguyen, K,; Iliuta, I.; Bougie, F.; Pasquier, L.C.; Iliuta, M.C. Techno-Economic Assessment of Enzymatic CO, Capture in Hollow
Fiber Membrane Contactors with Immobilized Carbonic Anhydrase. Sep. Purif. Technol. 2023, 307, 122702. [CrossRef]
Kurayama, F.; Matsuyama, T.; Yamamoto, H. Kinetic Study of a New Photosynthesis Bioreactor Design Using TiO, Particles
Combined with Enzymes. Adv. Powder Technol. 2005, 16, 517-533. [CrossRef]

Gundersen, M.T.; Gladis, A.; Fosbel, P.L.; Von Solms, N.; Woodley, ]. M. Operating Considerations of Ultrafiltration in Enzyme
Enhanced Carbon Capture. Energy Procedia 2017, 114, 735-743. [CrossRef]

Guo, M,; Gu, E; Meng, L.; Liao, Q.; Meng, Z.; Liu, W. Synthesis of Formaldehyde from CO, Catalyzed by the Coupled
Photo-Enzyme System. Sep. Purif. Technol. 2022, 286, 120480. [CrossRef]


http://doi.org/10.3390/membranes10010006
http://www.ncbi.nlm.nih.gov/pubmed/31905891
http://doi.org/10.1016/j.carbpol.2019.115522
http://doi.org/10.1016/j.ijbiomac.2020.06.184
http://doi.org/10.1007/s10570-019-02739-9
http://doi.org/10.1002/adfm.201900735
http://doi.org/10.1126/science.abj9351
http://doi.org/10.1039/C7TA03719H
http://doi.org/10.1016/j.memsci.2015.07.028
http://doi.org/10.1016/j.seppur.2020.116941
http://doi.org/10.1016/j.memsci.2006.01.036
http://doi.org/10.1016/j.memsci.2008.06.059
http://doi.org/10.1016/j.cej.2016.05.148
http://doi.org/10.1016/j.seppur.2020.117763
http://doi.org/10.1016/j.jcou.2017.12.001
http://doi.org/10.3390/membranes10120382
http://doi.org/10.1021/acs.energyfuels.0c03427
http://doi.org/10.1016/j.egypro.2011.01.117
http://doi.org/10.1021/acs.energyfuels.7b03493
http://doi.org/10.3390/polym11101662
http://doi.org/10.1021/acs.langmuir.5b01020
http://www.ncbi.nlm.nih.gov/pubmed/25984966
http://doi.org/10.1016/j.egypro.2017.03.1141
http://doi.org/10.1016/j.seppur.2022.120505
http://doi.org/10.1016/j.seppur.2022.122702
http://doi.org/10.1163/1568552054969870
http://doi.org/10.1016/j.egypro.2017.03.1216
http://doi.org/10.1016/j.seppur.2022.120480

Membranes 2023, 13, 367 30 of 32

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Wang, Y.Z.; Zhao, Z.P; Li, M.E; Chen, Y.Z.; Liu, W. fang Development of a Hollow Fiber Membrane Micro-Reactor for Biocatalytic
Production of Formate from CO,. J. Memb. Sci. 2016, 514, 44-52. [CrossRef]

Zhang, Y.; Liu, ]. Bioinspired Photocatalytic NADH Regeneration by Covalently Metalated Carbon Nitride for Enhanced CO,
Reduction. Chem.—Eur. J. 2022, 28, €202201430. [CrossRef]

Nilouyal, S.; Karahan, H.E.; Isfahani, A.P.; Yamaguchi, D.; Gibbons, A.H.; Ito, M.M.M.; Sivaniah, E.; Ghalei, B. Carbonic
Anhydrase-Mimicking Supramolecular Nanoassemblies for Developing Carbon Capture Membranes. ACS Appl. Mater. Interfaces
2022, 14, 37595-37607. [CrossRef]

Wang, Z.; Zhang, Y.; Wang, ]J.; Zhang, Y. Bioinspired Porous Organic Polymer-Functionalized Membranes for Efficient CO,
Capture. Sustain. Energy Fuels 2020, 4, 1191-1198. [CrossRef]

Jahan, Z.; Niazi, M.B.K.; Gul, S.; Sher, E; Kakar, S.J.; Hiagg, M.B.; Gregersen, J.W. Mimic Enzyme Based Cellulose Nanocrys-
tals/PVA Nanocomposite Membranes for Enrichment of Biogas as a Natural Gas Substitute. J. Polym. Environ. 2021, 29, 2598-2608.
[CrossRef]

Saeed, M.; Deng, L. Carbon Nanotube Enhanced PVA-Mimic Enzyme Membrane for Post-Combustion CO, Capture. Int. J.
Greenh. Gas Control 2016, 53, 254-262. [CrossRef]

Duan, S.; Kai, T.; Nakao, S.I. Effect of Carbonic Anhydrase on CO, Separation Performance of Thin Poly(Amidoamine) Den-
drimer/Poly(Ethylene Glycol) Hybrid Membranes. Membranes 2019, 9, 167. [CrossRef] [PubMed]

Fan, L.H,; Liu, N.; Yu, M.R,; Yang, S.T.; Chen, H.L. Cell Surface Display of Carbonic Anhydrase on Escherichia Coli Using Ice
Nucleation Protein for CO, Sequestration. Biotechnol. Bioeng. 2011, 108, 2853-2864. [CrossRef]

Favre, N.; Pierre, A.C. Synthesis and Behaviour of Hybrid Polymer-Silica Membranes Made by Sol Gel Process with Adsorbed
Carbonic Anhydrase Enzyme, in the Capture of CO;. J. Sol-Gel Sci. Technol. 2011, 60, 177-188. [CrossRef]

Neves, L.A.; Afonso, C.; Coelhoso, I.M.; Crespo, ].G. Integrated CO, Capture and Enzymatic Bioconversion in Supported Ionic
Liquid Membranes. Sep. Purif. Technol. 2012, 97, 34—41. [CrossRef]

Fu, Y,; Jiang, Y.B.; Dunphy, D.; Xiong, H.; Coker, E.; Chou, S.; Zhang, H.; Vanegas, ].M.; Croissant, ].G.; Cecchi, ].L.; et al. Ultra-Thin
Enzymatic Liquid Membrane for CO, Separation and Capture. Nat. Commun. 2018, 9, 1-12. [CrossRef]

Craveiro, R.; Neves, L.A.; Duarte, A.R.C.; Paiva, A. Supported Liquid Membranes Based on Deep Eutectic Solvents for Gas
Separation Processes. Sep. Purif. Technol. 2021, 254, 117593. [CrossRef]

Mondal, S.; Alke, B.; de Castro, A.M.; Ortiz-Albo, P.; Syed, U.T.; Crespo, J.G.; Brazinha, C. Design of Enzyme Loaded W/O
Emulsions by Direct Membrane Emulsification for CO, Capture. Membranes 2022, 12, 797. [CrossRef]

De Castro, A.M.; Neves, L.A.; Corvo, M.C.; Cabrita, E.J.; Crespo, ].G. Effect of Carbonic Anhydrase on CO, Absorption Promoted
by Choline Hydroxide Using Supported Liquid Membranes. Sep. Purif. Technol. 2022, 280, 119921. [CrossRef]

Enns, T. Facilitation by Carbonic Anhydrase of Carbon Dioxide Transport. Science. 1967, 155, 44—47. [CrossRef] [PubMed]
Abdelrahim, M.Y.M.; Martins, C.F,; Neves, L.A.; Capasso, C.; Supuran, C.T.; Coelhoso, .M.; Crespo, J.G.; Barboiu, M. Supported
Ionic Liquid Membranes Immobilized with Carbonic Anhydrases for CO, Transport at High Temperatures. ]. Memb. Sci. 2017,
528, 225-230. [CrossRef]

Zhang, Y.-T.; Zhang, L.; Chen, H.-L.; Zhang, H.-M. Selective Separation of Low Concentration CO, Using Hydrogel Immobilized
CA Enzyme Based Hollow Fiber Membrane Reactors. Chem. Eng. Sci. 2010, 65, 3199-3207. [CrossRef]

COWAN, R-M;; GE, ]J.-].; QIN, Y.-J.; McGREGOR, M.L.; TRACHTENBERG, M.C. CO, Capture by Means of an Enzyme-Based
Reactor. Ann. N. Y. Acad. Sci. 2003, 984, 453-469. [CrossRef]

Amann, ] M.G.; Bouallou, C. CO, Capture from Power Stations Running with Natural Gas (NGCC) and Pulverized Coal (PC):
Assessment of a New Chemical Solvent Based on Aqueous Solutions of N-Methyldiethanolamine + Triethylene Tetramine. Energy
Procedia 2009, 1, 909-916. [CrossRef]

Liu, S.; Gao, H,; He, C,; Liang, Z. Experimental Evaluation of Highly Efficient Primary and Secondary Amines with Lower Energy
by a Novel Method for Post-Combustion CO, Capture. Appl. Energy 2019, 233-234, 443-452. [CrossRef]

Vega, F.; Baena-Moreno, F.M.; Gallego Fernandez, L.M.; Portillo, E.; Navarrete, B.; Zhang, Z. Current Status of CO, Chemical
Absorption Research Applied to CCS: Towards Full Deployment at Industrial Scale. Appl. Energy 2020, 260, 114313. [CrossRef]
N.Borhani, T.; Wang, M. Role of Solvents in CO, Capture Processes: The Review of Selection and Design Methods. Renew. Sustain.
Energy Rev. 2019, 114, 109299. [CrossRef]

Zhang, S.; Lu, Y. Kinetic Performance of CO, Absorption into a Potassium Carbonate Solution Promoted with the Enzyme
Carbonic Anhydrase: Comparison with a Monoethanolamine Solution. Chem. Eng. J. 2015, 279, 335-343. [CrossRef]

Leimbrink, M.; Neumann, K.; Kupitz, K.; Gérak, A.; Skiborowski, M. Enzyme Accelerated Carbon Capture in Different Contacting
Equipment—A Comparative Study. Energy Procedia 2017, 114, 795-812. [CrossRef]

Zhao, S.; Feron, PH.M.; Deng, L.; Favre, E.; Chabanon, E.; Yan, S.; Hou, J.; Chen, V,; Qi, H. Status and Progress of Membrane
Contactors in Post-Combustion Carbon Capture: A State-of-the-Art Review of New Developments. |. Memb. Sci. 2016, 511, 180-206.
[CrossRef]

Arazawa, D.T.; Oh, H.L; Ye, S.H.; Johnson, C.A.; Woolley, ].R.; Wagner, W.R.; Federspiel, W.]. Immobilized Carbonic Anhydrase
on Hollow Fiber Membranes Accelerates CO, Removal from Blood. |. Memb. Sci. 2012, 403-404, 25-31. [CrossRef]

Kimmel, ].D.; Arazawa, D.T.; Ye, S.H.; Shankarraman, V.; Wagner, W.R.; Federspiel, W.]. Carbonic Anhydrase Immobilized on
Hollow Fiber Membranes Using Glutaraldehyde Activated Chitosan for Artificial Lung Applications. J. Mater. Sci. Mater. Med.
2013, 24, 2611-2621. [CrossRef]


http://doi.org/10.1016/j.memsci.2016.04.032
http://doi.org/10.1002/chem.202201430
http://doi.org/10.1021/acsami.2c06270
http://doi.org/10.1039/C9SE00857H
http://doi.org/10.1007/s10924-020-02014-0
http://doi.org/10.1016/j.ijggc.2016.08.017
http://doi.org/10.3390/membranes9120167
http://www.ncbi.nlm.nih.gov/pubmed/31817466
http://doi.org/10.1002/bit.23251
http://doi.org/10.1007/s10971-011-2577-6
http://doi.org/10.1016/j.seppur.2012.01.049
http://doi.org/10.1038/s41467-018-03285-x
http://doi.org/10.1016/j.seppur.2020.117593
http://doi.org/10.3390/membranes12080797
http://doi.org/10.1016/j.seppur.2021.119921
http://doi.org/10.1126/science.155.3758.44
http://www.ncbi.nlm.nih.gov/pubmed/4959309
http://doi.org/10.1016/j.memsci.2017.01.033
http://doi.org/10.1016/j.ces.2010.02.010
http://doi.org/10.1111/j.1749-6632.2003.tb06019.x
http://doi.org/10.1016/j.egypro.2009.01.121
http://doi.org/10.1016/j.apenergy.2018.10.031
http://doi.org/10.1016/j.apenergy.2019.114313
http://doi.org/10.1016/j.rser.2019.109299
http://doi.org/10.1016/j.cej.2015.05.034
http://doi.org/10.1016/j.egypro.2017.03.1222
http://doi.org/10.1016/j.memsci.2016.03.051
http://doi.org/10.1016/j.memsci.2012.02.006
http://doi.org/10.1007/s10856-013-5006-2

Membranes 2023, 13, 367 31 of 32

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Arazawa, D.T.; Kimmel, ].D.; Finn, M.C.; Federspiel, W.J. Acidic Sweep Gas with Carbonic Anhydrase Coated Hollow Fiber
Membranes Synergistically Accelerates CO, Removal from Blood. Acta Biomater. 2015, 25, 143-149. [CrossRef]

Arazawa, D.T.; Kimmel, J.D.; Federspiel, W.J. Kinetics of CO, Exchange with Carbonic Anhydrase Immobilized on Fiber
Membranes in Artificial Lungs. J. Mater. Sci. Mater. Med. 2015, 26, 1-8. [CrossRef] [PubMed]

Koonaphapdeelert, S.; Wu, Z.; Li, K. Carbon Dioxide Stripping in Ceramic Hollow Fibre Membrane Contactors. Chem. Eng. Sci.
2009, 64, 1-8. [CrossRef]

Kosaraju, P.; Kovvali, A.S.; Korikov, A.; Sirkar, K.K. Hollow Fiber Membrane Contactor Based CO, Absorption-Stripping Using
Novel Solvents and Membranes. Ind. Eng. Chem. Res. 2005, 44, 1250-1258. [CrossRef]

Saunders, P.; Salmon, S.; Borchert, M.; Lessard, L.P. Modular Membrane Reactor and Process for Carbon Dioxide Extraction. US
Patent 20110223650 A1, 15 September 2011.

Hou, J.; Dong, G.; Xiao, B.; Malassigne, C.; Chen, V. Preparation of Titania Based Biocatalytic Nanoparticles and Membranes for
CO, Conversion. J. Mater. Chem. A 2015, 3, 3332-3342. [CrossRef]

Hou, J.; Ji, C.; Dong, G.; Xiao, B.; Ye, Y.; Chen, V. Biocatalytic Janus Membranes for CO, Removal Utilizing Carbonic Anhydrase.
J. Mater. Chem. A 2015, 3, 17032-17041. [CrossRef]

Hou, J.; Zulkifli, M.Y.; Mohammad, M.; Zhang, Y.; Razmjou, A.; Chen, V. Biocatalytic Gas-Liquid Membrane Contactors for CO,
Hydration with Immobilized Carbonic Anhydrase. ]. Memb. Sci. 2016, 520, 303-313. [CrossRef]

Saeed, M.; Deng, L. Post-Combustion CO, Membrane Absorption Promoted by Mimic Enzyme. J. Memb. Sci. 2016, 499, 36—46.
[CrossRef]

Yong, ].K.J.; Stevens, G.W.; Caruso, F.; Kentish, S.E. In Situ Layer-by-Layer Assembled Carbonic Anhydrase-Coated Hollow Fiber
Membrane Contactor for Rapid CO, Absorption. . Memb. Sci. 2016, 514, 556-565. [CrossRef]

Yong, ].K.J.; Stevens, G.W.; Caruso, F.; Kentish, S.E. The Resilience of Carbonic Anhydrase Enzyme for Membrane-Based Carbon
Capture Applications. Int. |. Greenh. Gas Control 2017, 62, 122-129. [CrossRef]

Malankowska, M.; Martins, C.E.; Rho, H.S.; Neves, L.A ; Tiggelaar, R.M.; Crespo, ].G.; Pina, M.P,; Mallada, R.; Gardeniers, H,;
Coelhoso, .M. Microfluidic Devices as Gas—Ionic Liquid Membrane Contactors for CO, Removal from Anaesthesia Gases.
J. Memb. Sci. 2018, 545, 107-115. [CrossRef]

Xu, Y; Lin, Y.; Chew, N.G.P,; Malde, C.; Wang, R. Biocatalytic PVDF Composite Hollow Fiber Membranes for CO, Removal in
Gas-Liquid Membrane Contactor. . Memb. Sci. 2019, 572, 532-544. [CrossRef]

Kim, H.S.; Hong, S.G.; Yang, J.; Ju, Y; Ok, J.; Kwon, S.J.; Yeon, K.M.; Dordick, J.S.; Kim, J. 3D-Printed Interfacial Devices for
Biocatalytic CO, Conversion at Gas-Liquid Interface. . CO, Util. 2020, 38, 291-298. [CrossRef]

Liu, Q.; Bai, X.; Pham, H.; Hu, J.; Dinu, C.Z. Active Nanointerfaces Based on Enzyme Carbonic Anhydrase and Metal-Organic
Framework for Carbon Dioxide Reduction. Nanomaterials 2021, 11, 1008. [CrossRef]

Rasouli, H.; lliuta, I.; Bougie, F.; Garnier, A.; Iliuta, M.C. Enzyme-Immobilized Flat-Sheet Membrane Contactor for Green Carbon
Capture. Chem. Eng. J. 2021, 421, 129587. [CrossRef]

Iliuta, I; Iliuta, M.C. Investigation of CO, Removal by Immobilized Carbonic Anhydrase Enzyme in a Hollow-Fiber Membrane
Bioreactor. AICKE |. 2017, 63, 2996-3007. [CrossRef]

Wang, X.; Zhou, D.; Sinniah, K.; Clarke, C.; Birch, L.; Li, H.; Rayment, T.; Abell, C. Electrostatic Orientation of Enzymes on
Surfaces for Ligand Screening Probed by Force Spectroscopy. Langmuir 2006, 22, 887-892. [CrossRef] [PubMed]

Zeuner, B.; Ma, N.; Berendt, K.; Meyer, A.S.; Andric, P.; Jorgensen, ].H.; Pinelo, M. Immobilization of Alcohol Dehydrogenase
on Ceramic Silicon Carbide Membranes for Enzymatic CH3OH Production. J. Chem. Technol. Biotechnol. 2018, 93, 2952-2961.
[CrossRef]

Wang, Y.; Chen, Y.; Wang, C.; Sun, J.; Zhao, Z.; Liu, W. Polyethylenimine-Modified Membranes for CO, Capture and in Situ
Hydrogenation. ACS Appl. Mater. Interfaces 2018, 10, 29003-29009. [CrossRef] [PubMed]

Barin, R.; Biria, D.; Rashid-Nadimi, S.; Asadollahi, M.A. Enzymatic CO, Reduction to Formate by Formate Dehydrogenase from
Candida Boidinii Coupling with Direct Electrochemical Regeneration of NADH. J. CO, Util. 2018, 28, 117-125. [CrossRef]

Zhu, D.; Ao, S.; Deng, H.; Wang, M.; Qin, C.; Zhang, ] .; Jia, Y.; Ye, P.,; Ni, H. Ordered Coimmobilization of a Multienzyme Cascade
System with a Metal Organic Framework in a Membrane: Reduction of CO; to Methanol. ACS Appl. Mater. Interfaces 2019,
11, 33581-33588. [CrossRef] [PubMed]

Gu, FJ.; Wang, Y.Z.; Meng, Z.H.; Liu, W.E; Qiu, L.Y. A Coupled Photocatalytic/ Enzymatic System for Sustainable Conversion of
CO; to Formate. Catal. Commun. 2020, 136, 105903. [CrossRef]

Guo, M.Y,; Zhai, T.T.; Wang, C.H.; Meng, Z.H.; Liu, WF. Immobilization of Formate Dehydrogenase on Polyethyleneimine
Modified Carriers for the Enhancement of Catalytic Performance. Catal. Commun. 2021, 149, 106259. [CrossRef]

Chai, M.; Razmjou, A.; Chen, V. Metal-Organic-Framework Protected Multi-Enzyme Thin-Film for the Cascade Reduction of CO,
in a Gas-Liquid Membrane Contactor. . Memb. Sci. 2021, 623, 118986. [CrossRef]

Lin, G,; Zhang, Y.; Hua, Y.; Zhang, C.; Jia, C,; Ju, D.; Yu, C.; Li, P; Liu, J. Bioinspired Metalation of the Metal-Organic Framework
MIL-125-NHj; for Photocatalytic NADH Regeneration and Gas-Liquid-Solid Three-Phase Enzymatic CO, Reduction. Angew.
Chemie Int. Ed. 2022, 61, €202206283. [CrossRef]

Tian, Y,; Zhou, Y.;; Zong, Y.; Li, J.; Yang, N.; Zhang, M.; Guo, Z.; Song, H. Construction of Functionally Compartmental Inorganic
Photocatalyst-Enzyme System via Imitating Chloroplast for Efficient Photoreduction of CO, to Formic Acid. ACS Appl. Mater.
Interfaces 2020, 12, 34795-34805. [CrossRef]


http://doi.org/10.1016/j.actbio.2015.07.007
http://doi.org/10.1007/s10856-015-5525-0
http://www.ncbi.nlm.nih.gov/pubmed/26032115
http://doi.org/10.1016/j.ces.2008.09.010
http://doi.org/10.1021/ie0495630
http://doi.org/10.1039/C4TA05760K
http://doi.org/10.1039/C5TA01756D
http://doi.org/10.1016/j.memsci.2016.07.003
http://doi.org/10.1016/j.memsci.2015.10.014
http://doi.org/10.1016/j.memsci.2016.05.020
http://doi.org/10.1016/j.ijggc.2017.04.006
http://doi.org/10.1016/j.memsci.2017.09.065
http://doi.org/10.1016/j.memsci.2018.11.043
http://doi.org/10.1016/j.jcou.2020.02.005
http://doi.org/10.3390/nano11041008
http://doi.org/10.1016/j.cej.2021.129587
http://doi.org/10.1002/aic.15646
http://doi.org/10.1021/la0525731
http://www.ncbi.nlm.nih.gov/pubmed/16430243
http://doi.org/10.1002/jctb.5653
http://doi.org/10.1021/acsami.8b08636
http://www.ncbi.nlm.nih.gov/pubmed/30059610
http://doi.org/10.1016/j.jcou.2018.09.020
http://doi.org/10.1021/acsami.9b09811
http://www.ncbi.nlm.nih.gov/pubmed/31419104
http://doi.org/10.1016/j.catcom.2019.105903
http://doi.org/10.1016/j.catcom.2020.106259
http://doi.org/10.1016/j.memsci.2020.118986
http://doi.org/10.1002/anie.202206283
http://doi.org/10.1021/acsami.0c06684

Membranes 2023, 13, 367 32 of 32

149.

150.

151.

152.
153.

154.
155.

156.

157.

Hollmann, F.; Witholt, B.; Schmid, A. [Cp*Rh(pr)(HzO)]2+: A Versatile Tool for Efficient and Non-Enzymatic Regeneration of
Nicotinamide and Flavin Coenzymes. J. Mol. Catal. B Enzym. 2002, 19-20, 167-176. [CrossRef]

Yuan, M,; Sahin, S.; Cai, R.; Abdellaoui, S.; Hickey, D.P,; Minteer, S.D.; Milton, R.D. Creating a Low-Potential Redox Polymer for
Efficient Electroenzymatic CO, Reduction. Angew. Chem. -Int. Ed. 2018, 57, 6582-6586. [CrossRef] [PubMed]

Sahin, S.; Cai, R.; Milton, R.D.; Abdellaoui, S.; Macazo, F.C.; Minteer, S.D. Molybdenum-Dependent Formate Dehydrogenase for
Formate Bioelectrocatalysis in a Formate/O, Enzymatic Fuel Cell. J. Electrochem. Soc. 2018, 165, H109-H113. [CrossRef]
Minteer, S.D.; Liaw, B.Y.; Cooney, M.]. Enzyme-Based Biofuel Cells. Curr. Opin. Biotechnol. 2007, 18, 228-234. [CrossRef] [PubMed]
Moore, C.M.; Akers, N.L.; Hill, A.D.; Johnson, Z.C.; Minteer, S.D. Improving the Environment for Immobilized Dehydrogenase
Enzymes by Modifying Nafion with Tetraalkylammonium Bromides. Biomacromolecules 2004, 5, 1241-1247. [CrossRef]
Moehlenbrock, M.].; Minteer, S.D. Extended Lifetime Biofuel Cells. Chem. Soc. Rev. 2008, 37, 1188-1196. [CrossRef]
Arechederra, R.L.; Treu, B.L.; Minteer, S.D. Development of Glycerol/O, Biofuel Cell. J. Power Sources 2007, 173, 156-161.
[CrossRef]

Rubenwolf, S.; Sané, S.; Hussein, L.; Kestel, J.; Von Stetten, F.,; Urban, G.; Krueger, M.; Zengerle, R.; Kerzenmacher, S. Prolongation
of Electrode Lifetime in Biofuel Cells by Periodic Enzyme Renewal. Appl. Microbiol. Biotechnol. 2012, 96, 841-849. [CrossRef]
Herkendell, K.; Stemmer, A.; Tel-Vered, R. Extending the Operational Lifetimes of All-Direct Electron Transfer Enzymatic Biofuel
Cells by Magnetically Assembling and Exchanging the Active Biocatalyst Layers on Stationary Electrodes. Nano Res. 2019,
12,767-775. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/S1381-1177(02)00164-9
http://doi.org/10.1002/anie.201803397
http://www.ncbi.nlm.nih.gov/pubmed/29656589
http://doi.org/10.1149/2.0431803jes
http://doi.org/10.1016/j.copbio.2007.03.007
http://www.ncbi.nlm.nih.gov/pubmed/17399977
http://doi.org/10.1021/bm0345256
http://doi.org/10.1039/b708013c
http://doi.org/10.1016/j.jpowsour.2007.08.012
http://doi.org/10.1007/s00253-012-4374-8
http://doi.org/10.1007/s12274-019-2285-z

	Introduction 
	Enzymes for CO2 Capture and Utilization 
	Carbonic Anhydrases 
	Formate Dehydrogenases 
	Enzyme Cascade with Other Oxidoreductases 
	Enzyme Immobilization 
	Comparisons of Biocatalysts with Electrocatalysts for CO2 Reduction Reaction 

	Types of Membranes for CO2 Capture and Utilization 
	CO2 Separation Membrane 
	CO2 Liquid Contactor Membrane 
	Other Membrane Structure Functions 


	Facilitated Transport Membranes 
	CA vs. CA-Mimic 
	Membrane Structures 
	Humidity 

	Liquid Membranes 
	Early Developments in CA-Promoted Supported Liquid Membrane (SLM) 
	SLM with Non-Volatile Liquids 
	CA-Promoted Contained Liquid Membrane (CLM) 
	Liquid Membrane Thickness 

	Gas–Liquid Membrane Contactor 
	Advantages Compared with Conventional Gas Separation Membrane and Chemical Absorption 
	Developments in CA-Promoted GLMC 
	Materials and Surface Modifications 
	Enzyme Immobilization 
	Solvents and Form of Substrate 

	Enzyme Membrane Reactor 
	Location of the Immobilized Enzymes 
	Roles of Membrane in Substrate Uptake 
	Cofactor Regeneration 
	Long-Term Stability of EMR 

	Conclusions and Future Perspectives 
	References

