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ethanol production from xylose by active 
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Abstract 

Background: Low-cost raw materials such as lignocellulosic materials have been utilized in second-generation 
ethanol production process. However, the sequential and slow conversion of xylose into target products remains one 
of the main challenges for realizing efficient industrial lignocellulosic biorefinery.

Results: By applying different constant potentials to different microbial electrolysis cells with xylose as the sole 
carbon source, we analyzed the output of metabolites, microbial community structures, electron flow, and carbon 
flow in the process of xylose electro-fermentation by domesticated activated sludge. The bioreactors produced 
currents when applying positive potentials. The peak currents of the + 0.242 V, + 0.542 V and + 0.842 V reactors were 
0.96 ×  10–6 A, 3.36 ×  10–6 A and 6.43 ×  10–6 A, respectively. The application of potentials promoted the xylose con-
sumption, and the maximum consumption rate in the + 0.542 V reactor was 95.5%, which was 34.8 times that of the 
reactor without applied potential. The potential application also promoted the production of ethanol and acetate. 
The maximum ethanol yield (0.652 mol  mol−1 xylose) was obtained in the + 0.842 V reactor. The maximum acetate 
concentration (1,874 µmol  L−1) was observed in the + 0.842 V reactor. The optimal potential for ethanol production 
was + 0.842 V with the maximum ethanol yield and energy saving. The application of positive potential caused the 
microorganisms to carry out ethanol fermentation, and the application of negative potential forced the microor-
ganisms to carry out acetic fermentation. The potential application changed the diversity and community struc-
ture of microorganisms in the reactors, and the two most significantly changed families were Paenibacillaceae and 
Bacillaceae.

Conclusion: The constructed microbial electrolysis cells with different potentials obtained better production yield 
and selectivity compared with the reactor without applied potential. Our work provides strategies for the subsequent 
fermentation processes with different needs.

Keywords: Xylose consumption, Ethanol production, Electro-fermentation, Extracellular electron transfer, Microbial 
community structure
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Background
More than 80% of our present energy supply comes from 
fossil fuel resources. Increasing concern over the impact 
of these nonrenewable resources on climate change, 
human health, and ecosystems has prompted research-
ers to find renewable alternatives to meet our growing 
energy demand [1].
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Ethanol is the most produced biofuel in the world. Tra-
ditionally, it is made from a large variety of carbohydrates 
(sugar cane, corn, sweet potato starch, etc.) [2, 3]. The 
second-generation ethanol production process utilizes 
low-cost raw materials such as lignocellulosic materials 
(sucrose, bagasse, corn stover, and straw). Lignocellulosic 
materials are mainly composed of cellulose (40–50%), 
hemicellulose (25–30%) and lignin (10–20%) [4]. Cellu-
lose contains glucose, which can be effectively fermented 
into ethanol by Saccharomyces cerevisiae. However, the 
xylose in hemicellulose cannot be fermented by Saccha-
romyces cerevisiae, and its content sometimes accounts 
for 25% of the lignocellulosic material [5, 6]. Efficient 
conversion of xylose presented in lignocellulosic bio-
mass is essential for the production of second-generation 
ethanol.

Biological conversion such as anaerobic digestion that 
converts wet biomass waste into bioethanol is a well-
established technology. However, conversion of biomass 
waste to liquid fuels such as ethanol is only in the explor-
atory research phase [7]. For the biotransformation of 
most types of impure strains or substrates, it is difficult to 
control the microbial population and redox conditions, 
resulting in poor product selectivity and process stabil-
ity [8]. The applied electric field can affect the fermenta-
tion environment and metabolic pathways of microbial 
cells through reduction or oxidation [9]. Through the 
use of electrodes, the electrical stimulation of microbial 
metabolism can control and optimize the fermentation 
environment to improve product yield and purity, and 
conducive to the growth of microbial cells [10].

In this study, the feasibility of using xylose and domesti-
cated activated sludge to produce ethanol under different 
applied potentials was studied. By calculating the trans-
ferred electron equivalent, carbon conversion and energy 
conversion efficiency, the metabolic patterns of micro-
organisms under different potentials were analyzed. The 
optimal potentials for different purposes were evaluated, 
and the correlation between by-product production and 
microorganisms was discussed. Our study provides strat-
egies for the further conversion and utilization of xylose.

Results
Enrichment of electroactive microorganisms that can 
utilize xylose
Xylose is one of the major components of fermentable 
sugars produced in straw. To enrich microorganisms 
which could produce electricity from xylose, microor-
ganisms in sludge were acclimated with 4  g   L−1 xylose 
in the air-cathode reactor. Xylose 4 g  L−1 was inoculated 
into the anode chamber of the reactor, and the cell volt-
ages were recorded over 6  days. The peak voltages rose 
gradually (Fig. 1). In the first cycle, the activated  sludge 

generated a voltage of ~ 0.354 V. After the reactors run-
ning with xylose addition for five cycles, the peak voltage 
reached 0.672 V, which was 1.90 times higher than that of 
the first cycle.

Current production from the sludge in a three‑anode 
system fed with xylose
We used the MEC to accurately measure the electroac-
tivity of the domesticated sludge with xylose over 150 h. 
Figure  2 showed the chronoamperometry results for 
different potentials against the standard hydrogen elec-
trode. Sludge was the inoculum for the MEC. The reac-
tor current was measured over 150  h. No current peak 
was observed for the − 0.058 V reactor or control reactor 
(without sludge inoculation).

In the + 0.242 V reactor, a current peak of 0.96 ×  10–6 
A appeared at 65  h. In the + 0.542  V reactor, a cur-
rent peak of 3.36 ×  10–6 A showed at 110 h. Bioreactors 
under a higher applied potential (+ 0.842 V) produced a 
higher current peak of 6.43 ×  10–6 A at 31.5 h. This indi-
cated that the microorganisms in sludge had electrogenic 
properties with xylose as the substrate and could transfer 
extracellular electrons to the electrodes. Application of a 
higher potential made the formation of electroactive bio-
films easier, and the extracellular electron transfer (EET) 
between microorganisms was strengthened.

Xylose consumption efficiency and production 
of byproducts
Ethanol was the main product of xylose fermentation, 
followed by acetate and hydrogen. Figure  3 showed 
that xylose was  used to a greater or lesser extent at 

Fig. 1 Voltage response of MFC to domestication. Voltage generation 
in an MFC with an external load of 1000 Ω



Page 3 of 13Chen et al. Biotechnology for Biofuels          (2021) 14:215  

150  h in all reactors except for the one without the 
applied potential. The xylose consumption rates were 
below 100% in all reactors. The xylose consumption 
rate reached 2.75% in the reactor without potential 
application, 29.3% in the −  0.058  V reactor, 18.4% in 
the + 0.242  V reactor, 95.5% in the + 0.542  V reac-
tor and 11.5% in the + 0.842  V reactor. The consump-
tion rates of xylose in the reactors with potentials were 
significantly higher than that in the reactor with no 
applied potential. Among them, the highest consump-
tion rate was 92.4% in the + 0.542 V reactor.

Ethanol production was improved after potential 
application. The lowest ethanol production (148  µmol 
 L−1) was achieved in the reactor with no applied poten-
tial. The ethanol concentrations of the −  0.058  V, + 0.
242  V, + 0.542  V, and + 0.842  V reactors were 567  µmol 
 L−1, 2,093 µmol  L−1, 764 µmol  L−1, and 2,000 µmol  L−1, 
respectively. The ethanol yield was 0.202  mol   mol−1 
xylose in the reactor with no applied potential. The 
ethanol yield of the −  0.058  V, + 0.242  V, + 0.542  V, 

and + 0.842  V reactors were 0.073, 0.426, 0.030, and 
0.652 mol  mol−1 xylose, respectively. The maximum eth-
anol yield was obtained in + 0.842 V reactor.

Acetate production was improved after potential appli-
cation except the + 0.542  V reactor. The highest acetate 
concentration (1874 µmol  L−1) was in the + 0.842 V reac-
tor. In the reactor with no applied potential, the acetate 
concentration was only 805 µmol  L−1. Acetate concentra-
tion in the − 0.058 V reactor was 1380 µmol  L−1. Acetate 
concentration  in the + 0.242  V reactor was 1594  µmol 
 L−1.The minimum acetate concentration (632 µmol  L−1) 
was obtained in the + 0.542 V reactor.

Hydrogen production  was detected in reactors with 
applied potentials of − 0.058 V to + 0.842 V. No hydrogen 
was produced in the reactor with no applied potential. 
After applying potentials, 0.20, 0.12, 0.36 and 0.11 µmol 
hydrogen were produced from 4  g  L−1 of xylose in the 
−  0.058  V, + 0.242  V, + 0.542  V, and + 0.842  V reactors, 
respectively. The maximum hydrogen production was 
achieved in the + 0.542 V reactor.

Electrons transferred during the fermentation process
In order to guide the industrial application of electro-
fermentation of xylose and facilitate precise control of 
the output, we analyzed the electron equivalents during 
the electro-fermentation process. Due to the complex-
ity of the process, only the direct electro-fermentation 
of xylose to produce ethanol, acetate, and hydrogen was 
analyzed. The secondary oxidation process of the ethanol 
and acetate was neglected.

According to the Embden–Meyerhof–Parnas (EMP) 
pathway, 0.6 mol of xylose is converted to 1 mol of pyru-
vate. Further cleavage of 1 mol of pyruvate to 1 mol ace-
tate yields 1 mol of hydrogen [11]. During fermentation, 
0.6 mol of xylose produces 1 mol of ethanol. The distribu-
tion of transferred electron equivalents among the prod-
ucts was calculated according to Eqs. (1–2) and shown in 
Fig. 4.

The moles of electrons obtained from xylose consump-
tion are calculated from the amount of the xylose con-
sumed and converted to coulombs ( Cxy ) using Eq.  (3). 
At 150  h, the coulombs of ethanol obtained from the 
xylose consumption in the − 0.058, + 0.242 V, + 0.542 V, 
and + 0.842 V reactors were 19 C, 69 C, 25 C and 66 C, 
respectively. Ethanol in the + 0.242  V reactor took the 
largest product share of total amount of electrons. In 
summary, the + 0.242 V and + 0.842 V reactors achieved 

(1)0.6 C5H10O5 → C2H5OH + CO2

(2)
0.6 C5H10O5 + H2O → C2H4O2 + CO2 + 2H2

Fig. 2 Current profile produced by the domesticated active 
sludge with applied potentials of − 0.058 V, + 0.242 V, + 0.542 V, 
and + 0.842 V vs. the standard hydrogen electrode
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high electron equivalents transferred from xylose to the 
by-product ethanol. The coulombs of acetate obtained 
from the xylose consumption in the − 0.058 V, + 0.242 V
, + 0.542 V, and + 0.842 V reactors were 8 C, 9 C, 4 C and 
11 C, respectively. Acetate in the + 0.842 V reactor took 
the largest product share of total amount of electrons.

Coulombs consumed in the production of the meas-
ured  H2 ( CH2 ) is estimated by calculating the moles of 
electrons consumed during the production of  H2 and 
converting them to coulombs by Eq.  (4). At 150  h, the 
coulombs consumed in the production of measured  H2 in 
the − 0.058 V, + 0.242 V, + 0.542, and + 0.842 V reactors 
were 0.039 C, 0.118 C, 0.069 C and 0.021 C, respectively. 
We did not find the production of other gases such as 
methane in the reactor, suggesting that there might be no 
re-recycling of hydrogen.

Coulombs recovered as current intensity ( CI ) is cal-
culated by integrating the current intensity from the 
initial to the final time of the batch experiment. At 
150  h, the coulombs recovered as current intensity in 

the − 0.058 V, + 0.242 V, + 0.542 V, and + 0.842 V reac-
tors by Eq. (5) were − 0.58 C, 0.17 C, 0.63 C, and 1.06 
C, respectively.

Coulombic efficiency (CE) and cathodic gas recovery 
(rCAT ) are usually as MEC performance indicators. The 
performance of a MEC is commonly assessed through 
the calculation of the CE using Eq.  (6) and the rCAT 
using Eq.  (7). CE compares the coulombs recovered 
as current intensity with the coulombs that could be 
theoretically generated from the substrate oxidation by 
anode microorganisms, while rCAT  compares the cou-
lombs consumed in produced  H2 with the coulombs 
arriving to the cathode as current intensity. The CEs 
of the −  0.058  V, + 0.242  V, + 0.542  V, and + 0.842  V 
reactors were 4.38%, 0.35%, 3.57%, 2.3%, respectively. 
The rCAT  s of the −  0.058  V, + 0.242  V, + 0.542  V, 
and + 0.842  V reactors were 6.74%, 69.4%, 10.9%, and 
2%, respectively.

Fig. 3 Xylose consumption and production of byproducts from the mixed culture at applied potentials of − 0.058 V, + 0.242 V, + 0.542 V, 
and + 0.842 V vs. the standard hydrogen electrode
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In summary, among all the reactors, the + 0.842  V 
reactor has the best performance based upon its high 
production of ethanol.

Potential application changes the fermentation mode
Based on the quantification of substrate consumption, 
metabolite production, and cell yield, the profiles of the 
carbon and electron distribution in different batch cul-
tures were analyzed (Fig. 5).

Fig. 4 Overview of possible metabolism and electron transfer in reactors under different potential application conditions of 
− 0.058 V, + 0.242 V, + 0.542 V, and + 0.842 V vs. the standard hydrogen electrode

Fig. 5 Carbon conversion efficiency and energy conversion efficiency in reactors under different potential application conditions of 
− 0.058 V, + 0.242 V, + 0.542 V, and + 0.842 V vs. the standard hydrogen electrode
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For control reactor, 79.1% of the carbon in the control 
reactor was converted into acetate (44.0%) and biomass 
(35.1%). Energy conversion efficiency (ECE) calculations 
also showed that acetate and biomass accounted for most 
of the energy. Electrons in this reactor mainly flowed 
to acetate production (44.0%) and biomass synthesis 
(26.6%), and a minor portion of electrons were main-
tained to ethanol (12.1%). This suggests that under the 
condition of no applied potential, the metabolism of acti-
vated sludge using xylose as the substrate is mainly for 
acid production and growth of microorganisms. A simi-
lar trend was also found in the − 0.058 V reactor.

However, applying positive potentials 
(+ 0.242  V, + 0.542  V, or + 0.842  V) made the micro-
organisms convert the fermentation mode for ethanol 
production. For the + 0.242  V reactor, most carbons 
remained in xylose. Only about 34.0% of the carbon was 
transferred into metabolic products and biomass. Ethanol 
(17.0%), acetate (13.0%) and biomass (4.0%) accounted 
for the most carbon by in the + 0.242 V reactor. The elec-
trons also flowed to ethanol (25.6%), acetate (13.0%) and 
biomass (4.0%). For the + 0.542 V reactor, although CCE 
(3.0%) and ECE (3.6%) were both the lowest  among  all 
the reactors, fermentation mode also tended to ethanol 
fermentation. In the reactors with applied potentials, the 
highest carbon conversion efficiency (CCE) (56.6%) and 
ECE (69.6%) were obtained in the + 0.842 V reactor. The 
CCE in ethanol (26.1%) was higher than that of acetate 
(24.4%) in the + 0.842  V reactor. The electrons in the 
reactor flow to ethanol (39.1%) were higher than acetate 
(24.4%).

Taxonomic assemblage of bacterial communities
Differences in output and electron flow of reactors in 
the ethanol, acetate and hydrogen production might be 
due to different microbial communities under differ-
ent potentials. To identify the microorganisms that play 
a key role in various processes and reactors, the bacte-
rial communities were extensively investigated at differ-
ent stages by deep sequencing of the bacterial 16S rRNA 
gene amplicons.

Analysis of Shannon indices, observed species, Chao1 
indices, PD whole tree revealed that there were no signif-
icant differences in different reactors (“Initial” and “ED”, 
respectively, in Fig. 6).

The diversity in the reactor without an applied poten-
tial had a Shannon index of 0.60 ± 0.06, Observed_ spe-
cies of 59 ± 5, Chao1 index of 102.4 ± 13.8, and PD index 
of 9.1 ± 0.8 (Fig. 6). After potential application, the Shan-
non index varied significantly to 4.6 ± 1.5 (P < 0.05) with 
− 0.058 V application, 2.4 ± 0.4 (P < 0.01) with + 0.242 V 
application, 1.82 ± 0.06 (P < 0.01) with + 0.542 V applica-
tion, 1.96 ± 0.04 (P < 0.01) with + 0.842 V application. The 

Observed_ species changed to 349 ± 156 (P < 0.05) with 
− 0.058 V application, 31.5 ± 0.7 (P > 0.05) with + 0.242 V 
application, 50 ± 18 (P > 0.05) with + 0.542 V application, 
34 ± 9 (P > 0.05) with + 0.842  V application. The Chao1 
index varied to 424.8 ± 178.5 (P < 0.05) with −  0.058  V 
application, 38 ± 2.6 (P > 0.05) with + 0.242  V applica-
tion, 86.7 ± 18.2 (P > 0.05) with + 0.542  V application, 
52.1 ± 19.8 (P > 0.05) with + 0.842 V application. The PD 
index varied to 32.7 ± 8.5 (P < 0.05) with − 0.058 V appli-
cation, 8.0 ± 7.1 (P > 0.05) with + 0.242  V application, 
8.1 ± 2.3 (P > 0.05) with + 0.542  V application, 5.0 ± 1.8 
(P > 0.05) with + 0.842  V application. The bacterial 
α-diversity range was strongly influenced by the applied 
potentials in the reactors.

In the non-metric multidimensional scaling (NMDS) 
plots, a separation in bacterial community compo-
sition was clearly observed between low potential 
(− 0.058 V) and higher potentials (+ 0.242 V, + 0.542 V, 
and + 0.842  V) at 150  h. This indicated that the applied 
potential significantly affected the bacterial community 
structure (Fig. 7a).

According to Adonis analysis, the differences in bac-
terial community composition between the group (no 
potential, −  0.058  V) and higher potentials application 
group (+ 0.242 V, + 0.542 V, and + 0.842 V) at 150 h were 
significant (P = 0.001 Table 1).

Community structure of the top 20 bacterial families 
in different stages
The dominant families were different between the initial 
sludge and domesticated sludge (ED) in the reactors. As 
shown in Fig. 7b, the major families in the initial samples 
included Moraxellaceae (26.43% ± 4.88%), Nocardiaceae 
(17.47% ± 2.34%), Lactobacillaceae (5.93% ± 2.60%), 
Ruminococcaceae (6.17% ± 2.3%), and Bacteroidaceae 
(5.33% ± 0.38%); they accounted for 61.33% of the bac-
terial sequences. In the ED samples, the major families 
were Clostridiaceae (15.2% ± 7.67%), Moraxellaceae 
(10.03% ± 4.14%), Nocardiaceae (7.13% ± 3.3%), and 
Methylobacteriaceae (12.97 ± 6.14%).

After potential application, a shift in communities 
was clearly observed between the top 20 families. Pae-
nibacillaceae and Bacillaceae were the two dominant 
families and accounted for 54.03–99.69% in almost all 
reactors (Fig.  7b). In the + 0.542  V reactor, Bacillaceae 
accounted for almost 100% of the relative abundance 
(Fig. 7b). T-test analysis between groups before and after 
potential application showed significant differences in 
the families (P < 0.05) (Fig.  8). Paenibacillaceae showed 
positive responses in + 0.242 V (P = 0.007) and + 0.842 V 
(P < 0.001) reactors. Bacillaceae presented positive 
responses in + 0.242  V (P = 0.005), + 0.542  V (P < 0.001), 
and + 0.842 V (P = 0.003) reactors. This suggests that the 
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applied potential may help Paenibacillaceae and Bacil-
laceae growth and that they may utilize the electrons in 
the reactor.

While Pseudonocardiaceae and Sphingomonadaceae 
showed negative responses (P < 0.05) in all the reac-
tors. Propionibacteriaceae (P < 0.05) showed negative 
responses in the + 0.242 V reactor (Fig. 8).

Discussion
Application of potential increases the xylose consumption 
and the ethanol production
Here we reported a MEC platform driven by active 
sludge with different applied potentials for the fer-
mentation of xylose into ethanol. Xylose consumption 

and byproducts production (acetate and ethanol) were 
low without potential application. Among them, the 
highest xylose consumption rate is 92.4% observed in 
the + 0.542  V reactor. It was higher than 91% under 
180℃ high temperature pyrolysis [12] and xylose con-
sumption rate 80% by enzymatic hydrolysis after steam 
explosion [13]. Thus + 0.542  V potential is recom-
mended for effective xylose fermentation in a MEC.

The + 0.842  V reactor achieved the maximal ethanol 
yield of 0.652  mol   mol−1 xylose. It is lower than the 
1.33 mol  mol−1 xylose obtained from the batch fermen-
tation of thermophilic anaerobic bacteria at 55 ℃ [14], 
but higher than the 0.47  mol   mol−1 xylose obtained 
from the fermentation of mixed culture Clostridium sp. 

Fig. 6 Changes of α-diversity indices. Boxplots of α-diversity indices, including the Shannon diversity index, Observed_species, and Chao1 index 
and PD whole tree. An analysis of variance was performed to test the significance of differences among zones. The symbol ‘□’ represents the 
average value; the horizontal line in the box represents the median value. Significant differences were analyzed compared with “No potential” in 
each diversity index sub-graph. Symbols *, ** indicate P < 0.05 and P < 0.01, respectively
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and Klebsiella sp. at 37 ℃ [15]. Thus, + 0.842 V poten-
tial is recommended for effective ethanol production in 
a MEC.

Different potential changes the community structure 
of microorganisms and also the fermentation mode
The improvements in ethanol, acetate and hydrogen pro-
duction by active sludge could be derived from the use of 
potential, resulting in reshaping the microbial communi-
ties, because each microbial community has its optimal 
potential [16]. The current peaks of applied potentials 
were different with time also reflect the continuous 
change of the microbial community with different poten-
tials and time. NMDS and Adonis analysis indicates that 
the applied potentials changed the diversity and com-
munity structure of the dominant strains. The commu-
nity structures in the reactors clearly differed between 
the low (− 0.058 V) and high potentials (+ 0.242 V, + 0.
542 V, + 0.842 V). Meanwhile, the community structures 
in the reactor without applied electric potential and the 
reactor with negative electric potential (− 0.058 V) were 

also obviously different. This may be due to the fact that 
the optimal potentials of different microbial communi-
ties are different [16], so that the community structures 
have changed significantly during the process of poten-
tial changes. This also implies that different microbial 
structures in different reactors are in different metabolic 
process.

Paenibacillaceae and Bacillaceae were the two domi-
nant families and accounted for 54.03–99.69% in almost 
all MEC reactors. They showed obvious (P < 0.05) posi-
tive responses. Paenibacillaceae has been reported to 
have a diverse set of carbohydrate-active enzymes and a 
complete pectin deconstruction system, so they can uti-
lize xylose [17] for acid production [17, 18]. In no poten-
tial application reactor, Paenibacillaceae accounted for 
99.1%. This indicates that Paenibacillaceae may metabo-
lize xylose to produce ethanol and acetate, but may not 
produce hydrogen regardless of whether there is a poten-
tial application.

Further energy recovery analysis showed that the 
energy of the − 0.058 V reactor was mainly used for ace-
tate production. High-throughput analysis showed that 
in addition to Paenibacillaceae that used xylose in the 
−  0.058  V reactor, Bacteroidales and Lactobacillaceae 
occupied a large proportion in the microbial communi-
ties. The current peaks at −  0.058 V may be due to the 
electron transfer between Bacteroidales and Lactobacil-
laceae. Different reports have shown that Bacteroidales is 
a relevant electron-donating strain in the microbial com-
munity of bioelectrochemical systems inoculated with 
wastewater or digestate [19–21]. In the − 0.058 V reac-
tor, Bacteroidales presented a positive response indicated 
that its role in current production. This may be one of the 

Fig. 7 NMDS and relative abundances analysis of OTU in different reactors. (a) Comparison of the bacterial community structures using NMDS 
plots based on the Bray–Curtis dissimilarity. The NMDS plots display two time points (0 and 150 h) and four potentials (− 0.058, + 0.242, + 0.542, 
and + 0.842 V vs. the standard hydrogen electrode). The different symbols and colors indicate different reactors and applied potentials. (b) Relative 
abundances of the classified bacterial families. The relative abundance was based on the proportional frequencies of sequences that could be 
classified at a 97% similarity level. The relative abundances of different families were obtained by triplicate DNA extraction from each sample

Table 1 The bacterial community differences with group (no 
potential, − 0.058 V) and higher potentials application group 
(+ 0.242 V, + 0.542 V and + 0.842 V) at 150 h by Adonis analysis

a Statistic  (R2) and significance (P) of differences between groups (with or 
without potential application for 150 h) are calculated by Adonis analysis using 
OTU-based Bray–Curtis distances
b 150 h: samples with or without potential application for 150 h
c , *** is used to show statistical significance at the 0.001 level

R2a Pa

150  hb 0.473 0.001***c
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reasons why the reactors changed from consuming elec-
tricity to producing electricity.

The energy recovery analysis showed that the energy 
in high potential of + 0.242 V, + 0.542 V, + 0.842 V reac-
tors was mainly used to produce ethanol, and the highest 
ethanol energy recovery was obtained at + 0.842 V. This 
suggests that the application of negative potential makes 
Paenibacillaceae go through the acid-producing pathway, 
while the application of positive potential makes Paeni-
bacillaceae go through the ethanol-producing pathway.

In the + 0.242  V, + 0.542  V, and + 0.842  V reactors, in 
addition to the positive response of Paenibacillaceae, 
Bacillaceae, another major family, was present in all 
reactors especially in the + 0.542 V reactor. Considering 
that Bacillaceae is able to produce hydrogen [22], and 
had a very large relative abundance in these reactors, we 

speculate that it may have produced hydrogen in these 
reactors. In addition to producing hydrogen, Bacillaceae 
are also involved in direct interspecies electron transfer 
[23]. The maximum peak current and the maximum pro-
portion (99.4%) of Bacillaceae appeared in the + 0.542 V 
reactor at 150 h, which suggests that Bacillaceae may be 
able to transfer extracellular electrons to other micro-
organisms in the reactors. In the + 0.542  V reactor, the 
hydrogen output was higher than other reactors. Bacil-
laceae showed positive response at 150 h indicates that it 
might be the dominant hydrogen producer at + 0.542 V, 
although the production of hydrogen of all the reactors 
was relatively low. The reason for the lower hydrogen 
production may be the influence of ethanol. The pro-
duction of hydrogen is catalyzed by NADH-dependent 
hydrogenase [24]. If NADH is consumed in the oxidative 

Fig. 8 Significant differences of classified bacterial families between different reactors. The left panel shows differences of relative abundance in 
groups at 0 h and 150 h. The graph on the right shows the difference between groups according to the confidence level. The leftmost endpoint of 
each circle in the graph represents the lower 95% confidence interval of the mean difference, and the rightmost endpoint of the circle represents 
the upper 95% confidence interval. The center of the circle represents the difference in means. The group represented by the circle color has a high 
mean value. The far right displays the P-values for the significance test between the two time points of the corresponding family
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conversions of acetyl-CoA to ethanol, less NADH can be 
used for hydrogen production, which is also the reason 
for the lower hydrogen production [24]. Meanwhile, due 
to snatching NADH, higher hydrogen output may  sup-
press ethanol and acid in + 0.542  V reactor. Thus, the 
production of ethanol and acid in + 0.542 V reactor was 
lower than other reactors. This suggests that the applied 
potential of + 0.542  V  might cause the microorganisms 
to change  from the xylose-degraded functional commu-
nity to hydrogen and electricity generation community.

Conclusion
The production of ethanol, acetate and hydrogen from 
xylose by active sludge was enhanced by applying poten-
tials. Applied potentials changed the diversity and com-
munity structure of the dominant strains. Our work 
showed that different strategies could be used for the 
subsequent fermentation process with different needs. 
No applied potential can be used for acid production 
fermentation; −  0.058 V can be used to improve xylose 
consumption in the acid production process; + 0.242  V 
can be used for ethanol production fermentation and 
hydrogen production; + 0.542 V can be used to improve 
xylose consumption; + 0.842 V reactor has the best per-
formance based upon its high production of ethanol. 
The energy recovery and carbon recovery efficiency of 
the + 0.842 V reactor is also the highest among the reac-
tors with applied potential. Thus, + 0.842 V is best poten-
tial for energy-saving ethanol production.

Materials and methods
MFC/three‑electrode system setup and operation
Single-chamber air-cathode MFCs  were constructed by 
assembling a 28-mL single plastic chamber as previously 
reported with some modifications [25]. The distance 
between electrodes was 2  cm. Carbon cloth was used as 
the anode and had a projection area of 2  cm2. Commercial 
platinum catalyst (20 wt.% Pt/C, Alfa-Aesar) was utilized 
as catalyst of air-cathode. Air-cathode was processed by 
rolling method by using stainless steel mesh as current col-
lector and the load of Pt was controlled to be about 0.5 mg 
 cm2 [26]. Titanium wires were used to connect the anode 
and cathode to the external resistance. The reactor anode 
chambers were fed with 28  ml 50  mM phosphate buffer 
(4.09 g  L−1  Na2HPO4, 3.32 g  L−1  NaH2PO4·2H2O, 0.13 g 
 L−1 KCl, 0.31 g  L−1  NH4Cl) and 4 g  L−1 xylose for about 
6 days. When the voltage declined to below 0.001 V, 14 mL 
anodic liquid was replaced by 14 mL phosphate buffer with 
4 g  L−1 xylose. The external resistance was fixed at 1000 Ω, 
and all experiments were conducted at 30 °C.

Subsequently, 1 mL of the bacterial culture after accli-
mation with xylose in single-chamber air-cathode MFC 
was used as inoculum for each bioreactor with xylose as 

the substrate. A single-chamber membrane-less three-
electrode system was constructed to investigate the 
ethanol production from the xylose-acclimated solu-
tion. The system was made from glass bottles (120  ml) 
with a working volumes of 100  ml. Carbon cloth 
(2 cm × 1 cm × 0.3 mm, projection area of 2  cm2), a plati-
num wire electrode (0.5  mm diameter, Aida, Tianjin, 
China), and a saturated calomel electrode were used as the 
working electrode, counter electrode, and reference elec-
trode, respectively. For the electrolyte, 50 mM phosphate 
buffer saline was used. The electrodes and electrochemical 
workstation were connected with 0.8 mm titanium wires. 
The bottles were sealed tightly with silicone to avoid any 
gas leakage. During the testing, the working electrodes 
were kept at converted potentials − 0.058 V, + 0.242 V, + 
0.542 V, or + 0.842 V vs. SHE. Each reactor was conducted 
with two replicates. Control experiments were conducted 
in reactors that were the same as the three-electrode sys-
tem anaerobic reactors but without electrodes. The reac-
tors were operated in batch mode, and digestion lasted for 
150 h. All experiments were performed at 30 °C.

Characterization of bioreactors
MFC reactors were characterized by the voltage (V) across 
an external resistor in the circuit, which were monitored at 
1-min intervals with a Keithley 2700 data acquisition system 
(Tektronix, Beaverton, OR). Chronoamperometry meas-
urements were used to confirm that electricity generation. 
Current–time (I–t) curves were plotted by electrochemical 
workstations (1030C, CH Instruments, Inc., China).

Chemical analysis
The hydrogen in the reactor was drawn out by a syringe 
to measure the volume and components. The hydrogen 
was analyzed by gas chromatography (GC) 7820 (Agilent 
Technologies, USA) equipped with a thermal conduc-
tivity detector (TCD), as in the previous study [27]. The 
temperature of the column, temperature of the injec-
tor, and thermal conductivity were 80  °C, 250  °C, and 
250 W  m−1 °C−1, respectively.

The components and concentrations of the liquid sam-
ples were tested by high-performance liquid chroma-
tography (HPLC) 1260 Infinity (Agilent Technologies, 
USA) equipped with a refractive index detector (RID). A 
Hi-plex H column (7.7 × 300  mm) was used to separate 
glucose and organic acids with an eluent of 5 mM  H2SO4. 
The temperatures of the column and RID were 60 °C and 
55 °C, respectively.

Calculations
The degradation rate of substrate was calculated using 
the following equation:
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Coulombs transferred from metabolites were calcu-
lated as in equation [28]:

(3)

Degradation rate of substrate =
weight loss(g)

Initial substrate(g)
× 100%

(4)C = F · b · V ·�C ·M−1

The ECE is defined as the ratio of the electron distri-
bution among the fermentation products (e.g., ethanol, 
acetate, biomass and hydrogen) to the total number of 
electrons in the fermentation substrate according to the 
modified Eq. 9 [29, 30]:

The following correlations were used to calculate ECE: 
1 mol xylose = 20  e− equiv; 1 mol ethanol = 12  e− equiv; 
1 mol acetate = 8  e− equiv; 1 mol  H2 =  2e− equiv; 1 mol 
biomass  (C5H7O2N) = 20  e− equiv. [31]

Bacterial community analysis
To confirm the dominant microorganisms after batch 
experiments, microbial samples were obtained from each 
reactor for sequencing. DNA extractions, amplification 
and analysis were carried out by Novogene Co. Ltd. (Bei-
jing, China). For polymerase chain reaction (PCR) ampli-
fication, a pair of universal 16S rRNA gene primers PS5 
(341b4F-806R) was used for high-throughput sequencing 
[32]. The details of the microbial analysis were presented 
in a previous study [33, 34]. Briefly, DNA was extracted 
and amplified using the 16S V4 region primers (515F and 
806R). Then amplicons were sequenced using the Ion-
S5TMXL platform at Novogene Co. Ltd. (Beijing, China). 
Filtered sequences were classified as operational taxo-
nomic unit (OTU) with 97% identity using the Uparse 
software (Uparse v7.0.1001, http:// drive5. com/ uparse/) 
[35]. Taxonomy was assigned to OTUs against SSUrRNA 
database of the SILVA (http:// www. arb- silva. de/) [36]. 
The OTU table was rarefied to 63,933 sequences per sam-
ple in QIIME. Further data analysis was performed based 
on OTUs.

The microbial α-diversity was assessed using three met-
rics, including the Shannon index [37], the Observed_
species, the Chao1 index [38], and PD whole tree.

Nucleotide sequence deposition
All sequencing datasets were deposited in the National 
Center for Biotechnology Information (NCBI) Sequence 
Read Archive (http:// trace. ncbi. nlm. nih. gov/ Traces/ sra/) 
with accession numbers SRR11087322-SRR11087363.

Statistical analysis
NMDS analysis was performed with the R Vegan pack-
age. T-test was used to test R software to analyze the 

(8)

CCE

=
Carbon yield of ethanol+ acetetate+ biomass

Carbon yield of xylose consumed
× 100%

(9)ECE =
Electron equivalents of Ethanol+ Acetetate+H2 + biomass

Electron equivalents of Xylose
× 100%

F is the Faraday constant (96,485 C  mol−1  e−), b is the 
number of e transferred per mole of metabolites, V is 
the volume of liquid in the reactor. �C is the metab-
olites concentration change (g  L−1), M is the molecu-
lar weight of metabolites (g  mol−1). Total 3.4  e− equiv 
for production of 1  mol ethanol from 0.6  mol xylose; 
Total 0.6  e− equiv for production of 1 mol acetate from 
0.6 mol xylose; Total  2e− equiv for production of 1 mol 
 H2 from 0.6 mol xylose.

Coulombs recovered as current were calculated as in 
Eq. (5) [28]:

CE was calculated as in Eq. (6) [28]:

where t0 and tf are the initial and final times of an experi-
ment, �C is the xylose concentration change between 
t0 and tf (g  L−1), M is the molecular weight of xylose 
(150.13  g   mol−1), b is the number of e transferred per 
mole of xylose (20 mol  e− mol  xylose−1), F is the Faraday 
constant (96,485 C  mol−1  e−), I is the current intensity 
and V is the volume of liquid in the reactor.

rCAT  was calculated as in Eq. (7) [28]:

where VH2 is the final volume of  H2 and Vm is the molar 
gas volume (24.03 L  mol−1).

The CCE is defined as the ratio of the carbon content of 
metabolic products (eg., soluble metabolic products, bio-
mass) to the total carbon of the xylose according to the 
modified Eq. 8 [29, 30]:

(5)CI =

tf∫

t0

Idt

(6)CE =

∫ tf
t0
Idt

F · b · V ·�C ·M−1
× 100%

(7)rCAT =
VH2 · 2 · F · V−1

m∫ tf
t0
Idt·M−1

× 100%

http://drive5.com/uparse/
http://www.arb-silva.de/
http://trace.ncbi.nlm.nih.gov/Traces/sra/
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difference of β-diversity index between groups. The 
contribution of the applied potentials to the commu-
nity composition was calculated separately through a 
permutational multivariate analysis of variance (PER-
MANOVA) with the ‘Adonis’ function in the vegan R 
package with 9999 random permutations. All statisti-
cal analyses were performed with Origin v8.1 software 
(OriginLab Corp., Northampton, MA, USA) and R 
software v3.4.4 (https:// www.r- proje ct. org) (Additional 
file 1: Fig. S1).
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