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Abstract: Turning carbon dioxide (CO2 ) into fuels and chemicals using chemical, photochemical,
electrochemical, and enzymatic methods could be used to recycle large quantities of carbon.
The enzymatic method, which is inspired by cellular CO2 metabolism, has attracted considerable
attention for efficient CO2 conversion due to improved selectivity and yields under mild reaction
conditions. In this review, the research progress of green and potent enzymatic conversion of CO2 into
useful fuels and chemicals was discussed. Furthermore, applications of the enzymatic conversion of
CO2 to assist in CO2 capture and sequestration were highlighted. A summary including the industrial
applications, barriers, and some perspectives on the research and development of the enzymatic
approach to convert CO2 were introduced.
Keywords: carbon dioxide (CO2 ); enzymatic conversion of CO2 ; CO2 utilization; CO2 capture;
CO2 sequestration

1. Introduction
Global warming and climate change, referring to increased average global temperatures, have
inspired a global effort to reduce the amount of atmospheric carbon dioxide (CO2 ). Many approaches
have been considered and adopted for reducing CO2 emissions, including enhancing energy efficiency
and promoting energy conservation; increasing the usage of low carbon fuels, including natural gas,
hydrogen, or nuclear power; deploying renewable energy sources such as solar, wind, hydropower,
and bioenergy; applying geoengineering approaches such as afforestation and reforestation; CO2
capture and storage (CCS); and converting CO2 into fuels and chemicals [1]. Among these approaches,
turning CO2 into fuels and chemicals offers a win–win strategy to both decrease atmospheric CO2 and
efficiently exploit carbon resources [2].
From fundamental research to industrial applications, the efficient transformation of CO2 has
attracted growing international interest. The concept behind the CO2 conversion to chemicals and
fuels is attractive: the direct energy supply via combustion of carbonaceous energy carriers produces
CO2 , which could be converted back into the energy carrier, thereby resulting to an artificial carbon
cycle that recycles CO2 and balances anthropogenic emissions [3,4]. To catalyze CO2 conversion,
chemical, photochemical, electrochemical, and enzymatic methods have been employed. In the first
three methods, high operating temperature and pressure or additional electric or luminous energy are
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required, and some selectivity and yield issues accompany these methods [5]. Meanwhile, occurring
under mild reaction conditions with high yields and selectivity and without any side effect on the
environment, the enzymatic conversion of CO2 has comparative benefits [5–7].
Interestingly, the enzymatic conversion of CO2 can be applied not only for efficient CO2
utilization
[7],2017,
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Figure 1. Biocatalytic routes for the conversion of CO2 into compounds with carbon in the reduced
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1. Biocatalytic
routes for the conversion of CO2 into compounds
with carbon in the
states indicated at the top. FDH: formate dehydrogenase,
FaldDH: formaldehyde
reduceddehydrogenase,
oxidation states
indicated
at the top. FDH:
formate
FaldDH:RuBisCO:
formaldehyde
ADH:
alcohol dehydrogenase,
CODH:
carbondehydrogenase,
monoxide dehydrogenase,
dehydrogenase,
ADH: alcoholcarboxylase
dehydrogenase,
CODH:
carbonanhydrase,
monoxide
dehydrogenase,
RuBisCO:
ribulose-1,5-bisphosphate
oxygenase,
CA: carbonic
R: H,
CH3 [12].
ribulose-1,5-bisphosphate carboxylase oxygenase, CA: carbonic anhydrase, R: H, CH3 [12].
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Scheme 1. Proposed mechanism for the reduction of CO2 to CO by [NiFe] CODH [20].
Scheme 1. Proposed mechanism for the reduction of CO2 to CO by [NiFe] CODH [20].
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Figure 2. Cartoon representation of CO2 reduction at an enzyme-modified metal oxide nanoparticle,
Figure 2. Cartoon representation of CO2 reduction at an enzyme-modified metal oxide nanoparticle,
sensitized with a ruthenium dye. D represents a sacrificial electron donor, used to regenerate the dye
sensitized with a ruthenium dye. D represents a sacrificial electron donor, used to regenerate the dye
following photoinjection into MOx. Dimensions of each species are approximately to scale for when
following photoinjection into MOx . Dimensions of each species are approximately to scale for when
MOx is a Degussa P25 anatase TiO2 nanoparticle [22].
MOx is a Degussa P25 anatase TiO2 nanoparticle [22].
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3.1.2. Conversion of CO2 to Formic Acid/Formate
3.1.2. Conversion of CO2 to Formic Acid/Formate
Formic acid/formate, which can be used for silage preservation, animal feed additives, textile
Formic acid/formate, which can be used for silage preservation, animal feed additives, textile
finishing, and chemical intermediates [24], as one of the most promising candidate fuels for
finishing, and chemical intermediates [24], as one of the most promising candidate fuels for lowlow-temperature fuel cells [25], and in paper and pulp production, is one of main products from
temperature fuel cells [25], and in paper and pulp production, is one of main products from the
the enzymatic conversion of CO2 [26]. The formate oxidation to CO2 occurs with the concomitant NAD++
enzymatic conversion of CO2 [26]. The formate oxidation to CO2 occurs with the concomitant NAD
reduction to NADH catalyzed by formate dehydrogenase (FDH or Fate DH) [27]. Interestingly, the reverse
reduction to NADH catalyzed by formate dehydrogenase (FDH or FateDH) [27]. Interestingly, the
reaction, the reduction of CO2 to formate, can be catalyzed by the same enzyme [28,29]. FDH from
reverse reaction, the reduction of CO2 to formate, can be catalyzed by the same enzyme [28,29]. FDH
Pseudomonas oxalaticus has been used to reduce CO2 into formate using oxidized methyl viologen as an
from Pseudomonas oxalaticus has been used to reduce CO2 into formate using oxidized methyl
electron relay [30]. The tungsten-containing FDH from Syntrophobacter fumaroxidans, known to be the
viologen as an electron relay [30]. The tungsten-containing FDH from Syntrophobacter fumaroxidans,
most active catalyst for the reaction so far, has also been used to reduce CO2 to formate [31].
known to be the most active catalyst for the reaction so far, has also been used to reduce CO2 to
To generate NADH, novel graphene-based visible light active photocatalyst which covalently
formate [31].
bonded the chromophore, such as multianthraquinone substituted porphyrin with the chemically
To generate NADH, novel graphene-based visible light active photocatalyst which covalently
converted graphene as a photocatalyst of the artificial photosynthesis system was reported [32].
bonded the chromophore, such as multianthraquinone substituted porphyrin with the chemically
The rhodium complex shuttles as an electron mediator between the graphene photocatalyst
converted graphene as a photocatalyst of the artificial photosynthesis system was reported [32]. The
and NAD+ , proving to be an efficient factor for regeneration of the NADH cofactor. Recently,
rhodium complex shuttles as an electron mediator between the graphene photocatalyst and NAD+,
a photocatalyst–biocatalyst coupled system developed using graphene-based visible light active
proving to be an efficient factor for regeneration of the NADH cofactor. Recently, a photocatalyst–
photocatalyst in a highly efficient manner, leading to high NADH regeneration (54.02% ± 0.61%),
biocatalyst coupled system developed using graphene-based visible light active photocatalyst in a
followed by its consumption in exclusive formic acid production (144.2 ± 1.8 µmol) from CO2 [33].
highly efficient manner, leading to high NADH regeneration (54.02% ± 0.61%), followed by its
Because the NADH-independent FDH enzymes are highly unstable and inactive in the presence
consumption in exclusive formic acid production (144.2 ± 1.8 µmol) from CO2 [33].
of O2 , Kim et al. [34] focused on the NADH-dependent FDH from Candida boidinii (CbsFDH), which
Because the NADH-independent FDH enzymes are highly unstable and inactive in the presence
was sufficiently stable for commercial use, and found that almost 100% selectivity can be achieved for
of O2, Kim et al. [34] focused on the NADH-dependent FDH from Candida boidinii (CbsFDH), which
was sufficiently stable for commercial use, and found that almost 100% selectivity can be achieved for
formate formation from CO2 in recent study (as shown in Scheme 2). The reaction rate can be increased
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unprecedented formation of propylene through the reductive coupling of CO2 and acetylene. Recently,
Rebelein et al. [46] observed that vanadium nitrogenase can reduce CO2 to C2 hydrocarbons involving
C–C coupling.
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3.1.5. Conversion of CO2 to Glucose
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Figure 4. Schematic representation of the CA-catalytic CO2 conversion process and potassium

Figure 4. Schematic representation of the CA-catalytic CO2 conversion process and potassium
carbonate-based absorption process [56].
carbonate-based absorption process [56].

The catalytic conversion of CO2 by CA has been applied to improve the performance of
membranes including enhanced efficiency, speed, and increased specificity [57]. This invention is a
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[59]. Although these methods have the advantage of being relatively low-cost, sequestration in
Although these methods have the advantage of being relatively low-cost, sequestration in geologic
geologic formations still has several potential issues including permanence, long-term monitoring,
formations still has several potential issues including permanence, long-term monitoring, and
and verification, with many unknown effects and potential risks still to be determined [60]. Thus,
verification, with many unknown effects and potential risks still to be determined [60]. Thus, carbon
carbon mineralization, where CO2 is reacted with metal cations such as calcium to form calcium
mineralization, where CO2 is reacted with metal cations such as calcium to form calcium carbonate
carbonate (CaCO3), is considered an effective alternative to conventional geologic sequestration [61].
(CaCO3 ), is considered an effective alternative to conventional geologic sequestration [61]. Note that
Note that bivalve shell composed of CaCO3 is abundant and stable biomaterials in ocean [62]. This
bivalve shell composed of CaCO3 is abundant and stable biomaterials in ocean [62]. This process can
process can be seen in Equations (2)–(6) below:
be seen in Equations (2)–(6) below:
CO2 (gaseous) → CO2 (aqueous),
(2)
CO2 (gaseous) → CO2 (aqueous),
(2)
CO2 (aqueous) + H2O → H2CO3,
(3)
CO2 (aqueous) + H2 O → H2 CO3 ,
(3)
H2CO3 → HCO−3− + H++,
(4)
H2 CO3 → HCO3 + H ,
(4)
2− + H+
+
− 3− → CO23−
HCO
HCO
+ H ,,
3 → CO3

(5)
(5)

2+
2−
CaCa
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3 32− →
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(6)

Because these
theseemerging
emergingmineralization
mineralization
methods
rapid,
environmentally
friendly,
and
methods
areare
rapid,
environmentally
friendly,
and costcost-effective
while
offering
permanent
carbon
dioxide
disposal,
they
have
rapidly
grabbed
a
great
deal
effective while offering permanent carbon dioxide disposal, they have rapidly grabbed a great
of interest [61]. However, in the whole
formation is
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mineralization of CO2 into CaCO3 [62]. The converting CO2 into carbonate compounds by using CA
as a catalyst in a biomimetic approach is thermodynamically advantageous compared to other CO2
storage methods and technologies. Furthermore, the biomimetic CO2 storage approach does not need
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of CO2 into CaCO3 [62]. The converting CO2 into carbonate compounds by using CA as a catalyst in a
biomimetic approach is thermodynamically advantageous compared to other CO2 storage methods
and technologies. Furthermore, the biomimetic CO2 storage approach does not need a monitoring
system for potential leaks as CCS strategies do, and carbonate compounds can be used for building or
industrial materials [62,64]. Recently, a new carbonic anhydrase isolated and characterized from the
thermophilic bacterium Sulfurihydrogenibium sp. YO3AOP1 was reported [65].
Although CA can efficiently accelerate mineralization for CO2 sequestration, CA recycling can be
a barrier. Several efforts have attempted to address this challenge. A recent study reported the strategy
of CA-assisted formation of biomineralized calcium carbonate crystalline composites (CCCCs) [66].
The CCCCs produced in this study preserved their catalytic activity even after ten repeated usages,
and were stable for more than 50 days at room temperature.
The success of enzymatic CO2 conversion requires the successful immobilization and stabilization
of CA, which enables enzyme recycling and improves the economics of enzymatic conversion and the
eventual CO2 utilization. Various methods for immobilizing CA have been reported. CA immobilization
on SBA-15 was explored [67]. Recently, CA has been immobilized on chitosan stabilized iron nanoparticles
for the biomimetic carbonation reaction [68]. CA binding to carboxylic acid group-functionalized
mesoporous silica (HOOC-FMS) was also investigated [51]. This resulted in a partial conformational
change compared to the free enzyme in solution, but can allow increased protein loading density,
resulting in higher enzymatic activity and immobilization efficiency. In addition, the use of bioinspired
silica supporting CA for carbon capture has been presented [69]. The immobilization route was
favorable compared to traditional methods due to its simplicity, mild conditions, low cost, one-step
procedure, and short preparation time. More recently, a process for one-pot CO2 utilization based on
the simple conversion of CO2 to bicarbonate at ambient temperature with no energy input, using the
crosslinking-based composites of carboxylated polyaniline nanofibers and CA was developed [49].
The cell concentration with magnetically separable enzyme precipitate coatings was maintained as
high as the first cycle after two repeated uses.
Keeping in mind the large-scale application of CA-driven CO2 sequestration into mineral
carbonates, the development of an adequate and economical means of pH control is presently a
major research need since CaCO3 is pH sensitive [70]. With the available research on CA-driven
processes for CO2 sequestration, smart efforts are needed with respect to choosing the right material
and right CA immobilization technique so that enzyme leakage can be conquered and reusability
can be enhanced, which eventually contributes to improved economic feasibility. Furthermore, more
efforts are needed to build the fundamentals of mass transfer in CA mediated CO2 sequestration [71].
3.3. Carboxylation Reactions
Carboxylation is a chemical reaction in which a carboxylic acid group is introduced in a substrate.
Several decarboxylase enzymes, which catalyze the decarboxylation processes, exist in cells and also
have potential for biocatalytic applications of carboxylation processes, including: (i) carboxylation
of epoxides; (ii) carboxylation of aromatics; (iii) carboxylation of hetero-aromatic systems; and
(iv) carboxylation of aliphatic substrates [72]. The main target of carboxylation reactions by decarboxylases
is to make toxic raw compounds more hydrophilic. Overall, little (or no) energy is required by these
reactions [72]. Recently, these decarboxylase enzymes have been utilized in CO2 utilization as follows.
3.3.1. Carboxylation of Epoxides
A novel enzymatic reaction involving the metabolism of aliphatic epoxides by Xanthobacter strain
Py2 has been investigated [73]. Cell extracts catalyzed the CO2 -dependent carboxylation of propylene
oxide (epoxypropane) to form acetoacetate and beta-hydroxybutyrate, while propylene oxide and
1,2-epoxybutane were isomerized to form acetone and methyl ethyl ketone, respectively, as this process
consumes CO2 . However, the potential for in vitro application and practical applicability of this
process is low because the responsible enzymes could not be purified [72].
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3.3.2. Carboxylation of Aromatics
There are several applications available for the enzymatic carboxylation of aromatics using
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Figure 6. Reversible enzymatic conversion of salicylic acid and phenol [76].
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obtained from Bacillus megaterium PYR2910 (as shown in Scheme 5) [83–85]. The bioconversion yield
was limited
to 77–81% by the reaction equilibrium [84].
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Scheme 5. Possible carboxylation mechanism [85].
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announced a joint venture to produce sugar from carbon dioxide waste from facilities such as ethanol
plants or natural-gas powered power plants [94].

Energies 2017, 10, 473

13 of 19

conversion costs are taken into account, the process is expected to be of significant commercial value
and especially so when any carbon levy is taken into account. Further value could be added by using
the resulting formic acid as a feedstock for higher-value materials. In addition, Sweetwater Energy Inc.
(New York, NY, USA) and Naturally Scientific Technologies Ltd. (Buckinghamshire, UK) announced
a joint venture to produce sugar from carbon dioxide waste from facilities such as ethanol plants or
natural-gas powered power plants [94].
Recently, within the “Biotechnology 2020+” strategy process, the funding measure “Basic
technologies for a next generation of biotechnological processes” supports three selected projects with
regards to enzymatic conversion of CO2 with a total budget of 4.3 million Euros [95,96]. In addition,
the US Department of Energy (DOE), through the National Energy Technology Labs (NETL) and
academic partners, is funding a spectrum of research projects investigating closed-cycle catalysts to
convert CO2 to commodity products that are ideally energy and carbon neutral [97]. Even though
these projects are still focused primarily on basic research, biotechnological approaches will play an
important role in CO2 utilization in the future [95]. With the current global dependency on fossil fuels
for energy production, these approaches are expected provide a means to reduce human induced
climate change
[98].
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However, some cofactors are expensive and have limited availability, which severely limits largescale applications. Thus, considerable research effort should be applied toward the discovery of new
low-cost and low-energy approaches for cofactor regeneration and reuse [2].
In addition, only a few multienzyme routes have been constructed in vitro due to reaction
complexity. Therefore, designing and/or constructing of number of novel multienzyme routes are
imperative to sustainably produce fuels and chemicals from CO2 [2].
Furthermore, it is important to consider that the technologies for CO2 conversion based on

Energies 2017, 10, 473

14 of 19

Furthermore, it is important to consider that the technologies for CO2 conversion based on
chemical, photochemical, and electrochemical methods also show great application potential [99].
Thus, combining these methodologies with enzymatic conversion is expected to be beneficial in terms
of selectivity and productivity. These combination strategies should be further studied and evaluated.
For an industrial exploitation, the design of a suitable bioreactor is a key issue [40]. Furthermore,
the unit operations for the separation of mixture including biological molecules differ from their
counterparts in the chemical industry. Much effort in separation in downstream needs to investigate
and evaluate. Especially, the use of enzymes within reactive separation to enhance both reaction and
separation has increased its research interest. Because enzymes are sensitive to higher temperatures,
many works are needed to develop. In addition, the development of thermodynamic data and models
for description of systems containing enzyme as well as development of synthesis/design tools are
crucial to support the quick implementation of those systems [100].
Although a considerable number of studies have been carried out, substantial scientific and
technical advances are still needed for a link between fundamental research and industrial application
of enzymatic CO2 conversion.
6. Conclusions
Enzymatic CO2 conversion represents a viable and promising new technology for both greenhouse
gas recycling and efficient production of fuels and chemicals. In this review, we attempted to elucidate
the major challenges for transitioning enzymatic conversion from promise to reality. Although
there is much excitement about the potential of enzymatic CO2 conversion as well as several real
industrial applications, much work is still required in the field to discover facile and low-energy
CO2 conversion routes; improve catalytic efficiency; integrate with chemical, photochemical, and
electrochemical technologies for higher efficiency; and assess downstream processes for large-scale
utilization. There are several real industrial application examples that are working, thus, we are not so
far from the extension of the technology in the industry.
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