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at present. Using carbon dioxide as the resource for the production of methane facilitates the
environmental and social sustainability. By reviewing the studies of different technologies for
the bio-conversion of carbon dioxide to methane, we summarized the pathways and influencing
factors of carbon dioxide bio-conversion and the mechanisms and energy sources of the
bio-conversion conducted by methylotrophic methanogens and hydrogenotrophic methanogens.
Furthermore, we reviewed the studies about microbial electrosynthesis by different
methanogens. We elaborated on the progress and existing problems in the reactor design,
electrode material selection, parameter optimization, and result evaluation of carbon dioxide
bio-conversion technologies, including microbial electrosynthesis, photosynthetic biohybrid
systems, and anaerobic digestion. In particular, we put forward that enhancing microbial
activity, improving hydrogen utilization efficiency, accelerating efficient electrode
development, increasing energy efficiency, strengthening research on waste gas-stream, and
reinforcing photo-electricity conversion can be the priorities and directions of the future
research for improving microbial electrosynthesis. Moreover, this review deduced that
strengthening interdisciplinary collaborative innovation, such as computer-based simulation,

would be a new direction to promote the advances in carbon dioxide bio-conversion

technology.

Keywords: carbon dioxide; methane; bio-conversion; microbial electrosynthesis
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Table 1 Key factors in CO, fixation pathways[m]

Topology Carbon Pathways Total  Key enzyme kea/ Ky value ATP NAD(P)H Energy  Oxygen
species fixed enzyme (L/(mol*s)) equivalents equivalents source tolerance
number
PP CO, CBB cycle 11 RuBisCO 1.7x10° 9 4 Light Yes
pathway  CO, Reductive 5 Reductive glycine - - Yes
related glycine cleavage complex
pathway
CO, CO, Wood- 8 Formate 0.23x10° <1 4 Hydrogen No
reduction Ljungdahl dehydrogenase
pathways CO dehydrogenase 8.7x10°
Formylmethanofuran- —
dehydrogenase
CO,/ DC/HB 14 4-hydroxy butyryl- 0.14x10° 5 4 Hydrogen No
bicarbonate cycle CoA dehydratase and sulfur
Around  Bicarbonate 3-HP 18 Malonyl-CoA (4.84+2.98)x10° 7 4 Light and Yes
central bicycle reductase sulfur
metabolites Propionyl-CoA -
synthase
Bicarbonate HP/HB 15 4-hydroxy 0.14x10° 6 4 Hydrogen Yes
cycle butyryl-CoA and
dehydratase oxygen
CO, Reductive 8 2-ketoglutarate (0.23£0.01)x10° 2 4 Light and Yes
TCA cycle synthase sulfur
ATP-citrate lyase 2.3x10°
In vitro CO, CETCH 17 Crotonyl-CoA 0.11x10° 1 4 - Yes
pathway cycle carboxylase/reductase

—: Not applicable or not found.
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Figure 2 Mechanism of bioconversion of methane by hydrogenotrophic methanogens'®.
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Mechanism of methane bioconversion by methylotrophic methanogens' ™.
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Figure 3 Methanogenic archaea in Archaea domain and their location”"). Shown in blue font.
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Table 2 Methane and hydrogen production during MES with different methanogenic species

[32]

Methanogenic

strain

CH,; mmol/(m*-d) H, mmol/(m*-d) Max. current

density (mA/m?)

Coulombic efficiency Coulombic efficiency
for H, (%) for CHy (%)

M. maripaludis ~ 8.81+0.51 0.06+0.01 219.61+21.89 0.10+0.03 58.9+0.8
M. vannielii 8.76+0.26 0.21+0.02 184.16+13.37 0.31+0.08 55.4+0.5
M. petrolearia 7.49+0.25 0.43+0.01 189.89+4.96 0.82+0.04 56.6£1.0
M. submarius 4.12+0.36 0.52+0.01 259.58+59.10 0.76+0.18 45.3+£10.9
M. congolense  4.12+0.36 0.21+0.03 140.49+20.54 0.70+0.08 51.3£1.3
M. mazei 0.14+0.01 0.02+0.01 42.11+15.90 N.A. N.A.

M. maripaludis: Merhanococcus maripaludis; M. vannielii: Methanococcus vannielii; M. petrolearia: Methanolacinia

petrolearia; M.
Methanosarcina mazei. N.A.: Not applicable.
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1 L two-chamber reactor system" ). Bioelectrochemical bubble column reactor. A: Scheme of the

reactor: Working electrode chamber designed as bubble column with gas inlet via a perforated plate. Working
electrode chamber includes membrane windows to allow ion transfer between the chambers. Counter
electrode chamber as open basin with counter electrode wrapped around the working electrode chamber. B:
Bubble column reactor without counter electrode. C: Bubble column reactor with counter electrodes wrapped

around it.
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Figure 5 Schematic of the tubular electrochemical cell (A) and electrochemical CSTR (B)*. A: The
tubular electrochemical cell consisted of a tubular cathode, a tubular membrane cell, and a rectangular anode.
The tubular membrane cell was fabricated by gluing a piece of cation exchange membrane on the window of
a PVC tube with epoxy glue. An IrO,-coated titanium mesh was placed in the anode chamber as the anode. A
piece of 304 stainless steel woven mesh was folded along the membrane to form a tubular cathode. B: The
E-CSTR was constructed by putting the tubular electrochemical cell into a commercial glass CSTR. A
custom-made reactor cap with five opening flanges was equipped for the vessel. The central opening was for
the impeller, while the other four openings around the central opening were for the CO, sparger, tubular
electrochemical cell, pH probe, and gas outlet, respectively. A recirculation water bath was connected to the

CSTR jacket to maintain the reactor’s temperature.
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Figure 6 Structure of a photocatalytic reaction cell*. The experiments were carried out by uniform
spreading Mn-Ce/N-TiO,; catalyst at the inner wall of the PeCRC. Helium gas was purged into the PeCRC
before the experiment for leakages checking. The bulb worked as the light source. Compressed CO, and He
gas were passed from the upper portion of the PeCRC by bubbling through the water to carry water vapor as a
reducing agent. After the photocatalytic reduction reaction, the final gaseous products were carefully taken
out through an outlet using a micro-syringe. 1: CO; inlet and flow controller; 2: He and flow controller inlet;
3: Hy/H,O feed knob; 4: LED bulb power supply; 5: Photon source (LED bulb); 6: Quartz reactor vessel; 7:
Catalyst composite material on the inner surface of quartz vessel; 8: He and CO, mixed feed area; 9:

Sampling knob; 10: Pressure gauge; 11: Product export.
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