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• MeOH/CO2 ratios, temperatures and gas 
pressures were optimized in gas 
fermentation.

• Butyrate production was ceased at 
23 ◦C.

• Optimal butyrate production obtained 
at 35 ◦C, 3:1 MeOH/CO2 ratio, and 1 
atm.

• Optimal scenario was validated in MES: 
butyrate production rate of 107 g m− 2 

d− 1.
• 3:1 MeOH/CO2 ratio enhanced the 

methanol utilization rate.
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A B S T R A C T

Microbial electrosynthesis (MES) enables the conversion of carbon dioxide (CO2) into valuable chemicals uti
lizing renewable electricity. Acetate is often the main product but supplying a soluble electron donor facilitates 
upgrading acetate to butyrate via chain elongation. Compared to ethanol as the electron donor, methanol is a 
promising alternative as its production avoids the competition with food production. However, the optimal 
operation conditions for maximizing butyrate production rates in methanol assisted MES have not yet been 
determined. In this study, methanol assisted chain elongation process was first evaluated in batch bottles to set 
up the optimal scenario for butyrate production. The highest butyrate production rates and titers were achieved 
at 35 ◦C temperature, 1 atm headspace pressure, and a methanol/CO2 ratio of 3 (on a carbon basis). These 
operational conditions were subsequently applied to a MES cell operated in fed-batch mode, obtaining a 
remarkable average butyrate production rate of 107.4 ± 19.7 g m− 2 d− 1 and a selectivity of 75.2 ± 1.1 %. In 
particular, temperature was a pivotal factor determining butyrate productivity. At 23 ◦C, regardless of changes in 
pressure or methanol/CO2 ratio, acetate remained the main product (with selectivity over 80 %) in both 
fermentation batch bottles and in MES. In conclusion, this study not only provided a comprehensive multi- 
variable analysis to optimize key operational parameters for methanol assisted chain elongation but also 
demonstrated an effective strategy for butyrate production from CO2 and methanol in MES.
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1. Introduction

Carbon dioxide (CO2) can be seen as a critical feedstock for pro
ducing a plethora of commodities, such as biofuels and platform 
chemicals offering a pathway towards carbon neutrality (Appel et al., 
2013). Among the existing CO2 conversion routes, the Wood-Ljungdahl 
pathway (WLP) is the most ancient and energetically favorable, 
considering the net adenosine triphosphate (ATP) input (Zhao et al., 
2021). In WLP, acetogenic bacteria reduce CO2 into biochemicals using 
hydrogen (H2) as an electron donor (Ragsdale and Pierce, 2008), and 
resulting in the formation of acetyl-CoA, which can be further converted 
to acetate (Eq. (1)) or reduced to valuable compounds (Ragsdale and 
Pierce, 2008). 

2CO2 + 4H2→CH3COO− + H+ + 2H2O (1) 

Several biological processes have employed acetogenic bacteria for 
the biochemical production from CO2. For example, gas fermentation is 
a process where microorganisms convert gaseous substrates (carbon 
monoxide (CO), CO2 and H2) into biochemicals. However, the gas 
fermentation kinetics are limited by mass transfer of gases to the liquid 
phase (Ale Enriquez and Ahring, 2023). An alternative biological CO2 
fixation method is microbial electrosynthesis (MES). In MES, acetogens 
are cultivated in an electrochemical cell by utilizing electrons from a 
cathode electrode as reducing power (Nevin et al., 2010). In situ pro
duced H2 at the cathode serves as the electron donor for acetogens to 
reduce CO2 via the WLP, with acetate being often the primary product 
(Jourdin and Burdyny, 2021).

In MES, additional electron donors could facilitate the chain elon
gation process and yielding spectrum of products including short to 
medium-chain carboxylic acids (Izadi et al., 2021; Romans-Casas et al., 
2024; Vassilev et al., 2018). The most common electron donor in MES is 
ethanol, which shifts the production from acetate to butyrate (Vassilev 
et al., 2019), butanol (Romans-Casas et al., 2024), and caproate (Jiang 
et al., 2020). However, the current ethanol production is mainly crop- 
based and raises concerns between food and fuels competition (Joyia 
et al., 2024). Methanol can be a great substitute for ethanol as electron 
donor for chain elongation. Currently, methanol is primarily produced 
from natural gas-derived syngas, with an annual global production of 
approximately 110 million metric tons, making it a low-cost and well 
established feedstock chemical (Tabibian and Sharifzadeh, 2023). 
Moreover, methanol can potentially be synthesized from biomass- 
derived gases (Varela et al., 2024) or directly from CO2 via electro
chemical routes (Lee et al., 2024), though the electrochemical methanol 
synthesis from CO2 is still in the early stages of development and pri
marily limited to laboratory-scale applications (Li et al., 2024a). In 
bioproduction processes, the utilization of methanol has been exten
sively explored since the 1970 s (Taylor and Senior, 1978), and anaer
obic methylotrophic archaea and acetogenic bacteria have been widely 
reported for natural methanol assimilation (Kremp and Müller, 2021). 
For example, Eubacterium limosum is a well-known bacteria for methanol 
assimilation, starting by transferring the methyl group of methanol to 
tetrahydrofolate (THF), which is further reduced via the WLP, releasing 
reducing equivalents that not only promote the production of acetate 
(Eq. (2)), but also the production of butyrate (Eq. (3)), butanol and 
caproate (Kremp and Müller, 2021; Wood et al., 2022). Therefore, 
methanol was used by mixed cultures to conduct the chain elongation 
process from acetate for butyrate, isobutyrate and caproate production 
by utilizing the reducing power of methanol (Chen et al., 2017, 2016; De 
Leeuw et al., 2020). Moreover, the addition of methanol has been shown 
to enhance performance of both gas fermentation and MES processes 
(Kim et al., 2021; Yao et al., 2024). In gas fermentation, adding meth
anol along with H2/CO2 boosted the microbial growth rates by four-fold 
and the H2 consumption rate by 2.7-fold (Yasin et al., 2015). The 
addition of methanol along with CO2 in MES shifted the product spec
trum from acetate towards butyrate (82 % selectivity), resulting in 

1.8-fold higher production rates and 1.7-fold higher titer than using CO2 
as the sole substrate (Yao et al., 2024). 

4CH3OH + 2HCO3
− →3CH3COO− + 4H2O + H+ (2) 

2CH3OH + CH3COO− →CH3(CH2)2COO− + 2H2O (3) 

In this study, methanol was chosen as the electron donor not only for its 
metabolic compatibility with E. limosum, but also due to its lower cost 
and the non-competition with food resources. The Eubacterium-domi
nated microbiome was not selected, but has been continuously enriched 
in over three-years cultivations when fed only with methanol and CO2. 
Although methanol has shown potential to enhance the performance of 
MES, operational parameters remain underexplored in methanol assis
ted MES. So far, only the cathodic pH has been optimized, obtaining a 
selective butyrate production (87 % selectivity) at pH 6 (Yao et al., 
2025). Other operational parameters including temperature, headspace 
pressure, and methanol/CO2 ratio could also potentially affect the 
methanol assisted MES. Acetogenic bacteria are generally grown in 
mesophilic conditions and thus most of the MES studies have been 
conducted between 20 ℃ to 37 ℃ (Yang et al., 2018). Within this range, 
temperature can also affect the MES performance. For example, a mixed 
culture study carried out by Yang et al. (2021) compared the perfor
mance of CO2-fed MES from 10 ℃ to 70 ℃, which showed a slightly 
higher acetate titer of 525.8 ± 1.5 mg L-1 at 25 ◦C compared to the titer 
of 468.5 ± 7.1 mg L-1 at 35 ◦C, yet a higher acetate production rate at 
35 ◦C (49.2 ± 0.5 mg L-1d-1) compared to 25 ◦C (25.3 ± 1.5 mg L-1d-1) 
(Yang et al., 2021). Specifically, the experimental temperatures of 23 ◦C 
and 35 ◦C were interesting based on prior studies and practical consid
erations. While 37 ◦C is reported as the optimal growth temperature for 
E. limosum, 35 ◦C has been widely used in both pure culture studies 
(Flaiz et al., 2024; Shin et al., 2023) and mixed-culture methanol-based 
chain elongation and MES systems (Chen et al., 2017; De Smit et al., 
2019; Rode et al., 1981). On the other hand, 23 ◦C was chosen to 
evaluate system performance under room temperature conditions, of
fering insights relevant to scale-up and environmental variability. The 
partial pressures of H2 (PH2) and CO2 (PCO2) are other key parameters 
that affect microbial metabolism and bioproduction in both gas 
fermentation and MES (Romans-Casas et al., 2024; Skidmore et al., 
2013; Yerushalmi et al., 1985). For instance, increasing the headspace 
pressure in gas fermentation has been shown to improve the gas to liquid 
mass transfer and thus improve the overall production and biomass 
growth (Oswald et al., 2018; Van Hecke et al., 2019). In MES, sustaining 
a PCO2 of 1.5 atm by daily replenishment was an efficient strategy to 
promote selective butyrate production (bringing to a 78 % selectivity on 
a carbon basis) with CO2 as the only carbon source (Romans-Casas et al., 
2024). Lastly, the methanol/CO2 ratios could also potentially affect the 
product spectrum. High ratios could promote production of more 
reduced products over acetate. As reported in a fermentation study by 
Wood et al., (2022) increasing the methanol to formate ratio above five 
(mol/mol) induced the production of butanol by E. limosum. Although 
the influence of the aforementioned process parameters could offer 
valuable insights into the role of methanol and its potential to enhance 
butyrate production, these factors have, to the best of our knowledge, 
not been extensively explored within the context of methanol-assisted 
gas fermentation and microbial electrosynthesis (MES) processes.

Therefore, this study investigated the effects of key operational pa
rameters — temperature, methanol/CO2 ratios, and headspace partial 
pressures — on methanol assisted MES as a basis for process optimiza
tion in terms of production rates, titers and selectivity. Various combi
nations of these operational parameters were first tested under gas 
fermentation conditions in serum flasks fed with methanol and H2/CO2. 
The obtained results were subsequently validated in MES reactors 
operating in fed-batch mode and fed with methanol and CO2 providing 
insights for further steps in process intensification.
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2. Materials and methods

2.1. Inoculum and medium

An Eubacterium sp. dominated mixed culture was obtained from the 
cathodic chamber of a MES reactor (Yao et al., 2024) and used as the 
inoculum in this study. The catholyte from the inoculum reactor was 
added to the fresh biological medium with a 1:10 (v/v) ratio to start the 
experiments. The medium was a phosphate buffered biological medium 
prepared by following the recipe in the supplementary information. 
Before the inoculation, N2 was sparged through the medium to eliminate 
dissolved oxygen.

2.2. Fermentation in serum flasks

The working volume of the serum flask was 40 mL, with an 80 mL 
headspace volume. The effect of operational parameters on fermentative 
carboxylate production from methanol, CO2 and H2 were tested in serum 
flasks in duplicate for seven days (Table 1). Parameters of interest 
included temperature, methanol/CO2 feeding ratios, PH2 and PCO2. The 
initial pH of the fermentation broth was set at 7.2 for all conditions. The 
flasks were sealed and placed under agitation at 120 rpm at either room 
temperature (23 ◦C) or in a temperature-controlled incubator (35 ◦C). 
Different initial methanol/CO2 ratios (from 0.5 to 5) were set by sup
plementing methanol from a stock solution (0.2 to 2.3 mol L-1), every 
two to three days for a total of three additions. A gas mixture of 80 % H2 
and 20 % CO2 was used to sparge the flasks and then to apply pressures 
of either 1, 1.5 or 2 atm. Both liquid and gas samples were collected 
daily, accompanied with sparging the serum flasks for three minutes and 
regulating the headspace pressures via a gas manometer (Leo1 Keller, 
Switzerland).

2.3. MES reactor set-up and operation

Based on fermentation experiment results, two different operational 
parameter combinations were evaluated with the aim of achieving se
lective production of butyrate or acetate in methanol-assisted MES. One 

combination (35 ◦C, atmospheric pressure, and methanol/CO2 ratio of 
3) was aiming for optimal butyrate production (MES-35). Another 
combination (23 ◦C, maximum overpressure of 1.5 atm and ratios 
ranging from 0.3 to 1) was aiming to achieve selective acetate produc
tion (MES-23). As proposed by Yao et al. (2025), the pH in the MES 
experiments was manually adjusted to above 6 using 3 mol L-1 NaOH 
when it fell below 6 to prevent potential inhibition of methanol 
utilization.

To maintain overpressure requirements, two commercial, pressur
izable electrochemical cells (MicroFlowCell, ElectroCell, Denmark) 
were employed to conduct MES-23 experiments. Carbon felt (99 %, 
Fisher scientific, Spain) and a dimensionally stable electrode (DSA-O2) 
with projected surface areas of 10 cm2 each were used as the cathode 
and anode, respectively. The working volumes of the cathode and anode 
chambers were 4 and 3 mL, respectively, separated by a reinforced 
cation exchange membrane (CEM, Nafion N324, USA) (Romans-Casas 
et al., 2024). Both the cathode and anode were connected to their 
respective recirculation bottles through recirculation lines using a 
peristaltic pump (Watson Marlow 205U, UK) with a flow rate of 5.2 mL 
min− 1. Anodic recirculation bottles were open to the ambient atmo
sphere, while the cathodic recirculation bottles were sealed to prevent 
gas leakage (headspace volume of 76 mL). The total volume of both 
catholyte and anolyte was 80 mL. A reference electrode (Ag/AgCl, 
+0.197 V vs. SHE, RE-5B, BASI, USA) was inserted into the anodic 
recirculation line.

The MES-23 experiments lasted for 70 days, during which CO2 was 
sparged through the cathodic recirculation bottles for three minutes 
every two to three days, after which an initial PCO2 of 1.5 atm was set by 
closing the gas outlet. The cells were operated in two-electrode config
uration and in galvanostatic mode by using a potentiostat (VSP, Bio
Logic, France). The applied current density was set to 1.5 mA cm− 2 from 
days 0 to day 43, and 3.0 mA cm− 2 from day 43 to day 70, while cell 
voltage was continuously monitored. The methanol addition ranged 
from 12 mmol per week to 2 mmol per week to maintain methanol/CO2 
ratios between 0.3 and 1.

As the MES-35 experiments did not require overpressure condition, a 
two-chamber flat-plate reactor was used, with a working volume of 23 

Table 1 
Operational parameters tested as fermentation process in shake flasks, and the results obtained for biomass growth (as OD600), net production of acetate and butyrate, 
butyrate selectivity (SB) and carbon conversion efficiency (CCE). All the runs were run as duplicates for seven days.

Operation conditions Results

T (℃) p (atm) Methanol/ CO2 ratio OD600 (nm) Acetate produced (mmol-C) Butyrate produced 
(mmol-C)

SB (%) CCE (%)

23 1 0.5 2.1 ± 0.2 3.09 ± 0.77 0.32 ± 0.32* 7.1 ± 7.1* 77.6 ± 4.3
1 2.2 ± 0.4 2.66 ± 0.24 0.15 ± 0.15* 4.8 ± 4.8* 52.1 ± 3.9
3 1.9 ± 0.2 3.99 ± 0.60 0.11 ± 0.11* 2.4 ± 2.4* 63.6 ± 7.8
5 1.3 ± 0.2 2.45 ± 0.91 − − 23.2 ± 11.3

1.5 0.5 1.3 ± 0.1 3.93 ± 0.05 − − 67.7 ± 4.4
1 1.4 ± 0.2 2.87 ± 2.20 − − 33.0 ± 22.5
3 1.2 ± 0.2 3.76 ± 0.31 0.02 ± 0.02* 0.6 ± 0.6* 23.8 ± 4.6
5 1.0 ± 0.3 3.03 ± 0.27 − − 22.4 ± 5.2

2 0.5 2.2 ± 0.1 5.42 ± 0.24 0.10 ± 0.03 1.8 ± 0.6 61.6 ± 0.8
1 0.8 ± 0.0 2.69 ± 0.53 − − 40.8 ± 2.3
3 2.3 ± 0.1 5.75 ± 0.12 0.08 ± 0.06 1.5 ± 1 27.7 ± 1.9
5 2.4 ± 0.0 5.95 ± 0.30 0.12 ± 0.04 2.0 ± 0.6 18.2 ± 1.7

35 1 0.5 2.3 ± 0.4 3.79 ± 0.03 0.81 ± 0.20 17.5 ± 3.5 96.1 ± 13.1
1 3.4 ± 0.5 2.94 ± 1.03 1.03 ± 0.31 25.5 ± 6.1 58.3 ± 9.2
3 3.0 ± 0.4 3.11 ± 2.61 2.61 ± 0.09 45.7 ± 3.7 62.5 ± 0.8
5 2.4 ± 0.3 2.82 ± 2.42 2.42 ± 0.38 46.0 ± 5.5 46.3 ± 10.1

1.5 0.5 2.6 ± 0.3 3.30 ± 0.27 2.53 ± 0.13 43.4 ± 0.7 56.5 ± 3.5
1 3.0 ± 0.0 3.88 ± 0.86 3.10 ± 0.22 45.0 ± 3.8 52.1 ± 2.2
3 2.7 ± 0.3 3.61 ± 0.33 3.45 ± 0.33 48.9 ± 0.1 32.3 ± 4.1
5 2.8 ± 0.1 4.31 ± 0.20 3.16 ± 0.30 42.2 ± 1.2 27.4 ± 1.1

2 0.5 2.0 ± 0.1 6.23 ± 0.21 1.29 ± 0.52 16.9 ± 6.2 61.9 ± 0.4
1 2.6 ± 0.0 5.48 ± 0.24 1.82 ± 0.27 25.0 ± 3.6 45.3 ± 2.7
3 3.5 ± 0.1 5.17 ± 0.34 2.21 ± 0.35 29.7 ± 2.0 33.1 ± 0.6
5 2.9 ± 0.03 3.93 ± 0.59 2.51 ± 1.62 35.8 ± 19.4 20.7 ± 5.1

Symbol * denotes only one of the duplicates produced butyrate.

H. Yao et al.                                                                                                                                                                                                                                     Bioresource Technology 437 (2025) 133150 

3 



mL in each chamber. The chambers were separated by a cation exchange 
membrane (CXM-200, Membrane International, USA), with an active 
surface area of 20 cm2. The cell was operated under galvanostatic mode, 
controlled by a potentiostat (VMP3, BioLogic, France). A platinum wire 
(0.4 mm, 99.95 %, Advent Research Materials, UK) was used as the 
anode electrode. Graphite felt (99.9 %, Thermo Scientific, USA) was 
pierced by stainless steel wire (current collector) and placed in the 
center of the cathodic chamber as the cathode (projected surface area of 
20 cm2). The electrodes and membrane were placed tightly to reduce 
energy losses due to internal resistance. A reference electrode 
(SE11NSK7, Sensortechnik Meinsberg, Germany) was integrated into 
the cathodic recirculation line close to the outlet (ca. 10 cm) of the 
cathode chamber via a sealed glass vial. The total volume of catholyte 
and anolyte were 360 mL and 200 mL, respectively. Each chamber was 
connected to a recirculation bottle, and the electrolytes were circulated 
at a flow rate of 40 mL min− 1 (Masterflex L/S Digital Drive pump). The 
cathodic recirculation bottle was connected to a gas bag to prevent 
overpressures and collect gases, while the anodic recirculation bottles 
were open to ambient conditions.

The MES-35 experiments lasted for 30 days, with gas sparging, 
methanol addition, and sampling occurring three times a week. In order 
to obtain the 80 % H2 and 20 % CO2 headspace gas composition during 
each fed-batch cycle, the cell was operated at a current of − 87 mA (4.4 
mA cm− 2), and CO2 was sparged through the cathodic recirculation 
bottles and collected in the gas bags for ten minutes at a flow rate of 50 
mL min− 1 (F-201CV, Bronkhorst, the Netherlands). The experiments 
were initiated by adding 180 mM methanol to the cell, and methanol 
concentration was maintained at 120 mM for two days and 180 mM for 
the following three days to achieve a target dosing rate of 60 mM d-1, 
thereby sustaining a 3:1 methanol/CO2 ratio (carbon basis) in each fed- 
batch cycle. Residual methanol concentration in the catholyte was 
measured before CO2 sparging, and the required amount was manually 
added to adjust the concentration accordingly. Both liquid and gas 
samples were collected every two to three days.

2.4. Analyses and calculations

Gas and liquid samples were taken two to three days per week. Gas 
pressure was measured with a pressure meter (differential pressure 
gauge, Testo 512, Spain). Gas composition was analyzed by a gas 
chromatograph equipped with a thermal conductivity detector (GC- 
TCD, Shimadzu, Japan) and Agilent J&W packed GC column (2.00 mm 
internal diameter, 1.8 m length) or another GC-TCD (Micro GC 490, 
Agilent Technologies, USA) with two columns: a CP-Molesieve 5A col
umn, and a CP-Poraplot U column. When using gas bags, the gas amount 
was quantified by the water displacement method to measure the gas 
volume inside the bags. The headspace pressure and volume were used 
for calculating gas volumes in fermentation and MES-23 experiments. 
Liquid samples (3 mL) were taken from both cathodic and anodic 
recirculation bottles in MES three times a week or daily for fermentation 
experiments, and analyzed for pH, optical density (OD), and the or
ganics. The pH and OD600 were measured with a pH meter (Basic 20+, 
Crison Instruments, Spain or pH 3320, WTW, Germany) and a spectro
photometer (DR3900, Hach, Germany or UV-1800, Shimadzu, Japan), 
respectively. The remaining samples were filtered (0.2 µm) and analyzed 
by GC equipped with a flame ionization detector (GC-FID, GC 7890 A, 
Agilent Technologies, USA) using a DB-FFAP column or a GC-FID (GC- 
2010, Shimadzu, Japan) with a Zebron column (ZB-WAX plus, 0.25 µm 
diameter, 30 m length). Further details can be found in Romans-Casas 
et al., (2024) and in Yao et al., (2024), respectively.

The selectivity of the compound i was calculated according to Eq. (4): 

Selectivityi =
ni

nsum
× 100 (4) 

where selectivity of compound i is defined as the ratio of amount of 

compound ni and the total amount of organic products nsum in mol-C.
The yield of the compound i was calculated with Eq. (5): 

Yieldi =
ni

n(carbondioxide) + n(methanol)
(5) 

where ni is the amount of compound i in mol-C, n(carbon dioxide) and 
n(methanol) are the amounts of consumed CO2 and methanol in mol-C, 
respectively.

The faradaic efficiency (FE) of the compound i was calculated ac
cording to Eq. (6): 

FEi =
F × ni × zi∫

Idt + F × nMe × zME
× 100 (6) 

where FEi is defined as the ratio of electrons transferred to product i and 
the total electrons provided, zi represent the number of electrons 
transferred to each molecule of the the product i. F is faradaýs constant 
(96485C mol− 1 electron), n is the amount of product i (mol), and І dt is 
the current consumed along the considered time (Ah).

The total carbon conversion efficiency (CCE) was calculated ac
cording to the following Eq. (7): 

CCE =
n(VFAs)

n(carbondioxide) + n(methanol,t1)
× 100 (7) 

where n(VFAs) is the sum of amounts of produced VFAs in mol-C, n(carbon 

dioxide) and n(methanol) are the amounts of consumed CO2 and methanol in 
mol-C, respectively.

Obtained results were compared to test the significance of the dif
ferences obtained from different conditions. was assessed by using t-test 
or one-way analysis of variance (ANOVA) Post Hoc test, where the p <
0.05 was recognized as significant. The data was analyzed using ANOVA 
without the exclusion of outliers. Outliers were identified visually via 
box plots. The robustness of ANOVA ensured that the analysis remains 
valid even in the presence of these extreme values. The analyses were 
carried out in Origin 2024b.

3. Results and discussions

3.1. Methanol and H2/CO2 fermentation with different combinations of 
operational parameters

The fermentation experiments tested 24 different scenarios including 
different combinations of temperature (23℃ and 35℃), headspace 
pressure (1, 1.5, and 2 atm), and methanol/CO2 ratios (0.5, 1, 3 and 5). 
A summary of the operational parameters and results is shown in 
Table 1.

3.1.1. VFA production at different temperatures
Acetate and butyrate were the two main products obtained in all 

fermentation experiments. Values represented correspond to net pro
ductions, calculated considering the concentrations measured at the end 
of each fermentation experiment. At room temperature, acetate was the 
dominant product, with amounts ranging between 2.5 and 6.0 mmol-C 
(Fig. 1.a). Meanwhile, only trace amounts of butyrate were produced 
with a titer not exceeding 0.32 mmol-C (Fig. 1.b). Thus, butyrate 
selectivity (SB) under room temperature was below 10 % for every 
scenario (Table 1). At 35℃, acetate production was in the same range as 
at 23 ℃ (2.7–6.2 mmol-C) and no statistically significant difference was 
observed (p > 0.05). This range reflects the values observed across 
different methanol/CO2 ratios and pressure conditions tested at 35 ◦C, 
while the corresponding average values for each condition are listed in 
Table 1. However, butyrate production was significantly higher at 35℃ 
than at 23℃. Butyrate accumulated to a titer of 0.8–3.5 mmol-C with 
selectivity ranging between 16.9 and 48.9 % (Table 1).

A similar trend has been observed with ethanol assisted chain elon
gation. A study carried out by Ren et al., (2024) compared chain 
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elongation from ethanol and acetate between 25 and 55 ◦C, obtaining 
the highest caproate yield and selectivity at 40 ◦C. In contrast, the lowest 
caproate yield was obtained at 25 and 30 ◦C, where acetate production 
was stimulated (Ren et al., 2024). A reason for such difference was the 
composition of the microbial communities, as the key chain elongator, 
Clostridium kluyveri, was mostly enriched at 40 ◦C (Ren et al., 2024). 
Similarly, the dominant species in the inoculum used in this study, 
E. limosum, likely responsible for methanol utilization and butyrate 
production (Yao et al., 2025), has the optimal growth temperature at 
37 ◦C (Rode et al., 1981).

3.1.2. VFA production at different pressures
As butyrate production mainly occurred at 35 ◦C, the effects of 

headspace pressures on butyrate production are discussed at that tem
perature (Fig. 1.c). As different substrate ratios (0.5, 1, 3, and 5) were 
used, a total of eight results were obtained for each pressure. Higher 
butyrate amounts, in the range of 2.4–3.8 mmol-C, were obtained at a 
headspace pressure of 1.5 atm. At 1 atm, butyrate amounts were in the 
range 0.6–2.8 mmol-C, while at 2 atm they were at 0.8–2.6 mmol-C, 
except at a methanol/CO2 ratio of 5 where 4.1 mmol-C butyrate was 
obtained. In summary, butyrate productions were enhanced when the 
pressure was increased from 1 atm to 1.5 atm. Increasing the pressure 
enhances gas-to-liquid mass transfer and results in a higher solubility of 
gaseous compounds (according to Henry’s law). Thus, the higher the 
PCO2, the higher is the availability of soluble carbon sources. The 
butyrate yields (Fig. 1.d) were similar at 1 and 1.5 atm (0.15–0.29 and 
0.12–0.25 mol-C mol-C-1, respectively), both higher than the 0.08–0.11 
mol-C mol-C-1 observed at 2 atm. Therefore, the higher butyrate 
amounts at 1.5 atm were likely due to the higher carbon availability 
compared to 1 atm, rather than a butyrate yield increase. Further 
increasing pressure (from 1.5 atm to 2 atm) resulted in higher biomass 

formation, as indicated by the increase in average OD600 from 2.0 to 2.4 
(Table 1). However, both butyrate amount and yield decreased, sug
gesting that butyrate production was hindered.

On the other side, pressure increases also affected acetate production 
(see supplementary information). The highest acetate amount of 
2.2–6.2 mmol-C was obtained at 2 atm. At pressures of 1 and 1.5 atm, 
acetate amounts decreased to 1.5–4.6 mmol-C and 0.7–5.1 mmol-C, 
respectively. The differences in acetate and butyrate production be
tween 1.5 and 2 atm suggests elevated pressure may affect metabolism, 
potentially altering carbon fluxes. In addition to altering the product 
spectrum, microbial growth was also affected by the elevated pressures. 
Many studies have shown that the increased pressure resulted in higher 
biomass production (Gaddy, 1997; von Canstein et al., 2008; Wendlandt 
et al., 1993). However, the opposite effect has been observed as well, 
especially with higher pressure compared to values studied in this work. 
For instance, increasing the total pressure from 1 to 7 atm during 
cultivation with H2/CO2 gas mixtures led to a gradual decline in 
C. ljungdahlii biomass formation, likely resulting from the inhibitory 
effects of high PH2 (Oswald et al., 2018).

3.1.3. Butyrate production with different methanol/CO2 ratios
Based on the results obtained, 35 ◦C and atmospheric headspace 

pressure were selected as the optimal conditions for evaluating butyrate 
production under various methanol/CO2 ratios. Under such conditions, 
increasing the methanol/CO2 ratio in the range 0.5 to 3 resulted in 
higher butyrate amounts (Table 1) and yields (Fig. 2). At a methanol/ 
CO2 ratio of 0.5, a relatively low butyrate amount of 0.8 ± 0.2 mmol-C 
and a yield of 0.17 ± 0.06 mol-C mol-C-1 were obtained. When the ratio 
was increased to 1, the butyrate amount increased to 1.0 ± 0.3 mmol-C 
with a yield of 0.15 ± 0.06 mol-C mol-C-1. The highest butyrate pro
duction was obtained at a methanol/CO2 ratio of 3, with the amount of 

Fig. 1. Acetate (a) and butyrate production (b) at different temperatures, including results obtained at different pressure (1, 1.5 and 2 atm) and methanol/CO2 ratio 
(0.5, 1, 3, and 5). Significance of results was tested by ANOVA and t-test. Butyrate amounts (c) and butyrate yields (d) at different pressures in fermentation ex
periments at 35 ◦C. The symbol * represents p < 0.05, symbol ** represents p < 0.005, symbol n.s. represents not significant.
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2.6 ± 0.1 mmol-C and yield of 0.29 ± 0.02 mol-C mol-C-1. However, 
increasing the ratio to 5 did not further increase the butyrate amount 
(2.4 ± 0.4 mmol-C) and resulted in a slightly lower yield of 0.22 ± 0.07 
mol-C mol-C-1. As Wood et al., (2022) suggested, a higher ratio of 
electron donor to electron acceptor promotes the synthesis of more 
reduced compounds in methanol assisted chain elongation. Therefore, 
increasing the ratio from 0.5 to 3 was expected to enhance butyrate 
production. However, a ratio of 5 led to methanol accumulation 
exceeding 250 mM, which could hinder the biomass growth and pro
duction efficiency (Kremp and Müller, 2021). According to Sharak 
Genthner and Bryant, (1987), methanol concentrations above 198 mM 
negatively affect E. limosum growth by increasing the doubling time and 
resulting in a lag phase of 79 h. To summarize, the optimal butyrate 
production was achieved at a temperature of 35 ◦C, atmospheric pres
sure, and a methanol/CO2 ratio of 3.

3.2. Process validation in MES reactors

3.2.1. Acetate as the main product with pressurized conditions at 23◦C
The first experiment in MES reactors aimed at testing methanol 

assisted MES under pressurized condition to target acetate production. 
Thus, based on the batch experiment results, room temperature (23 ◦C) 
was selected. As CO2 was provided in overpressure, thereby increasing 
the solubilized CO2 concentration, maintaining a high methanol/CO2 
ratio could lead to excessive methanol accumulation that could hinder 
microbial growth (Kremp and Müller, 2021). Thus, since no clear 
beneficial effect of high methanol/CO2 ratios on the acetate productivity 
was observed in the incubation at 23 ◦C (Table 1), low methanol/CO2 
ratios (below 1) were used in this test. The two pressurized cells (MES- 
23-R1 and − R2) were initially operated at a constant current density of 

1.5 mA cm− 2 and an addition of 4 mmol methanol three times per week. 
The OD600 sharply increased from 0.04 to 0.17 on day 7 and remained 
between 0.15 and 0.2 until day 42 (see supplementary information). To 
maintain a methanol/CO2 ratio below 1, only 2 mmol of methanol were 
added three time a week from day 7 to 26, resulting in a methanol/CO2 
ratio of ca. 0.9 ± 0.1 which enabled acetate production at rates up to 
0.40 ± 0.04 g L-1 d-1 (37.5 ± 4.0 g m− 2 d− 1) (Table 2). From day 26 
onwards, methanol dosage was further decreased to 2 mmol per week, 
thus decreasing methanol/CO2 ratio to 0.5 ± 0.3. The highest acetate 
titer of 5.8 ± 0.8 g L-1 was achieved on day 33 with a production rate of 
0.47 ± 0.2 g L-1 d-1 (46.8 ± 18.3 g m− 2 d− 1) in MES-23-R1. In MES-23- 
R2, 80 % of the catholyte was replaced with fresh medium on both days 
26 and 35, which resulted in the highest acetate production rate of 0.7 g 
L-1 d-1 (69.4g m− 2 d− 1) between days 35 to 42 (see supplementary 
information).

From day 42 onwards, the current density for both MES cells was 
increased to 3.0 mA cm− 2, resulting in higher H2 accumulation at the 
end of each batch cycle (pressure increased from ca. 0.8 atm to 1.2 atm). 
This led to a higher microbial growth resulting in an OD600 increase from 
0.15 to 0.26 (Table 2). This observation was in line with the results from 
gas fermentation experiments, in which higher microbial growth was 
obtained when applying higher overpressures. The acetate titer 
increased to 8.5 ± 1.1 g L-1 while the acetate production rates remained 
at 0.41 ± 0.04 g L-1 d-1 (41.2 ± 3.5g m− 2 d− 1). In addition to acetate, 
butyrate production was observed throughout the experiments, yet with 
a low production rate (below 0.01 g L-1 d-1) resulting in a titer of only 0.6 
± 0.1 g L-1. Butyrate production was not affected by changes in either 
the applied current or methanol/CO2 ratio.

One of the putative causes for the hindered butyrate production was 
the insufficient methanol utilization. In the MES experiments, methanol 

Fig. 2. Butyrate yield (mol-C mol-C-1) at 35 ◦C at different pressure and methanol/CO2 ratios.

Table 2 
Operational conditions and key performance results for MES-23 reactors.

Main 
Product

Production period 
(days)

Current density (mA 
cm¡2)

Methanol addition 
(mmol/ 
week)

MeOH/CO2 

ratio
Final OD600 

(nm)
Production rate Titer 

(g L-1)
mg L-1d-1 g m¡2 d¡1

Acetate 9–19 (R1) 
14–21(R2)

1.5 6.0 0.9 ± 0.1 0.15 ± 0.01 374.8 ±
39.7

37.5 ± 4.0 5.0 ±
0.3

26–33 (R1,R2) 
35–42 (R2)

1.5 2.0 0.5 ± 0.3 0.18 ± 0.01 467.6 ±
182.7

46.8 ±
18.3

5.6 ±
0.8

44–51 (R1) 
42–47 (R2)

3.0 2.0 0.3 ± 0.1 0.26 ± 0.01 412.7 ±
35.8

41.3 ± 3.6 8.5 ±
1.1

H. Yao et al.                                                                                                                                                                                                                                     Bioresource Technology 437 (2025) 133150 

6 



was utilized at an average rate of 0.17 g L-1 d-1, while a methanol uti
lization rate of 0.32 g L-1 d-1 was obtained in previous experiments in 
MES at 35 ◦C (Yao et al., 2024). A carbon conversion efficiency (CCE) of 
17.9 ± 1.7 % was obtained throughout the MES-23 runs, indicating that 
most of the carbon was not recovered in the products. Several factors 
likely resulted in the low CCE. For example, although the reactor itself 
was designed to handle pressurized condition, the membrane was not 
optimized for pressurized conditions, which likely resulted in the 
leakage of CO2 and methanol (Fang et al., 2024; Koskue et al., 2021).

3.2.2. MES optimization for efficient butyrate production
Based on the results from gas fermentation (section 3.1), comple

mentary MES experiments (MES-35) were conducted at 35℃ and at
mospheric pressure setting methanol/CO2 ratio of 3 aiming for selective 
butyrate production (Fig. 3). Acetate production initiated immediately 
after inoculating the reactors, with a production rate of 0.2 ± 0.1 g L-1 d- 

1 reaching a highest acetate titer of 5.6 ± 1.0 g L-1. Butyrate production 
initiated from day 3 at a production rate of 0.6 ± 0.1 g L-1 d-1 (107.4 ±
19.7g m− 2d− 1), obtaining a titer of 9.2 ± 1.6 g L-1 on day 17 before 
plateauing (Fig. 3). Overall, butyrate was the dominant product with 
75.2 ± 1.1 % selectivity. One of the possible reasons for rather stable 
butyrate concentrations after day 17 of operation was product losses by 
volatilization during CO2 sparging, which was reported in our previous 
work (Yao et al., 2024). The losses became noticeable when the VFAs 
started to accumulate and reached a certain concentration (ca. 8.8 g L-1). 
Additionally, trace amounts of caproate were obtained at the end of the 
experiments, although the final titer remained below 0.3 g L-1.

Each batch cycle was conducted with an average initial methanol/ 
CO2 ratio of 2.9 ± 0.3. In total, 206.5 ± 6.4 mmol-C (6.6 ± 0.2 g) of 
methanol were supplied to the MES cell, 87.8 ± 1.8 % of which (181.3 
± 6.4 mmol-C (5.8 ± 0.2 g)) was consumed. In addition, a total of 88.4 
± 8.4 mmol-C (3.9 ± 0.4 g) of CO2 was utilized throughout the exper
iments. The average methanol consumption rate was 18.0 ± 0.6 mM d-1 

(0.58 ± 0.02 g L-1 d-1), which was 1.7-fold higher than our previous 
study (0.32 g L-1 d-1) (Yao et al., 2024). Compared to the previous study, 
where methanol/CO2 ratio averaged 0.33, this study assessed a ratio of 
3, which promoted butyrate production and resulted in the due to the 
higher availability of reducing equivalents.

Methanol and the cathode electrode were the two electron donors, 
which collectively provided 3254.5 ± 37.8 mmol equivalents of 

electrons. Out of these, 42.9 ± 1.9 % were recovered as H2, 17.9 ± 0.7 % 
were recovered as butyrate and 6.7 ± 1.0 % were recovered as acetate. 
In summary, a carbon conversion efficiency of 64.0 ± 5.8 % and a 
faradaic efficiency of 67.6 ± 3.5 % were obtained (see supplementary 
information), suggesting further optimization of electron utilization 
should be done. For example, addition of exogenous electron mediators 
to improve the electron transfer (Yu et al., 2025), cathode development 
to enhance the H2 utilization and thus the biofilm formation (Li et al., 
2024b), and reactor design development (Cabau-Peinado et al., 2024) 
have the potential to improve the faradaic efficiency in MES studies. It is 
worth mentioning that product losses due to volatilization during gas 
sparging were not included in the carbon and faradaic efficiency cal
culations. The OD600 of the catholyte at the end of the experiments was 
only 0.2 (see supplementary information), suggesting that carbon 
sources were directed to the products, rather than biomass. The butyrate 
yield obtained was 0.58 ± 0.01 mol-C mol-C-1, indicating a ca. 2-fold 
enhancement compared to the highest results obtained in serum flasks 
(0.29 ± 0.02 mol-C mol-C-1).

The highest butyrate production rate obtained in this study, 0.6 g L-1 

d-1 (107.4 g m− 2 d− 1) is close to the highest butyrate production re
ported from CO2 in MES studies (Fig. 4.a). Several studies have 
demonstrated the production of butyrate with only CO2 supply, 
although direct elongation of CO2 to butyrate has not been proven. For 
example, Jourdin and his co-workers (Jourdin et al., 2019) achieved a 
high butyrate production rate of 0.7 ± 0.2 g L-1 d-1(125 ± 44.9 g m− 2 

d− 1) by increasing the CO2 loading rate (173 L d-1) and high hydraulic 
retention time (14 d) in continuous feeding mode, which is the highest 
butyrate production rate reported so far in MES. The high CO2 loading 
rate provided excessive amount of carbon for carboxylates production 
(less than 1 % of the provided carbon was utilized), while the long HRT 
enabled sufficient time for elongating acetate to butyrate (Jourdin et al., 
2019). Raes et al., (2017) added acetate as a co-substrate with CO2 to 
facilitate butyrate formation in MES, obtaining a butyrate production 
rate of 0.54 g L-1 d-1. Both studies stated that the most-likely chain 
elongation route was through ethanol formation, although ethanol was 
not observed as it was simultaneously produced and consumed.

As suggested by Izadi et al. (2021), butyrate production in MES often 
requires an additional electron donor apart from H2. One effective 
strategy to enhance butyrate production is to promote solventogenesis, 
thereby increasing the ethanol production in MES. Generally, low pH 
(below 5) and high PH2 (over 1 atm) are favorable for solventogenesis 
(Romans-Casas et al., 2023). These strategies have been applied in MES 
to enhance the in-situ ethanol production (Romans-Casas et al., 2024; 
Vassilev et al., 2019), achieving butyrate production rates of 0.18 g L-1 d- 

1 (14.4 g m− 2 d− 1) (Romans-Casas et al., 2024). Other approaches were 
based on supplying exogenous electron donors, such as ethanol (Izadi 
et al., 2021; Jiang et al., 2020), formate (Izadi et al., 2021), lactate 
(Zhang et al., 2023) or methanol (Yao et al., 2024) to support butyrate 
production in MES. Out of them, ethanol and methanol possess the 
highest reducing power (degree of reduction 6) compared to formate (1) 
and lactate (4). Ethanol driven butyrate production in MES was obtained 
by Zhang et al., (2023), with a butyrate production rate of 0.44 g L-1 d-1 

(44.0 g m− 2 d− 1) by adding 5 g L-1 of ethanol at the beginning of the 
experiment. In the same study, butyrate production rate further 
increased to 0.9 g L-1 d-1 (90.0 g m− 2 d− 1) with the addition of both 
ethanol and lactate (5 g L-1 each). Compared to Zhang et al. (2023), 
similar butyrate production rate of 0.6 g L-1 d-1 (107.4 g m− 2 d− 1) was 
obtained in this study by adding similar amounts of methanol (4.6 g L-1 

of methanol). Compared to our previous study, in which methanol/CO2 
ratios of around 1 were utilized, the butyrate production rate improved 
by 1.5-fold (as volumetric production rate) or 3.4-fold (normalized to 
the electrode surface) (Yao et al., 2024). Methanol/CO2 ratio of 3, pH of 
6 (Yao et al., 2025), atmospheric pressure, and 35℃ temperature should 
be set to enhance butyrate production rate in methanol-assisted MES.

The butyrate selectivity of ca. 80 % achieved in this study with 
methanol assisted MES is in line with the selectivity obtained in ethanol 

Fig. 3. VFAs and methanol concentrations throughout the MES-35 experi
ments. Error bars show the standard deviation of duplicate results. Two data 
points per day represent measurements taken before and after CO2 sparging. 
Differences between the two may result from partial loss of volatile fatty acids 
during sparging, particularly at higher butyrate concentrations.
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assisted MES (Fig. 4, b). However, the highest reported butyrate selec
tivity in MES (95 %) was obtained with only CO2 feeding (Tahir et al., 
2021). The butyrate selectivity increased from 37 % with unmodified 
carbon felt to 95 % with the nickel ferrite-coated carbon felt, which 
suggests that integrating advanced electrode designs with methanol- 
assisted MES has the potential to further enhance butyrate selectivity 
while maintaining high production rates.

The two MES validations demonstrated different product spectra in 
methanol assisted MES. Future studies should focus on microbial com
munity profiling and employ bioinformatics tools, including tran
scriptomics, metabolomics, and proteomics to better understand the 
metabolic changes driving these shifts in product distribution.

4. Conclusions

In this study, the effects of different operational parameter combi
nations on methanol assisted butyrate production via gas fermentation 
and MES were studied. In gas fermentation experiments, a maximum 
butyrate yield of 0.29 mol-C mol-C-1 was obtained at 35 ◦C, 1 atm 
headspace pressure and a methanol/CO2 ratio of 3. This combination 
was further validated in fed-batch MES system, obtaining a butyrate 
production rate of 107.4 ± 19.7 g m− 2 d− 1, with 75.2 ± 1.1 % selec
tivity. The high methanol/CO2 ratio enabled efficient methanol utili
zation at a rate of 0.58 ± 0.02 g L-1 d-1 and achieved a carbon conversion 
efficiency of 64.0 ± 5.8 % and faradaic efficiency of 67.6 ± 3.5 %. In 
summary, a high-rate butyrate production in methanol assisted MES 
while maintaining high butyrate selectivity was obtained by increasing 
the methanol/CO2 ratio. However, excessive methanol concentration in 
the catholyte (above 250 mM) may hinder the butyrate producing mi
crobial community.
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from the AGAUR–ICREA Acadèmia Programme, supported by the 
Department of Research and Universities of the Government of Cata
lonia. LEQUIA has been recognized as “consolidated research group” 
(Ref. 2021 SGR01352) by the Catalan Agency of Research and Univer
sities. P.D. acknowledges the support from the project RESTART, funded 
through the “Dipartimenti di Eccellenza 2023-2027” initiative of the 
Italian Ministry of University and Research.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.biortech.2025.133150.

Data availability

Data will be made available on request.

References

Joyia, A.K., M., Ahmad, M., Chen, Y.-F., Mustaqeem, M., Ali, A., Abbas, A., Ashraf 
Gondal, M.,, 2024. Trends and advances in sustainable bioethanol production 
technologies from first to fourth generation: a critical review. Energ. Conver. 
Manage. 321, 119037. https://doi.org/10.1016/j.enconman.2024.119037.

Ale Enriquez, F., Ahring, B.K., 2023. Strategies to overcome mass transfer limitations of 
hydrogen during anaerobic gaseous fermentations: a comprehensive review. 
Bioresour. Technol. 377, 128948. https://doi.org/10.1016/j.biortech.2023.128948.

Appel, A.M., Bercaw, J.E., Bocarsly, A.B., Dobbek, H., DuBois, D.L., Dupuis, M., Ferry, J. 
G., Fujita, E., Hille, R., Kenis, P.J.A., Kerfeld, C.A., Morris, R.H., Peden, C.H.F., 
Portis, A.R., Ragsdale, S.W., Rauchfuss, T.B., Reek, J.N.H., Seefeldt, L.C., Thauer, R. 
K., Waldrop, G.L., 2013. Frontiers, Opportunities, and challenges in Biochemical and 
Chemical Catalysis of CO2 Fixation. Chem. Rev. 113, 6621–6658. https://doi.org/ 
10.1021/cr300463y.
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Boosting ethanol production rates from carbon dioxide in MES cells under optimal 
solventogenic conditions. Sci. Total Environ. 856, 159124. https://doi.org/10.1016/ 
j.scitotenv.2022.159124.

Sharak Genthner, B.R., Bryant, M.P., 1987. Additional characteristics of one-carbon- 
compound utilization by Eubacterium limosum and Acetobacterium woodii. Appl. 
Environ. Microbiol. 53, 471–476.

Shin, J., Bae, J., Lee, H., Kang, S., Jin, S., Song, Y., Cho, S., Cho, B.-K., 2023. Genome- 
wide CRISPRi screen identifies enhanced autolithotrophic phenotypes in acetogenic 
bacterium Eubacterium limosum. Proc. Natl. Acad. Sci. 120, e2216244120. https:// 
doi.org/10.1073/pnas.2216244120.

Skidmore, B.E., Baker, R.A., Banjade, D.R., Bray, J.M., Tree, D.R., Lewis, R.S., 2013. 
Syngas fermentation to biofuels: Effects of hydrogen partial pressure on hydrogenase 
efficiency. Biomass Bioenergy 55, 156–162. https://doi.org/10.1016/j. 
biombioe.2013.01.034.

Tabibian, S.S., Sharifzadeh, M., 2023. Statistical and analytical investigation of methanol 
applications, production technologies, value-chain and economy with a special focus 
on renewable methanol. Renew. Sustain. Energy Rev. 179, 113281. https://doi.org/ 
10.1016/j.rser.2023.113281.

Tahir, K., Miran, W., Jang, J., Woo, S.H., Lee, D.S., 2021. Enhanced product selectivity in 
the microbial electrosynthesis of butyrate using a nickel ferrite-coated biocathode. 
Environ. Res. 196, 110907. https://doi.org/10.1016/j.envres.2021.110907.

Taylor, I.J., Senior, P.J., 1978. Single cell proteins: a new source of animal feeds. 
Endeavour 2, 31–34. https://doi.org/10.1016/0160-9327(78)90031-5.

Van Hecke, W., Bockrath, R., De Wever, H., 2019. Effects of moderately elevated pressure 
on gas fermentation processes. Bioresour. Technol. 293, 122129. https://doi.org/ 
10.1016/j.biortech.2019.122129.

Varela, H., Paredes-Salazar, E.A., Lima, F.H.B., Eid, K., 2024. Renewable methanol and 
the energy challenge: The role of electrocatalysis. Current Opinion in 
Electrochemistry 46, 101539. https://doi.org/10.1016/j.coelec.2024.101539.

Vassilev, I., Hernandez, P.A., Batlle-Vilanova, P., Freguia, S., Krömer, J.O., Keller, J., 
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