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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Repeated batch and continuous feeding 
strategies were compared using mixed 
cultures.

• Repeated batch CEF favored propionate 
and butyrate production.

• CEF achieved 2.5 × higher propionate 
production rates than the control.

• Clostridium genera played a pivotal role 
in xylose CEF.
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A B S T R A C T

Xylose fermentation is sometimes hindered by unbalanced redox states, limiting its efficiency in industrial 
biotechnology applications. Recent advancements in cathodic electro-fermentation (CEF) technologies have 
addressed this issue by regulating the metabolic states of microorganisms and modulating intercellular electron 
transfer using a cathode electrode. However, the feasibility of mixed culture CEF using xylose as the feedstock 
has not been studied. This study investigated feeding strategies in mixed culture CEF systems to enhance the 
production rates and yields of carboxylic acids, namely propionate and butyrate, using xylose as the substrate 
over runs lasting ca. 25 days. The results compared the repeated batch and continuous cathodic electro- 
fermentation systems (poised cathode potential − 0.40 V vs. standard hydrogen electrode) and analyzed their 
microbial community compositions. The repeated batch CEF systems demonstrated rapid and consistent steered 
metabolism towards propionate and butyrate, achieving higher yields for propionate (1.57-fold) and butyrate 
(1.64-fold) compared to the open-circuit controls. In contrast, continuous systems did not exhibit cathode- 
assisted metabolism. The microbial community analyses suggested that Clostridium, in both biofilm and plank
tonic cells, played a pivotal role in cathodic xylose electro-fermentation. These findings highlight the potential of 
repeated batch CEF systems for enhancing carboxylic acid production.

* Corresponding author.
E-mail address: marika.kokko@tuni.fi (M. Kokko). 

Contents lists available at ScienceDirect

Bioresource Technology

journal homepage: www.elsevier.com/locate/biortech

https://doi.org/10.1016/j.biortech.2025.132787
Received 7 March 2025; Received in revised form 30 May 2025; Accepted 7 June 2025  

Bioresource Technology 434 (2025) 132787 

Available online 8 June 2025 
0960-8524/© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0002-0343-7393
https://orcid.org/0000-0002-0343-7393
https://orcid.org/0000-0002-5678-3361
https://orcid.org/0000-0002-5678-3361
https://orcid.org/0000-0002-7318-2955
https://orcid.org/0000-0002-7318-2955
https://orcid.org/0000-0003-4517-1148
https://orcid.org/0000-0003-4517-1148
https://orcid.org/0000-0002-2208-8803
https://orcid.org/0000-0002-2208-8803
mailto:marika.kokko@tuni.fi
www.sciencedirect.com/science/journal/09608524
https://www.elsevier.com/locate/biortech
https://doi.org/10.1016/j.biortech.2025.132787
https://doi.org/10.1016/j.biortech.2025.132787
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biortech.2025.132787&domain=pdf
http://creativecommons.org/licenses/by/4.0/


1. Background

The expansion of the agriculture and forestry industry generated 
approximately 2.5 million tonnes of waste (CO2-eq) in 2021 (FAO-UN, 
2021). Conventional methods for waste management in these fields, e. 
g., physical, chemical, and biological processes, need up-to-date tech
nological advancements to integrate with circular economy practices 
(Demirbas, 2011). For example, lignocellulosic material recovered from 
forest industry waste has shown broad applications in industrial bio
refineries for food additives and biochemical productions (Nanda et al., 
2015; Ponnusamy et al., 2019). Modern fermentation technology plays a 
key role in many industrial biorefineries, featuring microorganisms 
forming oxidized and reduced compounds by achieving their metabolic 
balances under energy-controlled conditions (Moscoviz et al., 2018; 
Octave and Thomas, 2009; Trchounian and Trchounian, 2019).

D-xylose (C5H10O5), a sugar obtained from lignocellulosic waste, can 
serve as a valuable raw material for fermentation processes. Xylose 
fermentation is an environment-friendly approach for biorefining value- 
added chemicals, e.g., ethanol, 1,4-butanediol, 1,2,4-butanetriol, 
ethylene glycol, glycolate, xylitol, and succinate (Cirino et al., 2006; Liu 
et al., 2012; Zhang et al., 2016a; Zhang et al., 2016b; Zhao et al., 2020). 
However, pure culture xylose fermentation is frequently constrained by 
unbalanced metabolic redox states primarily due to lower energy yields 
(e.g., ATP) compared to glucose fermentation. Many bacterial candi
dates require genetic modifications to enable or enhance xylose uptake 
and utilisation, limiting their practical application in industrial pro
cesses (Domingues et al., 2021; Gu et al., 2010; Jeffries, 1983; Zhao 
et al., 2020). Both native and engineered cultures for xylose fermenta
tion have encountered bottlenecks such as by-product accumulation and 
increased susceptibility to environmental stressors (Guan et al., 2017). 
Alternatively, mixed culture xylose fermentation has been explored, 
offering robustness, energy conservation, and cost-effective solutions for 
the sustainable production of biofuels and biochemicals (Khedkar et al., 
2024; Temudo et al., 2009).

In mixed culture fermentation, dynamic metabolic redox states and 
complex interspecies relations lead to a diverse spectrum of metabolic 
products, e.g., organic acids (e.g., acetate, propionate, butyrate, lactate, 
succinate, and caproate) and solvents (e.g., ethanol, butanol, and 
acetone) (Dai et al., 2017). One innovative approach to enhance pro
duction yields and titers of the desired products in conventional mixed 
culture fermentation is to use cathodic electro-fermentation (CEF) sys
tems (Moscoviz et al., 2016; Schievano et al., 2016; Vassilev et al., 2021; 
Virdis et al., 2022). In CEF, the cathode electrode has been suggested to 
assist in controlling the extracellular oxidation–reduction potential 
(ORP) in the fermentation broth or serves as an electron donor to steer 
the microbial metabolism towards the production of cellular reducing 
equivalents (Moscoviz et al., 2016; Virdis et al., 2022).

Many mixed culture CEF studies have focused on enhancing glucose 
fermentation due to its rapid ATP generation, high metabolic rates, and 
wide range of metabolic end products produced by various microor
ganisms. For example, glucose-fed mixed culture CEF notably enhanced 
production share of butyrate by approximately 1.57-fold, and ethanol by 
1.8-fold, compared to open circuit voltage (OCV) conditions (Toledo- 
Alarcón et al., 2019). Similarly, n-butyrate production was enhanced by 
almost 8-fold when using neutral red as a mediator in glucose-fed mixed 
culture CEF (Paiano et al., 2019). Additionally, acetate also exhibited 
responses to the cathode, with 55 % enhanced production under the 
cathodic potential of − 0.8 V vs. standard hydrogen electrode (SHE, 
Jiang et al., 2018). On the other hand, for xylose, the second most 
abundant sugar after glucose, its potential in mixed culture electro- 
fermentation (EF) systems remains unexplored. Studies revealed that 
xylose-fed CEF with Clostridium autoethanogenum redirected the meta
bolic pathways towards acetate and ethanol (Martínez-Ruano et al., 
2024). As a state-of-the-art approach for optimizing mixed culture 
xylose fermentation, CEF offers improved control over metabolic path
ways and enhances the production of valuable biochemicals.

A large fraction of CEF studies have been conducted in batch- 
operated systems with simplified reactor configurations. Nevertheless, 
batch-operated mixed culture CEF systems face several challenges, 
including nutrient depletion, end-product inhibition, limited control of 
biomass growth over long-term operation and restricted scalability 
(Cinar et al., 2003). Advanced feeding strategies, i.e., repeated batch 
and continuous feeding, can provide better pH control and prevent 
nutrient depletion and by-product inhibition (Cinar et al., 2003; Lee 
et al., 1999; Li et al., 2014). Studies related to non-hydrogen-driven 
mixed culture CEF systems operated under repeated substrate feeding 
cycles have reported that the poised cathodic potential enhanced buty
rate production during the second feeding cycle (Paiano et al., 2019) and 
enhanced hydrogen and methane production for approximately 70 days 
with 15 feeding cycles with cathode potential adjusted to − 0.80 V vs. 
SHE (Jiang et al., 2018). However, limited data is available to determine 
whether the poised cathodic potential can steer the production of car
boxylic acids under repeated batch or continuous feeding. Therefore, 
investigating CEF systems operated under repeated batch and contin
uous xylose feeding schemes enables precise monitoring of cathode- 
assisted metabolism. Such evaluations are crucial for scaling up and 
advancing sustainable industrial biochemical processes.

This study investigated the potential of xylose-based carboxylic acids 
fermentation processes in mixed culture CEF systems for enhancing 
propionate and butyrate production. The potential application of CEF 
systems with the repeated batch and the continuous operation modes for 
uninterrupted steered propionate and butyrate production was evalu
ated. Furthermore, microbial community compositions in both plank
tonic and biofilm samples were characterized, and prospective 
integration of mixed culture CEF systems with optimized feeding stra
tegies was discussed, providing a roadmap for enhancing product yields 
for the green chemicals production.

2. Materials and methods

2.1. Inoculum

Digested municipal sewage sludge, collected from the Viinikanlahti 
wastewater treatment plant (Tampere, Finland) was stored at 4 ◦C and 
used as the inoculum for all the experiments. Before initiating the 
electro-fermentation process, 5 mL (1.6 %, v/v) and 20 mL (6.3 %, v/v) 
of the sewage sludge was added to repeated batch and continuous ex
periments, respectively.

2.2. Bioelectrochemical reactor setup

The bioelectrochemical experiments were conducted using 300 mL 
H-type borosilicate reactors (Adams and Chittenden Scientific Glass, 
USA) and a three-electrode setup akin to the previous study (Sun et al., 
2023). In brief, the cathode (working electrode) and anode (counter 
electrode) were made of carbon felt (17.9 cm2 projected surface area, 
1.1 cm thickness, Alfa Aesar, USA) wrapped around a graphite rod (15 
cm × 3 mm, Sigma Aldrich, USA) and a platinum wire (10 cm × 0.4 mm, 
Advent Research Material Ltd, UK), respectively. A cation exchange 
membrane (19.6 cm2 projected surface area, CMI-7000, Membranes 
International Inc. USA) was placed between the anodic and the cathodic 
chambers. A multichannel potentiostat (VMP3, BioLogic, France) was 
used to record the open-circuit voltage or to set the cathode potential to 
− 0.60 V against an Ag/AgCl KClsat reference electrode (Xylem Analytics, 
Germany), corresponding to − 0.40 V relative to the SHE, based on a 
previous mediator-less CEF study (Engel et al., 2019). All the potentials 
are herein reported vs. SHE (− 0.197 V vs. Ag/AgCl KClsat). The OCV was 
set to record every 0.01 V potential change (dER, Erange = -10 V; 10 V) 
with 60-second intervals (dtR). The cathodic chamber was sealed with 
generic acrylic glass (Ø 30 mm, 3 mm thickness) for repeated batch 
control experiments and otherwise shared the same configuration as the 
cathodic chamber in bioelectrochemical reactors (Fig. S1).
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An aqueous phosphate buffer solution was used as the anolyte and 
contained (g/L): K2HPO4 (10.1), KH2PO4 (3.7), and NH4Cl (3.0). The 
fermentation broth (catholyte) contained K2HPO4 (10.1), KH2PO4 (3.7), 
NH4Cl (3.0), xylose (1.5–5.0), yeast extract (1.0), sodium 2-bromoetha
nesulfonate (2.1), MgSO4⋅7H2O (0.02), CaCl2(0.015), 1.0 mL of vitamin 
solution and 10.0 mL of trace elements solution (Table S1; Table S2).

2.3. Bioelectrochemical reactor operation

Repeated batch and continuous systems were tested during the ex
periments. Table 1 shows the key parameters of reactors with two 
feeding modes used in this study. During operation, anaerobic condi
tions in the cathodic chamber were maintained by continuously purging 
the medium with N2 gas with ca. 10 mL/min through a peristaltic tube 
(L/S 16, Masterflex, USA). Liquid samples were taken three times per 
week (repeated batch) or daily (continuous) from the cathodic chambers 
of the reactor. In repeated batch systems, 100 mL of catholyte was 
manually removed with 50 mL syringes at each sampling point. For 
continuous systems, the fresh medium was fed to the cathodic chamber 
after 14.3 h from start-up using peristaltic pumps (Ismatec ISM834C 
Reglo Digital, VWR, USA) at a 0.20 mL/min flow rate. The effluent of the 
continuous system was collected and weighed regularly to verify the 
hydraulic retention time (HRT).

2.4. Cyclic voltammetry

Cyclic voltammetry (CV) was performed as a separate experiment 
with the same three-electrode setup to characterize the electrode ma
terial. The cathodic and anodic chambers of the H-type reactors were 
filled with the same fermentation broth and phosphate buffer solutions, 
respectively, and used for all experiments. Current profiles were recor
ded by scanning the cathode potential at a scan rate of 0.10 mV/s within 
a potential window from 0.20 to − 0.90 V vs. SHE to measure oxidation 
and reduction reactions of the solution. During the measurements, the 
temperature was controlled at 35 ◦C and stirring was switched off. Three 
cycles (repeats) were recorded at each CV measurement.

2.5. Analyses and calculations

The pH was measured using a pH meter (3110, WTW, Germany) and 
adjusted to 6.3 ± 0.1 using 1 M NaOH at each sampling point. Cell 
density was analyzed photometrically using a spectrophotometer (UV- 
1800, Shimadzu, Japan) with absorbance at 600 nm wavelength. Sam
ples were filtered through 0.2 µm syringe filters (CHROMAFIL® Xtra 
PET-45/25, Germany) for the analysis of xylose, carboxylic acids, and 
alcohols. The concentrations of xylose were determined using high- 
performance liquid chromatography (HPLC SIL-20, Shimadzu, Japan) 
equipped with a refractive index (RI) detector and a sugar column 
(Rezex™ RHM-Monosaccharide H+, 300 × 7.80 mm) operated under 
the following conditions: column temperature of 40 ◦C, injection volume 
of 15 µL, 10 mM sulfuric acid mobile phase at 0.50 mL/min flow rate 
with 30 min retention time. Concentrations of carboxylic acids and al
cohols (acetate, ethanol, propionate, butyrate, isobutyrate, caproate) 

were determined using gas chromatography (Shimadzu GC-2010) with a 
column (Zebron ZB-WAX Plus, Phenomenex, USA), a flame ionization 
detector (FID) and helium as a carrier gas operated under the following 
conditions: flow rate of 84.4 mL/min, injector and detector tempera
tures of 250 ◦C, and the column temperature was first kept at 40 ◦C for 2 
min, increased to 160 ◦C min at a rate of 20 ◦C/min, and further 
increased to 220 ◦C with a rate of 40 ◦C/min.

The electrons transferred from the cathode during the electro- 
fermentation were calculated using a method similar to that described 
previously (Sun et al., 2023), i.e., the recorded current at each time point 
was multiplied by the time difference to the previous point (1 A s = 1 
Coulomb (C)) and Faraday constant (96485.33 C/mol) was introduced 
to convert the value into mol electrons. Data of all time points were 
added to give the total mol of electrons, and the xylose concentrations 
plus the reactor volume were considered during the calculations. The 
average current densities were calculated based on total charge trans
ferred (Q-Q0) divided by electrode’s projected surface area (17.9 cm2) 
and operation time. The yield coefficients of quantified products were 
determined as the slope of plots of mol product versus total mol xylose 
consumed. The carbon balance (CB) was calculated for each measuring 
point using the equation below: 

CB(%) =
[
∑

i(mi • ni)t ]

[
∑

i(mi • ni)t0 ]
× 100 

where mi is the absolute amount (mmol) of compound i at a specific time 
t; ni is the number of carbon atoms of compound i. Time t0 denotes the 
point of inoculation. The redox balance (RB) was calculated for each 
measuring point using the equation below: 

RB(%) =
[
∑

i(mi • ni • γ)t + ecathode(t)]
[
∑

i(mi • ni • γ)t0 + ecathode(t0)]
× 100 

where ecathode(t) is the mmol of electrons donated by the cathode at 
specific time t and t0 initial 0 h. The degree of reduction (γ) of the 
respective chemical with the elemental composition CaHbOcNd was 
calculated based on the equation below: 

γ =
a × 4 + b × 1 + c × ( − 2) + d × (− 3)

a 

The carbon and redox balance calculations did not consider any 
biomass and gas production (e.g., CO2 and H2) due to the continuous N2 
sparging in all systems.

2.6. Characterization of the microbiome

Planktonic cells and biofilm samples were collected from the 
cathodic chamber, including 40 mL of fermentation broth of the 
repeated batch reactor after 165 h and 641 h, 40 mL of fermentation 
broth and biofilm sample from the cathode electrode of the continuous 
experiment after 213 h. The electrode material samples were soaked in 
35 mL of phosphate buffer solution and ultrasonicated for 15 min (USC 
300 T, VWR, USA). The planktonic cells and biofilm samples were 
centrifuged (8000 rpm, 10 min) to remove the supernatant, and the 
pellets were resuspended in 1 mL of the phosphate buffer solution. The 
samples were stored at − 80 ℃ and thawed at room temperature before 
the DNA extraction. The DNA extraction was performed using the 
DNeasy PowerSoil Pro Kit (Qiagen, Germany) in accordance with the 
manufacturer’s protocol, and the DNA concentrations were measured 
using a spectrophotometer (NanoDrop™ 1000, Thermo Fisher Scienti
fic, USA).

The DNA samples were sequenced using the Illumina NovaSeq PE250 
platform (Illumina, USA) at a depth of 50 K reads (Biomarker Technol
ogies, Germany). For sequencing, the V3–V4 region of the 16S rRNA 
gene was PCR-amplified using the primer pair 341F/806R (5′-3′ 
sequence: ACTCCTACGGGAGGCAGCA / GGACTACHVGGGTWTC
TAAT). The basic bioinformatic analyses were done by Biomarker 

Table 1 
Parameters tested in the repeated batch and continuous BES reactors.

Operation 
mode

Run 
time 
(d)

Starting xylose 
concentration 
(g/L)

Feeding 
strategy

HRT 
(d)

Organic 
loading 
rate (g/L/ 
d)

Repeated 
batch

25.6 5 Replaced 100 
mL 3 times 
per week

7.5 d 0.4

Continuous 8.9 1.5 Continuous 
feeding at 0.2 
mL/min

1.1 d 1.4
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Technologies (Germany), including raw read trimming using Trimmo
matic (v0.33) (Bolger et al., 2014), primer sequence removal using 
Cutadapt (v1.9.1) (Martin, 2011), paired-end read assembly using 
Usearch (v10) (Edgar, 2010), chimeric sequence removal using UCHIME 
(Edgar et al., 2011), and sequence denoising to generate amplicon 
sequence variants (ASV) using the DADA2 method (Callahan et al., 
2016) in QIIME2 (Bolyen et al., 2019). Taxonomic annotation of the 
ASVs was conducted using the Naive Bayes classifier-based method 
(classify-sklearn in QIIME) against Silva 138 database (Quast et al., 
2013). Coverage ranged from 0.999 to 1 in each library, confirming that 
sequence variation was adequately covered. Beta-diversity differences 
(Bray-Curtis dissimilarity metric) among samples were visualised using 
non-metric multidimensional scaling (NMDS) analyses, conducted using 
PAST (v4.02) (Hammer et al., 2001), and the 95 % confidence ellipses 
were calculated using error-ellipse package in MATLAB (Johnson, 
2024). The results were tested between treatment groups using permu
tational analysis of variance (PERMANOVA) using the adonis function in 

the vegan package in R (Anderson, 2017; Oksanen et al., 2001). The 16S 
rRNA gene amplicon sequencing reads generated in this study have been 
deposited in the European Nucleotide Archive (ENA) under the project 
accession number ERP163316.

3. Results and discussion

3.1. Cathode-assisted propionate and butyrate production in repeated 
batch system

Repeated batch systems were tested to investigate the end-product 
spectrum of the xylose-fed CEF process. During the initial batch stage 
from 0 to 41 h, all reactors showed rapid anaerobic planktonic cell 
growth (ODAP = 0.9 ± 0.1 vs. ODcontrol = 1.1 ± 0.2, compared to initial 
OD = 0.1, Fig. 1), accompanied by prompt xylose depletion (Fig. S2) and 
noticeable biomass growth on the cathode material (visual observation, 
figure not shown). Many anaerobes that grow on xylose have lower 

Fig. 1. Mixed culture repeated batch electro-fermentation using xylose as substrate. Current density and charge logged at a poised cathode potential of − 0.40 V (a), 
OD and pH (b), and the accumulated amount of acetate, ethanol, propionate, and butyrate (c-f) measured from the reactor with applied potential (AP) and open- 
circuit reactors (control). The dashed lines denote the time when the media replacement begins. Xylose concentrations can be found in the supplementary file 
(Fig. S2). All repeated batch results were based on the average data of two biological replicates, and ranges were represented as error bars.
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biomass yields than other carbon sources, e.g., glucose (Temudo et al., 
2009). The drop in current density (from 0 to − 0.017 µA/cm2) in the AP 
reactors (Fig. 1) and similar OD measured in the AP and control reactors 
indicated that the cathode served as an additional energy source for 
xylose catabolism without significantly affecting the planktonic cell 
growth during the initial batch period. Meanwhile, the pH dropped from 
6.3 to 5.8 in the AP (i.e., applied potential) and control reactors (Fig. 1). 
Acetate and ethanol were produced in all reactors (Fig. S3) whereas 
propionate and butyrate were only produced in the AP reactors during 
this period (Fig. 1). Other potential intermediate products, e.g., lactate 
and formate (Kongjan et al., 2009; Temudo et al., 2009), were not 
detected during the experiments.

The initial batch period results highlighted the early cathode-assisted 
production of propionate (4.61 ± 2.70 mmol-C, AP vs. 0 mmol-C, con
trol) and butyrate (5.47 ± 0.96 mmol-C, AP vs. 0 mmol-C, control). 
Although propionate and butyrate production is sometimes observed 
during traditional xylose fermentation (Qian et al., 2020; Tang et al., 

2022), the simultaneously enhanced propionate and butyrate produc
tion by mixed culture cathode-assisted EF systems has not been reported 
before. Thus, the results indicated that the cathode exerted notable in
fluences on the formation of products with a higher degree of reduction 
equivalents (Kracke and Krömer, 2014), e.g., propionate, butyrate, and 
ethanol, as opposed to acetate that was produced at similar amounts in 
all reactors during the batch stage.

After 41 h, the repeated batch operation started (HRT = 7.5 d). 
During this period, the trend in AP reactors continued with higher 
propionate and butyrate concentrations measured than in the controls. 
By the end of the repeated batch operation, a 1.57-fold higher propio
nate and 1.64-fold higher butyrate yields were observed in AP reactors 
with the highest propionate production rate of 4.4 ± 0.4 mg/L/h (vs. 1.8 
± 0.1 mg/L/h, control), propionate yield of 0.09 ± 0.5 molproduct/mol
xylose (vs. 0.06 ± 0.01 molproduct/molxylose, control). The control reactors 
showed marginally higher ethanol yields of 0.13 ± 0.01 molproduct/ 
molxylose, (vs. 0.10 ± 0.01 molproduct/molxylose, AP), while the acetate 

Fig. 2. Mixed culture continuous electro-fermentation using xylose as substrate. Current density, charge logged at a poised cathode potential of − 0.40 V, and the 
recorded open-circuit voltage (a), OD and pH (b), and the accumulated amount of acetate, ethanol, propionate, and butyrate (c-f) measured from the reactor with 
applied potential (AP) and open-circuit reactors (control). The dashed line denotes when the continuous feeding began. Xylose concentrations can be found in the 
supplementary file (Fig. S3). All continuous results were based on the average data of three biological replicates, and standard deviations were represented as 
error bars.
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yields remained similar in all the reactors (Fig. S3).
Overall, the repeated batch experiments showed cathode-assisted 

metabolism towards propionate for 25.6 days, with overall carbon bal
ances of 47 ± 13 % (AP) and 49 ± 5 % (control) and redox balances of 
52 ± 15 % (AP) and 53 ± 5 % (control), respectively (Table S3). The 
observed losses in carbon and redox balances are likely due to the po
tential growth of planktonic or electrode-attached biomass and any 
biological gas production during the experiments. Since the cathode 
potential was fixed at − 0.4 V, the electrochemical H2 production was 
negligible as suggested from the recorded CV (Fig. S6). Although the 
batch period showed higher butyrate production in the AP reactors (5.47 
± 0.96 mmol-C, AP vs. 0 mmol-C, control), the long-term repeated batch 
EF system had limited influence on steering the butyrate production, 
which may have been related to issues caused by repeated batch 
configuration, e.g., pH fluctuation, unsolicited biofilm growth, and 
product inhibition (Jiang et al., 2020). For example, manual pH 
adjustment in this study offered limited pH control and the pH fluctu
ated between 5.4 and 6.4. Therefore, continuous systems, which ensure 
steady-state operation with consistent product yields and minimize 
fluctuations in environmental conditions, were further tested to fully 
explore the potential of cathode-assisted propionate and butyrate pro
duction in xylose-fed EF systems.

3.2. Limited cathode-assisted metabolism in continuous feeding system

The continuous experiments (Fig. 2) showed similar planktonic cell 
growth (ODAP/control = 0.9 ± 0.1) with the identical metabolites (i.e., 
acetate, ethanol, propionate, and butyrate) as the repeated batch ex
periments before the continuous feeding started (at 19.9 h). Further
more, higher magnitude of cathodic current densities (− 4.2 µA/cm2) 
were observed in the continuous reactors (Fig. 2) compared to the 
repeated batch reactors (− 0.0047 µA/cm2). After 19.9 h, the continuous 
feeding started with an HRT of 1.1 days, and the current density fluc
tuated between − 15 to − 5 µA/cm2 in AP reactors. Only propionate 
production showed a minor increase in cathode-assisted systems from 
23.4 to 50.0 h compared to the control (2.57 ± 0.40 mmol-C, AP vs. 1.80 
± 0.19 mmol-C, control, Fig. 2). Other metabolites, including acetate 
and ethanol, showed no differences between AP and control reactors 
with no increasing of the accumulated amount during the same period of 
continuous feeding. The hypothesis was that the initiation of continuous 
feeding may have disrupted the initially established biofilm on the 
cathode electrode, potentially leading to the washout of specific bacte
rial populations that could have steered the metabolism under cathodic 
potentials. Furthermore, more energy was likely distributed to maintain 
the biofilm growth during continuous operation instead of product 
formation (Li et al., 2014; Vassilev et al., 2022). After 50 h, acetate 
production resumed, while the ethanol production stopped after 75 h 
towards the endpoint, as it was expected to be further metabolised for 
cell energy-balancing purposes or due to shifts in the microbial com
munities. Overall, the continuous experiments showed carbon balances 
of 57 ± 2 % (AP) and 53 ± 2 % (control) and redox balances of 62 ± 3 % 
(AP) and 57 ± 2 % (control), respectively. The t-test results proved no 
significant differences between the control and AP reactors during the 
continuous run (Table S4).

The voltage difference between the two electrodes in the control 
reactors (OCV recorded) dropped from 0.30 V to − 0.20 V over the first 
24 h and stabilized at − 0.20 V for the duration of the experiments 
(Fig. 2). Although it was uncertain whether OCV data could accurately 
reflect the redox potential in the fermentation broth, the OCV mea
surements may help to explain the similar results observed in this study 
between the control and AP reactors. Overall, the continuous process 
showed no clear difference in the metabolites between AP and control 
reactors. The poised potential at − 0.40 V compared to the recorded OCV 
of − 0.20 V in the control reactors might have been still unsatisfactory 
for the bacteria to maintain the energy balance within the ideal range for 
enhancing propionate and/or butyrate production (Sauer and Teather, 

1987). Alternatively, the lower HRT (1.1 d vs. 7.5 d) with higher xylose 
loading rate during continuous feeding may have initiated biomass 
washouts, which likely influenced the growth patterns of the microbial 
communities. This washout was evidenced by lower planktonic cell 
densities observed in the continuous reactors compared to the repeated 
batch reactors.

3.3. Microbial communities

The NMDS analysis showed that repeated batch and continuous 
systems enriched specific bacterial consortia compared to the original 
inocula (Fig. 3). Certain genera of the bacterial consortia, for example, 
Escherichia/Shigella, Bacteroides, and Lactococcus were among the 
dominant genera in both repeated batch and continuous systems, not in 
the inocula (Fig. 4). In repeated batch systems, PERMANOVA results 
showed that the clustering of bacterial communities differed between 
the early phase and the endpoint in planktonic samples (F = 9.98, p- 
value = 0.0019, Table S5) and was influenced by poised cathodic po
tential (F = 5.15, p-value = 0.0152). The highest relative abundant (RA) 
species at genus level in all repeated batch reactors (Fig. 4) were 
Escherichia/Shigella (RA = 19 ± 12 %), Bacteroides (RA = 15 ± 5 %), 
unclassified genera within the family of Enterobacteriaceae (hereinafter 
‘unclassified Enterobacteriaceae,’ RA = 9.5 ± 10.0 %) and Clostridium 
sensu stricto 1 (hereinafter ‘Clostridium,’ RA = 8 ± 11 %). In the early 
planktonic samples (113.5 h), where the significant difference in pro
pionate concentration was detected, the relative abundances showed 
that the AP reactor predominantly enriched Clostridium (RAAP = 27 ± 2 
% vs. RAcontrol = 4 ± 2 %), unclassified Enterobacteriaceae (RAAP = 23.6 
± 0.4 % vs. RAcontrol = 14 ± 5 %) and Phascolarctobacterium (RAAP =

11.9 ± 0.1 % vs. RAcontrol = 0.01 ± 0.01 %). In the repeated batch 
endpoint samples, the enriched consortia in the planktonic samples 
shifted to Escherichia/Shigella (RAAP = 26.7 ± 0.1 % vs. RAcontrol = 32 ±
5 %) and Bacteroides (RAAP = 23.6 ± 0.1 % vs. RAcontrol = 14 ± 1 %) 
dominance in all reactors. Some studies have suggested that Clos
tridiaceae families were accountable for butyrate, acetate, and ethanol 
production in batch-operated CEF systems when fermenting glucose 
(Toledo-Alarcón et al., 2019). Given that Clostridium genera encom
passed several known electroactive bacteria including Clostridium 
cochlearium, Clostridium pasteurianum and Clostridium propionicum (Choi 
et al., 2014; Schwab et al., 2019; Zhu et al., 2011), in our repeated batch 
reactors, the Clostridium genera were likely linked to the cathode- 
assisted propionate and/or butyrate production, the amounts of which 
were much higher in cathode-enhanced systems during the early stages 
of the repeated batch reactors compared to the endpoint. However, the 
link between the substantial decrease in the relative abundance of the 
Clostridium in the planktonic samples and the cathode-assisted propio
nate and butyrate production after long-term repeated batch operation 
is still missing.

In continuous experiments, the clustering of bacterial communities 
was influenced by poised cathodic potential (F = 2.87, p-value =
0.0107) but not by the planktonic and biofilm samples (F = 1.59, p- 
value = 0.1433). The most abundant genera in continuous experiments 
included Lactococcus (RA = 14 ± 9 %), Escherichia/Shigella (RA = 12 ±
9 %), Bacteroides (RA = 7 ± 2 %), and Fusobacterium (RA = 7 ± 4 %). 
Compared to the repeated batch, Lactococcus appeared in continuous 
reactors with higher relative abundances in both planktonic and biofilm 
samples taken in the control reactors than the AP (RAAP = 10 ± 8 % vs. 
RAcontrol = 18 ± 8 %). The continuous AP reactors had higher percent
ages of Escherichia/Shigella than the controls in both planktonic and 
biofilm samples (RAAP, planktonic = 23 ± 5 % vs. RAcontrol, planktonic = 9 ±
9 % and RAAP, biofilm = 11 ± 2 % vs. RAcontrol, biofilm = 5 ± 5 %). Many 
have shown species within Escherichia/Shigella and Lactococcus to have 
exoelectrogenic activities in EF systems through metabolic engineering 
or with added redox mediators (Asefi et al., 2019; Gu et al., 2023, p. 20; 
Liu et al., 2018). In this study, the functional role of Escherichia/Shigella 
and Lactococcus remained unclear.
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The PERMANOVA analysis showed statistically significant differ
ences between microbial community samples from repeated batch and 
continuous systems (F = 8.65, p-value = 0.0001, pairwise test p-value =
0.003). Meanwhile, the absence of Clostridium in endpoint biofilm 
samples of the AP and control reactors in the continuous systems indi
cated that biofilm growth with potential CEF activities was not pro
moted. Nevertheless, it was possible that the species presented with high 
relative abundance in the microbial communities were not the most 
active, as the 16S rRNA gene sequencing only revealed the presence of 
the species and not their activities. Further studies employing meta
transcriptomic techniques are essential to identify and characterize the 
active bacterial species and their functions within the microbial 
communities.

3.4. Comparing repeated batch to continuous feeding for xylose-based 
CEF

This study reported, for the first time, propionate and butyrate yields 
of 0.09 ± 0.05 molproduct/molxylose and 0.09 ± 0.03 molproduct/molxylose 
from xylose in repeated batch CEF systems with an applied potential of 
− 0.40 V. Higher biomass growth is often measured in the repeated batch 
fermentation systems compared to systems operated in batch or 
continuous mode (Yang and Sha, 2019). In this study, the repeated batch 
system demonstrated a positive correlation between the poised cathodic 
potential and the growth of propionate-producing biomass. On the other 
hand, butyrate production in mixed-culture EF systems has been only 
reported in batch-operated reactors (Toledo-Alarcón et al., 2019). 
Furthermore, butyrate yield of ca. 0.49 molproduct/molglucose was re
ported in mixed culture glucose-fed CEF utilizing anthraquinones-2,6- 
disulphonic salt (AQDS) as mediator and where glucose was fed to the 
system (Paiano et al. 2019). Our results suggested that the CEF affected 
butyrate production less during the repeated batch period (41 to 641.5 
h) than during the initial batch period (0 to 41 h) and the controls in the 
same reactors. This study observed noticeable microbial community 
changes related to Clostridium genera in planktonic samples during the 
22-day run in repeated batch systems. More fundamental studies of 
biofilm activities under repeated batch operation and strategies to 
maintain the desired microbial community (e.g., responsible for propi
onate or butyrate formation) without excessive biomass washouts are 
required.

The continuous cathode-assisted EF systems lacked selection pres
sure for the formation of cathodic biofilm that could steer the metabolite 
formation. Unlike in the microbial electrosynthesis systems, in which 
cathodic hydrogen and/or electron production occurs and enhances, e. 
g., hydrogenotrophic cathodic biofilm formation, the cathode-assisted 
EF systems are designed mainly for redox-controlling purposes of the 
fermentation broth (Vassilev et al., 2022; Virdis et al., 2022). The poised 
cathode potential at − 0.40 V did not reach the electrochemical 
threshold for hydrogen evolution reaction (Fig. S6). Compared to the 
OCV recorded (− 0.20 V) in the fermentation broth of the control 
reactor, the poised cathode potential may have ineffectively controlled 
the redox potential on the cellular level during the short HRT. Both the 
continuous and repeated batch systems showed minimal average current 
densities (− 4.2 µA/cm2, continuous vs. − 0.0047 µA/cm2, repeated 
batch), which implied that neither hydrogen was produced nor did the 
direct electron transfer from the electrode take place. Furthermore, in 
this study, the continuous process with shorter HRT (1.1 d, continuous 
vs. 7.5 d, repeated batch) may have required more rapid growth of 
resilient cathodic biofilm to respond to the biomass washout (Vassilev 
et al., 2022). Additionally, the 16S rRNA gene results confirmed that the 
continuous process exhibited lower efficacy in promoting the species 
that would hypothetically benefit from the cathodic current, and the 
predominant bacterial genera essential for the EF process, such as the 
Clostridium genera, appeared with low relative abundance under the 
continuous operation.

Overall, the repeated batch systems showed higher enhanced 

Fig. 3. NMDS analysis of microbial community composition with 95% confi
dence ellipses for repeated batch (a), continuous (b), and all collected samples 
compared to inocula (c). The respective PERMANOVA test results on the bac
terial community variations for repeated batch, continuous, and all experiments 
are presented in Table S5.
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propionate and butyrate production rates and yields than the continuous 
system in the cathode-assisted xylose EF systems. This, linked to the very 
low current density flowing in the repeated batch systems, makes the EF 
technology a promising approach to steer fermentation processes to
wards the production of fermented mixtures with an appropriate ratio 
between acids with odd and even numbers of carbon atoms, for example 
to produce biopolymers such as polyhydroxyalkanoates (PHAs) with 
desired monomeric composition (Bravo-Porras et al., 2024; Carvalheira 
et al., 2022; Chandra et al., 2023; Dionisi et al., 2004). From the in
dustrial perspective, continuous fermentation systems have been 
considered economically less competitive than batch and fed-batch 
systems due to the difficulty of reaching a steady state with mixed cul
ture systems (Yang and Sha, 2019). However, the repeated batch re
actors require high-frequency manual operations with careful controls, 
as different biofilm growth associated with different intercellular redox 
levels can be triggered by environmental conditions (e.g., oxygen 
intrusion and phase contaminations) that may further interfere with the 
EF results (Sun et al., 2023; Vassilev et al., 2022). On the other hand, the 
continuous system has shown its potential when applying the right se
lection pressure to closely control the cathodic biofilm’s growth in mi
crobial electrosynthesis systems (Vassilev et al., 2022). Future strategies 
for continuous CEF have to consider biomass immobilization methods 
(e.g., via change of cathode materials), increasing selection pressure for 
cathodic biofilm by unlocking potential electron transfer routes (e.g., 
the addition of redox mediators or introducing genetic engineering 
tools), and optimizing operation parameters based on the carbon flows 
and metagenomic analysis.

4. Conclusions

This study investigated the use of xylose as a substrate in mixed 
culture CEF, comparing repeated batch and continuous feeding strate
gies to enhance propionate and butyrate production. The repeated batch 
system demonstrated a simultaneous metabolic shift towards propio
nate, achieving an overall propionate production rate of 4.4 ± 0.4 mg/ 

L/h (vs. 1.8 ± 0.1 mg/L/h, control) and an overall propionate yield of 
0.09 ± 0.05 molproduct/molxylose (vs. 0.06 ± 0.01 molproduct/molxylose, 
control). In contrast, the continuous CEF exhibited more negative cur
rent densities (− 4.2 µA/cm2, continuous vs. − 0.0047 µA/cm2 repeated 
batch) and limited cathode-assisted metabolic activities towards propi
onate and butyrate production, with an overall propionate yield of 0.06 
± 0.01 molproduct/molxylose (vs. 0.05 ± 0.01 molproduct/molxylose, con
trol). Microbial community analysis revealed notable shifts in the 
abundance of Clostridium genera in planktonic samples, particularly in 
the repeated batch system. Overall, the repeated batch configuration 
outperformed the continuous system in terms of cathode-assisted pro
pionate and butyrate production, highlighting its potential for optimis
ing cathodic electro-fermentation for sustainable biofuel and 
biochemical production.
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