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Abstract — Microbial bioconversion of C1-gases, such as methane and carbon monoxide, is a promising approach for
sustainable carbon utilization but faces challenges due to poor gas solubility and mass-transfer limitations. To address
these issues, recent studies have explored enhancing mass transfer efficiency through modifications in bioreactor
configuration and design, gas diffusion-enhancing additives, and biocompatible nanofluids. This review provides an
overview of various bioreactor configurations and the role of surfactants and electrolytes in improving gas solubility and
enhancing the mass transfer coefficient (k; a). Additionally, nanofluids with stably suspended nanoparticles can increase
gas-liquid interfacial area, promote Brownian motion and convective diffusion, and enhance gas solubility. Biocompatible
nanofluids composed of functional bio-nanomaterials may further mitigate mass transfer limitations through direct
interactions with microorganisms, improving Cl-gas bioconversion efficiency. Future developments will integrate
these strategies with advanced bioreactor configurations, enabling scalable and eco-friendly Cl-gas microbial
bioconversion.
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Fig. 1. (a) Microbial C1-gas bioconversion for chemical production by integrating waste gas utilization with industrial processes. Redrawn
and modified from [3]. (b) Enhanced microbial fermentation strategies to improve conversion efficiency for commercial applications.

Redrawn and modified from [4].
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Fig. 2. Steps and resistances for oxygen transfer from gas bubble to cell. Redrawn and modified from [12].

C¢; :the concentration of dissolved C1-gas

k;  :the liquid-side mass transfer coefficient

a  :the specific interfacial area between gas and liquid

k;a :the overall volumetric mass transfer coefficient

C’c; : the saturation concentration of Cl-gas under the same
temperature and pressure

qn :the specific uptake rate of C1-gas per unit biomass

X  :the biomass concentration in the reactor
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Fig. 3. Schematic illustrations of bioreactors and gas delivery systems for gas fermentation. Redrawn and modified from [13]. STR (Stirred
Tank Reactor), PBR (Packed-Bed Reactor), TBR (Trickle-Bed Reactor), BCR (Bubble Column Reactor), GLR (Gas-Lift Reactor),
HFM-BCR (Hollow Fiber Membrane Module-Bubble Column Reactor).
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Fig. 4. Schematic diagrams of several possible mechanisms in mass transfer. Redrawn and modified from [39]. (a) Grazing (or Shuttle) effect.
(b) Gas-liquid interface shape in hydrodynamic effect. (c) Mass transfer interface increase by bubble breaking effect.
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Fig. 5. (a) Mechanism of TA-Fe**CNC promoting tolerization against CO toxicity. Redrawn and modified from [12]. (b) Schematic summary
of the CA/OA nanofluid for enhancing gas utilization efficiency in C1-gas microbial biotransformation. Adapted from [9] with modi-
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0 7 YElTh o] Aol M= Methylomonas sp. DH-1, Methylosinus
trichosporium OB3b, Thermococcus onnurineus NA1 755 T
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7¥et A, B SRk AdE Bl 53], 71 Ak Yotrto]
T 7k v Al Al Rl R i e aes 24
ato] 71A| £Ake] e E ol HIAUFS I o] 1]
A A5 2GS Aol A = e gkl Y
& HolFn], A &8 7hsA ol tigh =2 E g gint o]A 9,
AAEHA YiefAll= €O 9 CH,E mAE A3k 3gellA B4
A FxlekaL, v E A48t tiakg-s-S 7l dsks dl 71018
T Qleh. 53], ehdAb-Fe't B W 71 EA S Eotnto| = 7]k Lt
= 717} CO 9l CH, A3k 37g oA -3 Aeg HolH,
R 74 W AA A8 7Fs Aol sk thek, o] H§ vty

2 A, A AR 7V, R al vk v E ot
Foll tiet 284S B7lske 71 A7F A sttt o] 5 FEf L
A% 3N t& sz o &
A& Zloltt. o] gl gk Sl A, ofef 9
Table 1= B4 GELS 918l kollA =25k AERke7] 4
3] #HA sk, A7 B8, Al 28 5] dEks eoksto] v

WAL, Table 2= H1H 2 kia gt U 532 =
FElstalnt. o)t 22 A Y ekl ojsh FHAl Ee
T LA AETY A B A=k A" Fas FauxsrtE

Table 1. Comparison of mass transfer enhancement strategies in C1-gas bioconversion processes

Approach Key modifications Remarks
Stlrre.d Te}nk Reactors - Optimized impeller configuration yielded higher k; a.
- Adjust impeller shape and number : L . . . .
- Install baffles - Higher agitation speed improved bubb!e dispersion and increased gas hold-up.
. Optimize stirring/agitation speed - Drawback: excessive power consumption
Bioreactor  Bubble column reactors

configuration/ - Modify sparger/distributor design

- Optimized superficial gas velocity led to higher k; a.
- Hollow-fiber membrane spargers increased k; a.

design ‘ EmP 10y hollow-ﬁ ber membrane spargers - Possible issue: excessive foam formation
- Optimize operating pressure
Cell—lmmoblhzed b loreactors - Suitable support and flow conditions increased k; a.
- Use cell-immobilized supports . . h .
L - Remaining challenges: membrane wetting and biofouling
- Optimize pore structure
Surfactants - Decreased bubble diameter and increased interfacial area yielded higher k; a.
- Reduce surface tension - Some studies observed a decrease in k; a.
- Inhibit bubble coalescence - Possible issue: cell toxicity
Electrolytes - Higher salt concentration may reduce gas solubility.
Additives - Induce salting-out effect - Even a small addition raised k; a.

- Improve bubble hydrodynamics and dispersion - However, bubble stability decreased at high concentrations.
Polymeric alcohols and biopolymers
- Reduce surface tension - Decreased bubble diameter and increased gas hold-up led to higher k; a.
- Inhibit bubble coalescence
Inorganic nanoparticle-based nanofluids Lo
. Shuttle effect : Stgbly well-suspended nanoparticles increased kLa,. .

Nanofluids - Hydrodynamic effect - Higher gas absorption enhanced apparent gas solubility.

(Nanoparticles) - Bubble breaking and coalescence inhibition

- Nanoparticle cytotoxicity limits direct use in bioprocesses.

Biocompatible nanoparticle-based nanofluids
- Stably well-suspended biocompatible nanoparticles

- Biocompatible nanoparticles overcome cytotoxicity issue.
- Cl-gas uptake through cell membranes may be improved by functionalized nanoparticles.
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Table 2. Representative k; a values and gas-liquid mass transfer enhancements achieved via various approaches.
Approach Technique (method) ka(h™h) Enhancement (ratio) Ref.
Stirred tanks 10-500
Stirred tank - 200 rpm 14.2-90.6
Stirred tank - 300 rpm 28.1-104
Stirred tank - 450 rpm 101
Packed bubble columns 2.1-430
. Packed columns - cocurrent 1.5-3670
Bioreactor Packed column - trickle flow 36-360 [25,29,32]
configuration/design
Bubble columns 18-860
Microbubble sparged 200-1800
Hollow fiber membrane
Hydrophobic polypropylene 385-1096.2
MHF0504MBFT 946
PVDF 150.1
Electrolytes in bubble column reactor 279.4-568.8 1.6-4.7
Electrolytes in stirred bubble column reactor 2.26-6.9
Surfactants
. HTAP 49 3.5
Additives HDTAB 9 493 [45]
Alcohols
Methanol 263 2.65
Ethanol 434 5.03
CNT 1.9
MCM41 1.94
. Sio, 1.29
Nanofluids SBAIS 1048 1.56 [9,21, 39, 45]
(Nanoparticles)
MSBA-15 126.4 1.88
TA-Fe&*" CNC 115
CS/OA 1.96
5.4 = olel3t Tk g Bl Cluks 7 B A% F9e urk &
F2o]1 R Aol AAX R E A& T Ve E wd
C1-7V\E g9 vAdE =S 3HL 1A ST v 5 Qe AoR ZldEn

A Zgo] Al olehe AIE 7 ‘2;101 o1& sl
?E AT7E A gk, 2 T = 2dAE

FINZV7] A% a7 o3 A, 7]%] ks s
H7HA 28, T12)al el Ve s SO =gl e
Hbg7] 3] AAE HAgske] 71l BA-gs wolal, A g
Al gl delds dgsle] 7|29 PE sk K] AlxH
olek. wEgt, ARG g7t ZHE Lhef Al 714 &
HES Z7A71 3 BAAD A4S Fof v[BR JEAT BE
gick. el @A) AT FE
Azl 2701 RAA o), A A13) 87
o 3ol 1851 AU I sl & 716 o
ol QIck. 53] theFet vE F59) LA EAS wels)
of 2ARLR) Sl W 5 i 71 e A
A FA BA, 7] S FAA Lk 5 9 A ok
BA|, Al g PASRe Lkl ARk 7R n AN
& kAR A7) Basieh, webd 9. AT olel s 7
$50] AH FRAME PHOE gD 5 YT Whg) 4
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