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Aerobic hydrogen-oxidizing bacteria, commonly referred to as Proteobacteria  (Cupriavidus, — Paracoccus), Aquificae

Knallgas bacteria, are chemoautotrophic microorganisms that
oxidize molecular hydrogen (Hz) while fixing carbon dioxide (COz)
into cellular material. Historically studied as model systems for
lithoautotrophic metabolism, these organisms have regained
attention due to their potential for renewable H: utilization, land-
independent biomass production, and electrochemically coupled
CO:z conversion. Among them, Cupriavidus necator has emerged
as a promising industrial platform, while thermophilic and high-
affinity Hz-oxidizers such as Kyrpidia spormannii are increasingly
explored in bioelectrochemical systems. Despite growing
interest, substantial gaps remain between laboratory
demonstrations and scalable industrial performance. This review
analyzes the physiological characteristics of Knallgas bacteria,
including growth kinetics and H2 oxidation parameters, and
evaluates their translation into gas fermentation and oxic
microbial electrosynthesis systems. Particular emphasis is
placed on key engineering limitations, including Hz mass transfer,
electron partitioning during aerobic metabolism, reactor safety
constraints, and electrochemical surface scaling.
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Introduction
Knallgas bacteria represent a phylogenetically diverse
group spanning multiple bacterial phyla, including

(Hydrogenobacter), and Firmicutes (Kyrpidia), that share
the ability to oxidize molecular Hz and fix CO2 into
biomass or other products using oxygen (Oz) as the
terminal electron acceptor of their respiratory chain. In
these organisms, Hz oxidation is coupled to Oz reduc-
tion, generating energy for autotrophic growth typically
via the Calvin—Benson—Bassham (CBB) cycle. Knallgas
bacteria were intensively studied for chemolithoauto-
trophic metabolism and hydrogenase biochemistry [1].
The global transition toward renewable energy systems
and circular carbon utilization, driven by carbon pricing
policies exceeding $100/ton COz2 in leading markets and
the projected $2.5 trillion Hz2 economy by 2050, has
fundamentally broadened the motivation to study these
organisms.

Renewable H2 supports indirect electrification of mi-
crobial production systems. In gas fermentation pro-
cesses, Hz-oxidizing bacteria utilize Hz and Oz to enable
autotrophic COz2 fixation, thereby decoupling microbial
production from reduced organic substrates. Among
these organisms, C. necator has emerged as the most
developed production platform due to its relatively high
autotrophic growth rates, metabolic versatility, and ge-
netic accessibility [2,3]. High cell densities have been
achieved in pressurized gas-fed reactors employing C.
necator 3], and Hz-oxidizing strains such as Paracoccus
versutus have been investigated for single-cell protein
production under autotrophic conditions [4]. Decoupling
biomass production from agricultural land is relevant to
growing protein demand and limited arable resources.
Integrating in situ electrochemical H2 generation with
microbial COz2 fixation enables reactor concepts that may
improve upon conventional water electrolysis. In oxic
microbial electrosynthesis (0MES), Hz is generated in
situ at cathodes and directly consumed by aerobic Hz-
oxidizers [5]. Hence, the problem of explosive mixtures
can be circumvented by the direct microbial depletion of
Hz at the cathode surface. Moreover, the applied voltage
can be reduced by 0.3-0.8 V compared to conventional
electrolysis due to biocatalytic H2 consumption, poten-
tially improving overall system efficiency. This concept
could pave the way for even more efficient biomass
production as a novel protein resource, as shown by Pous
and colleagues in a study using a mixed culture enriched
in Hz-oxidizing bacteria [6].
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2 CO; bioconversion into valuable products

Knallgas bacteria are frequently discussed alongside
acetogenic microorganisms in the context of Hz-based
CO2z conversion. While both groups utilize Hz2 as an
electron donor, their metabolic strategies differ essen-
tially. Acetogens operate under strictly anoxic conditions
and channel electrons directly into reduced products via
the Wood-Ljungdahl pathway, whereas Knallgas bac-
teria rely on aerobic respiration and partition electrons
between energy generation and biosynthesis. The use of
the Wood-Ljungdahl pathway allows the very electron-
efficient production of a limited spectrum of end-pro-
ducts. The low amount of available energy from acet-
ogenesis, on the other hand, is the reason why genetic
engineering towards more complex end-products is ex-
tremely difficult, and biomass accumulation rates are
typically low compared to Knallgas bacteria. Despite
promising applications, technical and economic hurdles
limit industrial implementation. Bringing the potential
of Knallgas bacteria to an application requires a sys-
tematic understanding of the hierarchical constraints
that limit performance. The following sections combine
intrinsic physiological parameters, including growth ki-
netics and H2 oxidation rates, with reactor-level con-
straints such as gas transfer, electron partitioning,
electrochemical current density, and operational safety.
By systematically distinguishing biological potential
from physical and thermodynamic boundaries, the rea-
listic engineering limits of Knallgas-based COz conver-
sion can be defined, and the most promising
intervention points identified.

Functional landscape of Knallgas bacteria
Autotrophic growth capacity

Under defined autotrophic conditions, Knallgas bacteria
exhibit substantial diversity in growth kinetics. As
summarized in Table 1, there is no apparent difference
regarding growth rate when comparing different CO2
fixation pathways. However, comparison of biomass
yields per mole of Hz consumed suggests that the
thermodynamically more efficient reductive tricarboxylic
acid (r'TCA) cycle may support higher biomass yields
than the CBB cycle.

Table 1

The organisms compiled in T'able 1 illustrate the broad
physiological range of Hj-oxidizing bacteria, spanning
thermophilic r'T'CA specialists, mesophilic sulfur oxidi-
zers, and classical Knallgas bacteria such as C. necator. In
contrast, purple nonsulfur bacteria, which can also grow
under dark chemolithoautotrophic conditions, exhibit
substantially lower intrinsic growth rates, displaying
doubling times of 22 to 27 hours, potentially reflecting
the energetic constraints of this metabolic niche [14].

H: oxidation kinetics as the rate-determining interface
Beyond carbon fixation, H, oxidation kinetics strongly
influence the ecological and biotechnological perfor-
mance of Knallgas bacteria. The representative organ-
isms summarized in Table 2 illustrate the wide range in
H: affinity and uptake capacity among aerobic Hz-oxi-
dizing bacteria. Kyrpidia spormannii exhibits a high-affi-
nity phenotype with a submicromolar K, (327 + 24 nM),
whereas Paracoccus denitrificans, C. necator, and Hydro-
genovibrio marinus operate in the micromolar range
[8,11,15-21]. Reported maximum H2 uptake capacities
also span several orders of magnitude. However, these
differences reflect both biological diversity and sub-
stantial variation in experimental methodology.

H, affinity (K or K,,) and maximum H2 uptake capa-
cities (Vax Or equivalent activity measures) are reported
as originally published. Experimental conditions, assay
type, and normalization methods are summarized in
Supplementary Table S2 to improve transparency.
These parameters were not standardized because the
underlying kinetic assays differ substantially among
studies (e.g. whole-cell versus manometric assays, dif-
ferent normalization bases, assay conditions, and re-
porting formats), preventing direct quantitative
comparison.

Nevertheless, the parameters compiled in Table 2 de-
monstrate that H, affinity alone does not determine
physiological performance. Rather, high-affinity organ-
isms may be advantageous under diffusion-limited con-
ditions, whereas organisms with higher uptake capacities

Intrinsic autotrophic growth rates and H: biomass yields of representative H:-oxidizing bacteria.

Organism Mode / Setup p (h™) Ysshz (@ DW mol= Hz) Pathway Source
Hydrogenobacter thermophilus Gas fermentation (70°C) 0.42 n/a rITCA [7]
Hydrogenovibrio marinus Gas fermentation (37°C) 0.088 5.5 CBB [8]
Thiomicrolovo sp. Gas fermentation (28°C) 0.46 6.07 rITCA [9]

C. necator Gas fermentation (30°C) 0.42 4.6 CBB [10]

K. spormannii Gas fermentation (55°C) 0.19 4.3 CBB [11]

C. necator oMES (Planktonic, 30°C) 0.09 n/a CBB [12]

K. spormannii oMES (Cathodic Biofilm, 60°C) 0.046 n/a CBB [13]
Rhodococcus opacus Dark chemoautotrophy (30°C) 0.044 n/a CBB [8]

Original values, experimental conditions, and calculation details are provided in Supplementary Table S1.
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may perform better when Hz is continuously supplied.
Accordingly, selecting a strain whose kinetic character-
istics match the intended reactor architecture while
balancing Hz affinity and total uptake capacity is a pre-
requisite for achieving high productivity.

Source

(1]
[15,16]

7]
[8,19]
[21]

Energetic constraints of aerobic H: oxidation

Even under conditions where H2 supply is not limiting,
additional energetic constraints arise from the archi-
tecture of aerobic H2 metabolism. Most Knallgas bacteria
summarized in Table 1 fix COz via the CBB cycle, while
electrons derived from H2 oxidation are simultaneously
used for ATP generation through oxygen respiration.
Reiner et al. note that approximately half of the elec-
trons consumed by aerobic autotrophs are expended in
respiratory energy generation rather than incorporated
into biomass or product [5]. This partitioning reduces
theoretical carbon fixation yields relative to strictly re-
ductive anaerobic pathways such as the Wood-Ljung-
dahl pathway in acetogens. Strategies to circumvent
these constraints range from regulatory optimization to
complete pathway replacement. Modest improvements
have been achieved through overexpression of CBB
cycle transcriptional regulators (cbbR and regA), yielding
11% increased biomass accumulation [22]. More ambi-
tious approaches have targeted the complete replace-
ment of the inefficient CBB cycle with synthetic
alternatives. The most successful implementation to
date is the reductive glycine pathway in C. necator. This
synthetic route bypasses RuBisCO entirely, utilizing
formate, which can be generated electrochemically from
H:2 and COz2 as a carbon feedstock. Initial implementa-
tion by Claassens et al. demonstrated proof-of-concept
formatotrophic growth, achieving 2.6 g CDW mol™ for-
mate compared to 2.9g CDW mol™! for the wild-type
CBB cycle strain [23]. Through systematic optimization
and complete genome integration, Dronsella et al.
achieved a breakthrough 17% biomass yield improve-
ment (4.52 vs 3.86 g CDW mol™! formate) in chemostat
cultures, representing the first demonstration that syn-
thetic pathways can exceed natural carbon fixation effi-
ciency [24]. However, this approach involves significant
trade-offs, including a longer doubling time and the re-
quirement for formate as feedstock rather than direct Hz
utilization.

(growth-derived max H= flux,u

—1
DW

(whole cell, Oz=-driven, autotrophic, Warburg

-1
DW

440-1530 nmol min~! mg
0.12-0.42h77)

—1
. (purified enzyme, 30°C);465
—1
DW

protein

—1

nmol-min-'-mgpw-(growth-derived max H- flux)

Max. H, Uptake Capacity (Vnax)
mg

Vimax = 3.63 fmol-h~1-cell"!

536 nmol min~! mg

60 = 3 nmol min
manometry)

185 U-mg

Km = 12 uM(purified membrane-bound

Ho Affinity (Ks or Ki,,)

Ks = 327 £24nM

Km = 4.6 uM(whole cell)
Km=1 uM

hydrogenase)

n/a

Kinetic Regime
High-affinity
Intermediate/High-flux
Micromolar
High-activity
(manomettric)

Hydrogenovibrio marinus MH-110 / DSM  High-flux

11271

Standardized comparison of realized autotrophic
productivities

While microbial physiology defines intrinsic growth po-
tential (T'able 1) and H2 uptake capacity (Table 2),
realized productivity is primarily determined by reactor
engineering. To enable comparison across studies, re-
ported autotrophic production rates were standardized to
volumetric productivity (g L™ d™') and carbon pro-
ductivity (g C L.t d™1). The resulting dataset, summar-
ized in Table 3, compares representative Knallgas

Reported H2 affinities (Ks or Km) and maximum H: uptake capacities (Vmax or equivalent activity measures) of representative H2-oxidizing bacteria. Original values, experimental conditions,

assay characteristics, and normalization methods are provided in the Supplementary Table S2.

H: oxidation kinetics of representative Knallgas bacteria.

Kyrpidia spormannii (FAVT5)
Cupriavidus necator (H16)
Paracoccus denitrificans

Hydrogenomonas facilis

Table 2
Organism
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4 CO; bioconversion into valuable products

production systems across gas fermentation, packed-bed,
and electrochemical reactor configurations.

The standardized comparison presented in Table 3 fo-
cuses on realized volumetric and carbon productivity as
common engineering performance metrics. While these
metrics facilitate comparison across diverse autotrophic
production systems, the reported values are also influ-
enced by reactor-specific operating conditions, including
gas flow rate, gas residence time, pressure, gas compo-
sition, mixing, and reactor configuration, which vary
considerably between studies and therefore cannot be
standardized quantitatively. Similarly, a systematic
comparison of product-specific quality attributes is not
feasible because these parameters are highly product-
dependent and are assessed using different analytical
methods and reporting criteria across the literature.
Therefore, the productivity metrics presented here
should be interpreted within the context of both the
applied process conditions and the respective product
quality.

Across the studies summarized in Table 3, the highest
productivity remains the pressurized stirred-tank gas
fermentation reported by Ishizaki and Tanaka, which
achieved 36 g L. PHB within 60 h (14.4 g L.t d™1) [10].
"This early study established the productivity benchmark
for autotrophic PHB synthesis from Hz and CO:2 and
demonstrated the performance achievable under condi-
tions of intense gas—liquid mass transfer. Later pressur-
ized systems reached comparable performance. For
example, Volova et al. reported 10.8g . d"' PHB in a
pressurized stirred-tank reactor operating at ky , = 460h™1,
achieved through high agitation and gas recirculation
[28]. However, achieving such high gas-transfer rates
requires substantial energy input, as discussed in section
Hz transfer and operational boundaries. Thus, in stirred-
tank Knallgas fermentations, H2 mass transfer defines
the upper bound of achievable carbon fixation rates, with
biological capacity frequently underutilized because H2
delivery cannot match enzymatic turnover capacity. In
contrast, atmospheric laboratory reactors typically
achieve substantially lower productivities. The stirred-
bottle gas reactor described by Lambauer and Kratzer
produced 10.2 g ™' PHB within 150h (1.63 g L™ d™1),
while packed-bed gas reactors achieve lower but still
substantial PHB productivities of approximately 1.44 g
L1 d7! through improved gas—solid contact but reduced
bulk mixing [30,35]. Electroautotrophic systems, sum-
marized in Table 3, exhibit even lower volumetric pro-
ductivities. In microbial electrosynthesis reactors, PHB
formation rates generally remain below 0.1g L™ d™,
reflecting limitations in Hz evolution rate and interfacial
mass transfer [31,32]. Overall, these studies demonstrate
that the highest realized productivities are consistently
achieved in reactor configurations providing the greatest
H2 transfer capacity. Although specific growth rates may

approach 0.2h™' under optimized physiological condi-
tions, the production rates summarized in Table 3 cor-
relate strongly with reactor-level Hz delivery.

Reactor-level constraints and engineering
architectures

Despite their high intrinsic metabolic capacity, Knallgas
systems are primarily constrained by reactor-level H2
delivery. Industrial biotechnology relies predominantly
on stirred-tank reactors, where gas transfer depends on
mixing and sparging [44]. Consequently, gas fermenta-
tion systems are engineered to maximize interfacial
transfer through agitation, pressurization, or gas re-
circulation, often increasing energy demand and opera-
tional complexity [45].

H: transfer and operational boundaries

In conventional stirred-tank gas fermentations, H2 must
be transferred from the gas phase into the aqueous phase
before cellular oxidation can occur. However, H2 ex-
hibits low aqueous solubility (~0.8 mM at 1bar and
25°C) and a volumetric mass transfer coefficient (kg,)
approximately 30%—40% lower than Oz under compar-
able agitation conditions [46,47]. This creates a funda-
mental kinetic mismatch: dissolved H2 concentrations
frequently range from 0.5 to 2.0 pM in typical reactor
operations, which can overlap with or fall below the H2
affinity constants reported for Knallgas bacteria
(Table 2). Thus, Hz availability can limit cellular H2
oxidation under typical reactor conditions. Pressurization
provides proportional improvements in Hz availability:
an Hz partial pressure of 5 bar increases dissolved Hz to
~4 mM, but also increases safety complexity. Industrial
benchmark systems illustrate this relationship: Volova
et al. achieved 10.8 g L™ d”' PHB productivity at ky, =
460h™" with high agitation rates, while Lu and Yu re-
ported more modest but sustainable productivities
(1.44 g L1 d™) at ky, values of 357h™! for Oz in packed-
bed configurations [28,30]. The energetic cost of
achieving high k;, values becomes prohibitive: in-
creasing agitation from 200 to 800 rpm typically raises
power consumption by 8-16-fold while providing only
2-3-fold improvements in Hz transfer [1]. Consequently,
further increases in productivity require improvements
in Hz delivery rather than microbial physiology alone,
making reactor design the principal determinant of
process performance.

The severity of this transport limitation is configuration-
dependent. In stirred-tank reactors, the achievable H2
transfer rate is set by the product of ki, and the ga-
s—liquid driving force (the difference between the sa-
turation and bulk dissolved-Hz concentrations). The ky ,
is raised primarily through mechanical agitation, at
steeply rising power cost, while pressurization increases
the driving force by raising the dissolved-Hz saturation
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6 CO, bioconversion into valuable products

concentration. Airlift and bubble-column reactors avoid
mechanical agitation and therefore operate at lower and
less tunable kj,, but at reduced shear and energy de-
mand, which can favor long-term biological stability [25].
Packed-bed configurations shift the controlling re-
sistance from bulk gas-liquid transfer to gas—solid and
liquid—film transfer at the biocatalyst surface, improving
local H2 availability and gas utilization while sacrificing
bulk mixing [30]. Membrane- and electrode-based sys-
tems (section Reactor systems as Hz delivery platforms)
remove the bulk gas-liquid step altogether by delivering
Hz directly at a solid interface [48,49]. The same in-
trinsic kinetic limitation therefore manifests as a power-
limited kp, ceiling in sparged reactors, as a diffusion-
limited film resistance in packed beds, and as an inter-
facial flux limit in membrane and electrochemical
systems.

Safety envelope and O: co-feeding

The simultaneous requirement for Hz2 and Oz creates
fundamental safety constraints governed by well-defined
flammability limits. Hz-air mixtures are explosive be-
tween 4.0 and 75.0 vol% Hz, with the lower explosion
limit decreasing to 4.0 vol% in pure Oz At 10 bar, the
explosive range widens to 3.0-80.0 vol% [50,51]. Early
physiological studies quantified Oz sensitivity of hydro-
genase activity, with Hydrogenomonas facilis showing re-
versible inhibition above 5% Oz in the gas phase,
corresponding to dissolved Oz concentrations > 0.2 mM
[21]. Modern reactor systems must balance respiratory
O2 demand, typically requiring dissolved Oz concentra-
tions of 0.1-0.4 mM for aerobic growth, against hydro-
genase sensitivity and explosion risk [47].

The flammability limits given above refer to Hz in air,
that is, against a fixed high-O2 background. In an oper-
ating bioreactor, however, the Oz fraction is itself a
controlled variable, and the relevant boundary is the
limiting oxygen concentration (LOC), the Oz level
below which no H2/Oz/inert mixture propagates a flame,
essentially independent of Hz content. For H,, this LOC
is as low as 4.6 vol% Oz [52]. This asymmetry is decisive
for reactor operation. Because H2 must be kept high to
sustain mass transfer (section Hz transfer and operational
boundaries), it cannot be lowered for safety without sa-
crificing productivity, whereas Oz can be displaced with
inert gas or CO2 Holding the gas-phase O: fraction
below its LOC is therefore the robust inerting strategy,
rendering the atmosphere nonflammable even at the
high H2 partial pressures needed for efficient transfer. In
sparged stirred-tank and airlift systems, Hz and Oz co-
accumulate in a shared headspace whose composition
must be actively held outside the flammable envelope
— by limiting the Oz feed below the LOC, diluting with
inert carrier gas, and minimizing headspace volume and
gas residence time to reduce the free-gas inventory.
Continuous active sparging maximizes transfer but

constantly regenerates a potentially explosive head-
space, whereas passive diffusive or membrane-mediated
supply keeps the free Hz inventory small and confines
Hz largely to the liquid or biofilm phase. Membrane
biofilm reactors and oMES systems address the hazard
structurally rather than operationally, because mem-
brane supply spatially separates the Hz and Oz streams
(section Reactor systems as Hz delivery platforms), and
in oMES, H2 is generated and consumed in situ at the
cathode before a bulk gas phase can form. In these
configurations, the safety problem is reframed from
controlling a headspace composition into managing local
interfacial Hz and O2 fluxes.

Reactor systems as H: delivery platforms

Given the transport and safety constraints associated
with conventional gas sparging, alternative reactor ar-
chitectures increasingly focus on surface-associated
growth and controlled H, delivery rather than bulk ga-
s—liquid transfer. Although industrial biotechnology has
historically relied almost exclusively on stirred-tank re-
actors, biofilm-based systems offer several potential ad-
vantages, including high biomass densities, plug-flow
operation, and improved catalyst stability [44]. One im-
plementation of this concept is the membrane biofilm
reactor (MBfR), which is specifically designed to opti-
mize H; delivery in Knallgas systems (Figure 1a). In
MBfRs, Hz and COz2 are supplied through gas-permeable
hollow-fiber membranes, allowing Hz to diffuse directly
from the membrane lumen into an attached microbial
biofilm. The membrane surface, therefore, acts as a
controlled Hz interface, allowing localized H2 transfer to
Hz-oxidizing bacteria while avoiding bulk gas bubbles
and the safety constraints associated with mixed Hz2/O2
sparging. By ecliminating the bulk gas-liquid transfer
step and spatially separating Hz supply from Oz ex-
posure, this configuration improves Hz utilization effi-
ciency and process control. Surface-to-volume ratios of
400-800 m?/m?3 have been achieved in membrane biofilm
reactors, providing substantial interfacial area for H2
delivery while maintaining compact reactor footprints
[53-55]. The membrane configuration fundamentally
restructures the transport challenge rather than merely
redistributing resistance. While biofilm thickness and
membrane-biofilm diffusion still influence local H:
availability, the elimination of bulk gas-liquid transfer
and improved safety profile enable operation at higher
H2 partial pressures and enhanced utilization effi-
ciencies. Long-term operation requires management of
biofilm stability and membrane fouling, but these re-
present addressable engineering challenges rather than
fundamental thermodynamic limitations.

Alternatively, electrochemical integration allows Hz to
be generated iz situ at the cathode, enabling precise
control of H2 delivery while addressing safety con-
straints. As shown in Figure 1b, oMES couples water
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Figure 1

A. Membrane Biofilm Reactor (MBfR)
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(a) MBfR configuration in which H: is supplied through gas-permeable hollow fibers to an attached biofilm, while Oz is delivered from the bulk liquid,
enabling spatial separation of Hz and O: supply. (b) Schematic of an oMES system where electrochemically generated H. mediates electron transfer

from the cathode to Hz-oxidizing bacteria, enabling aerobic CO: fixation.

electrolysis directly to aerobic autotrophic metabolism.
H: is generated iz situ at the cathode via proton reduc-
tion, while Oz is produced at the anode. Hz diffuses
across the clectrode-biofilm interface and is oxidized by
Hz-oxidizing bacteria, which simultaneously reduce O2
and fix COz into biomass or product. While Hz2 mediates
electron transfer into cellular metabolism, the electro-
chemical generation approach allows precise flux control
while circumventing both bulk mass transfer bottlenecks
and safety limitations that constrain traditional reactor
designs. Studies with thermoacidophilic K. spormannii
achieved  COz-to-biomass  Coulombic efficiencies
reaching 28%, with nearly complete biotic electron uti-
lization under optimized Oz management that minimizes
cathode side reactions [13]. Process energy analysis re-
vealed solar energy requirements of 67.89 kWh kg™ dry
biomass for o MES systems, substantially outperforming
traditional photosynthetic routes: Cs plants (324.07 kWh
kg™), Ca plants (138.89 kWh kg™), and microalgae cul-
tivation (111.11 kWh kg™). This efficiency advantage
stems from superior photovoltaic energy conversion
compared to biological photosynthesis in integrated
electrochemical processes. The performance of electro-
chemical Hz delivery depends on several design para-
meters, and many constraints encountered in
conventional reactors persist in modified form. The

cathode material is central as it should combine a low H,
evolution overpotential with a high accessible surface
area and good biocompatibility for cathodic biofilm co-
lonization. Planar metal or graphite electrodes offer well-
defined surfaces but limited volumetric area, whereas
three-dimensional carbon materials: carbon felt, re-
ticulated vitreous carbon, or highly porous structures
such as aerographite, raise the electroactive surface-to-
volume ratio and support higher volumetric Hz evolution
and current density, at the cost of more complex internal
mass transport within the biofilm-colonized matrix
[48,56]. Electrolyte composition governs ionic con-
ductivity, buffering capacity, and local pH at the elec-
trode. Reactor geometry — electrode spacing, the
presence or absence of a membrane separating the
electrode chambers, and flow-through versus batch op-
eration — determines ohmic losses, Oz cross-over be-
tween anode and cathode, and the supply of fresh
medium and CO:z to the biofilm [49,57]. Within this
framework, the constraints discussed for gas-fed systems
translate directly to electrochemical reactors as bulk Hz
mass transfer is replaced by interfacial H2 flux and
electron-transfer rate at the cathode. The O2 safety en-
velope is managed intrinsically by microbial Hz deple-
tion but reappears as the need to suppress cathodic Oz
reduction as a competing side reaction [49,58]. The
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volumetric-productivity ceiling set by kj, in sparged
reactors is replaced by the available electroactive
cathode surface area per reactor volume, making elec-
trode architecture and surface-area scaling, rather than
gas—liquid mass transfer, the primary engineering target
for oMES [48]. Encouragingly, the feasibility of this
surface-scaling route has already been demonstrated in a
related, anoxic electrosynthesis context, where reactor
architecture rather than intrinsic biology was shown to
set the achievable productivity. Cabau-Peinado and
colleagues demonstrated that microbial electrosynthesis
can reach volumetric productivities comparable to es-
tablished fermentation technologies [58]. Using an an-
oxic, directed flow-through electrochemical reactor with
a porous biofilm-covered cathode, the authors enabled
dense microbial colonization and increased volumetric
current density, allowing continuous CO2 reduction to
C2—Cs carboxylic acids. This reactor configuration
achieved productivities comparable to syngas fermenta-
tion and chain-elongation processes, challenging the
common assumption that bioelectrochemical systems are
inherently rate-limited [58].

Conclusion

Knallgas bacteria possess substantial capacity for auto-
trophic CO:z fixation. Physiological studies demonstrate
that intrinsic growth rates and Hz oxidation kinetics are
sufficient to sustain relatively rapid autotrophic meta-
bolism [11,17]. However, the analysis presented in this
review shows that the practical performance of Knallgas
systems is governed primarily by engineering constraints
rather than by biological capacity. Future progress in Hz-
driven COz2 conversion will therefore depend largely on
improving Hz delivery architectures and reactor-level
transport efficiency. Reactor concepts that enhance in-
terfacial Hz flux, such as pressurized gas fermentation,
membrane-based Hz supply, or electrochemical H:2
generation, represent promising strategies for over-
coming mass-transfer limitations [28,30,41,59]. Re-
cognizing the coupled constraints of H2 transfer, Oz
safety, and respiratory energetics provides a realistic
framework for guiding future research and translating
H2-based autotrophic metabolism from laboratory de-
monstrations toward industrially relevant bioprocesses.
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