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Abstract 

Background: Pretreatment of lignocellulosic biomass generates different types of inhibitors (e.g., furfural and acetic 
acid), which could remarkably inhibit subsequent ethanol fermentation. Here, biochar as an additive in the fermen‑
tation broth was first applied to enhance ethanol production by Z. mobilis wild‑type strain ZM4 in the presence of 
typical inhibitors.

Results: This study showed that the biochar‑mediated tolerance to furfural and acetic acid for the strain Z. mobi-
lis ZM4 was the highest reported level, resulting in much higher ethanol productivity under stress conditions than 
that in non‑treated conditions. Further analysis showed that adsorptive detoxification was not the controlling fac‑
tor for enhanced ethanol production under stress conditions, attributed to its low removal of furfural (< 20%) and 
incapability of acetic acid removal. When biochar was filtered from the biochar‑treated inhibitor‑containing broth, it 
still showed enhanced ethanol production. Furthermore, Z. mobilis immobilized on biochar was also observed. Thus, 
biochar extracts in the fermentation broth and cell immobilization on biochar might be the controlling factors for 
enhanced ethanol production under stress conditions.

Conclusions: These results indicate that biochar‑mediated enhanced ethanol fermentation (BMEEF) might be a 
promising strategy for ethanol production from lignocellulosic biomass.
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Background
Cellulosic ethanol is a meaningful modern adjunct to 
fossil fuels and diluted acid pretreatment is one of the 
cost-effective methods reported and has been exten-
sively studied [1]. However, the two most toxic inhibitors, 
i.e., furfural and acetic acid, were generated during this 
process, and these inhibitors would adversely affect the 

cellular growth, metabolism, and ethanol fermentation 
efficiency of ethanologenic bacteria [2, 3]. The minimum 
inhibitory tolerant levels vary from microbes but are 
generally below 1.5  g/L furfural and 3.0  g/L acetic acid, 
respectively [4, 5]. Furthermore, furfural can form syner-
gistic inhibition with acetic acid [6]. Many methods that 
have been studied in the past focused on removing inhib-
itors before fermentation (e.g., physical, physicochemi-
cal and biological) [7, 8] or developing inhibitor-tolerant 
ethanologenic strains [9, 10].

Zymomonas mobilis is an excellent ethanologenic bac-
terium possessing several appealing characteristics such 
as high ethanol yield and tolerance capacity, low bio-
mass amount, and high specific rate of sugar uptake [11, 
12]. But its weak tolerance to furfural and acetic acid is 

http://orcid.org/0000-0002-9780-6865
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13068-020-1666-6&domain=pdf


Page 2 of 10Wang et al. Biotechnol Biofuels           (2020) 13:28 

the major drawback when applied to ethanol fermenta-
tion using lignocellulose feedstock containing furfural 
and acetic acid generated from pretreatment [13]. Apart 
from removing inhibitors before fermentation, creating 
mutants capable of tolerating furfural and acetic acid is 
efficient for the economic production of cellulosic bio-
fuels [14, 15]. However, although several efforts have 
been applied to improve these inhibitors’ tolerance in Z. 
mobilis, including forward and reverse genetics, so far, 
the reported highest concentrations of furfural and ace-
tic acid that Z. mobilis could tolerate were 3.0  g/L and 
8.0 g/L [10, 16], respectively. But further efforts are still 
needed to meet the requirement of practical lignocellu-
lose biorefinery with high inhibitor contents in the pre-
treated feedstock, and due to the complex mechanism of 
furfural and acetic acid stress in Z. mobilis, developing a 
robust strain will also be a difficult challenge [13–15].

Biochar, attributed to its special characteristics, such 
as high porosity, rich functional groups, abundant nutri-
ents, is an emerging versatile material for various applica-
tions [17–23], such as soil amendment/remediation [19], 
crop production promotion [20], water pollution control 
[17, 18], and even anaerobic digestion [21, 22] and com-
posting [23]. For example, in anaerobic digestion, biochar 
has shown its capacity in improving the fermentation 
of easy-acidification substrates by promoting buffering 
capacity [22]. However, little is known about the effects 
of biochar as a fermentation additive to improve etha-
nol fermentation by Z. mobilis in the presence of a high 
concentration of inhibitors in the hydrolysate [24, 25]. 
Biochar has shown its capacity in adsorptive detoxifi-
cation of phenols, furfural, and 5-HMF [26–28]. How-
ever, biochar was not efficient in acetic acid adsorption. 
Moreover, adsorptive detoxification requires a high dose 
of biochar to achieve high removal of adsorbable inhibi-
tors. A large amount of biochar for detoxification would 
impede its practical application. For example, the appli-
cation of 4% biogas digestate-derived biochar in synthetic 
medium removed more than 94% of 5-HMF and 99% of 
furfural after 24 h of contact time [28].

Here, biochar-mediated enhanced ethanol fermenta-
tion (BMEEF) was developed by applying biochar as 
an additive in fermentation broth to promote ethanol 
production by Z. mobilis wild-type strain ZM4 in the 
presence of typical inhibitors. Adsorbable furfural and 
non-adsorbable acetic acid were chosen as typical inhibi-
tors in this study. Biochar for BMEEF was not applied as 
a detoxification agent, so its dose was < 1/10 of the dose 
used for adsorptive detoxification [28], which was more 
suitable for practical application due to its much lower 
dose. Ethanol production under stress from furfural or 
acetic acid and co-stress was observed to confirm the 
effects of adsorptive detoxification, biochar extracts in 

the fermentation broth and immobilized Z. mobilis cells 
on biochar-enhanced ethanol production under various 
stress conditions. The results of this study could provide 
novel insights into the effects of biochar on ethanol fer-
mentation under stress conditions.

Results and discussion
Biochar enhanced ethanol production under acetic acid 
stress
Through forward and reverse genetics, the reported 
highest concentration of acetic acid that Z. mobilis 
could tolerate was 8.0 g/L [10]. Therefore, in this study, 
four different gradient concentrations (3.0, 6.0, 9.0, and 
12.0  g/L) of acetic acid were employed. As shown in 
Fig. 1a, b, and Table 1, wild-type strain ZM4 was dra-
matically suppressed by 6.0  g/L acetic acid and could 
hardly survive under 9.0 g/L acetic acid. Actually, when 
a supplement of 6.0  g/L acetic acid was added, strain 
ZM4 consumed 97.86% glucose within 48 h, and when 
9.0  g/L acetic acid was added, ZM4 could hardly sur-
vive, only consumed 6.24 ± 2% glucose within 96  h. 
However, with 3.5‰ biochar addition, strain ZM4 con-
sumed 97.93% glucose and produced 25.10 ± 0.12  g/L 
ethanol within 16  h under 6.0  g/L acetic acid stress 
condition and consumed 92.0% glucose and produced 
23.58 ± 1.03 g/L ethanol within 48 h with 9.0 g/L acetic 
acid addition. As reported, the highest concentration of 
acetic acid generated during the pretreatment step of 
biomass was nearly 10.0  g/L [29]. With 3.5‰ biochar 
addition, the ZM4 strain could consume 81.51% of the 
initial glucose after fermentation for 84  h in the pres-
ence of 12.0  g/L acetic acid. Considering that biochar 
was not efficient in acetic adsorption (Additional file 1: 
Figure S1), adsorptive detoxification might be not the 
controlling factor for enhanced ethanol production 
under acetic stress conditions. In anaerobic diges-
tion conditions, biochar has also shown its capacity in 
improving the fermentation of easy-acidification sub-
strates through its buffering capacity [22].

The BMEEF is an efficient and convenient method to 
promote the production of ethanol by Z. mobilis wild-
type strain ZM4 under the high concentration of acetic 
acid. Compared with the reported acetic acid-tolerant Z. 
mobilis strains [4, 10, 30], biochar addition remarkably 
shortened the fermentation time and enhanced ethanol 
productivity. For example, a mutant ZMA7-2 (tolerant 
to 7.0  g/L acetic acid) was obtained via three rounds of 
adaptive laboratory evolution (ALE) [4], which consumed 
96% glucose within 48  h. Besides, a flocculent mutant 
ZM401 and mutants ZMAQ8-1 and ZMAC8-9 with high 
tolerance to acetic acid were obtained by nitrosoguani-
dine (NTG) and ARTP mutagenesis, respectively [10, 
30]. For ethanol fermentation by the acetic acid-tolerable 
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mutant (ZM401), pH was maintained at 6.0 by KOH to 
promote ethanol production under 6.0  g/L acetic acid. 
Actually, when RM was supplemented with 6.0 g/L ace-
tic acid, the pH value was 3.92. However, the pH value 
was uncontrolled for BMEEF. Moreover, although ace-
tic acid-tolerable mutants (ZMAQ8-1 and ZMAC8-9) 
could produce ethanol with a high productivity at a cer-
tain stress condition, they were still not efficient in etha-
nol fermentation under high concentration of acetic acid 
(like in the presence of 8.0 g/L acetic acid), with the pro-
ductivities of 0.32 and 0.3  g/L/h, respectively (Table  1) 
[10]. While in the presence of 9.0 g/L acetic acid, BMEEF 
by strain ZM4 could produce ethanol at a productivity of 
0.39 ± 0.02  g/L/h. Thus, BMEEF was more efficient and 
convenient than the genetic engineering of strains.

Biochar facilitated ethanol production under furfural stress
Furfural is another key inhibitor in the cellulosic hydro-
lysate. The highest concentration of furfural tolerated 
by Z. mobilis was 3.0  g/L in previous studies [16, 31]. 

Therefore, four different gradient concentrations (1.0, 2.0, 
3.0, and 4.0 g/L) of furfural were employed in this study. 
As shown in Fig. 1c, d, and Table 1, Z. mobilis ZM4 was 
dramatically suppressed by over 2.0  g/L furfural. Actu-
ally, when a supplement of 3.0  g/L furfural was added, 
strain ZM4 consumed 99.64% glucose within 72  h. 
When 4.0 g/L furfural was added, strain ZM4 consumed 
99.76% glucose within 84 h with a longer lag phase. How-
ever, with 3.5‰ biochar addition, strain ZM4 consumed 
99.71% glucose and produced 23.99 ± 0.88  g/L ethanol 
within 24 h in the presence of 3.0 g/L furfural and con-
sumed 99.72% glucose and produced 22.82 ± 0.85  g/L 
ethanol within 48  h under 4.0  g/L furfural stress. Thus, 
these results indicated that the addition of biochar 
remarkably reduced fermentation time under furfural 
stress conditions.

Various furfural-tolerant mutants were developed for 
ethanol production under furfural conditions. For exam-
ple, mutant ZMF3-3 that is tolerant to 3.0  g/L furfural 
was screened through three rounds of ALE and consumed 

Fig. 1 Effects of biochar on ethanol fermentation by Z. mobilis ZM4 in the presence of acetic acid stress condition (a, b), and furfural stress 
condition (c, d). Glucose indicates the concentration of sugar that remained in cultures. EtOH indicates the concentration of ethanol produced. “An” 
and “Fn” indicate Z. mobilis ZM4 fermented in the presence of n g/L acetic acid and n g/L furfural, respectively. “AnC” and “FnC” indicate Z. mobilis 
ZM4 co‑cultured with 3.5‰ biochar fermented in the presence of n g/L acetic acid and n g/L furfural, respectively
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80% glucose within 48  h [4]. In addition, mutant ZM4-
MF2 was obtained by error-prone PCR of the global tran-
scription sigma factor RpoD in Z. mobilis ZM4, which 
consumed 92.8% glucose and produced 9.8  g/L etha-
nol within 54 h in the presence of 3.0 g/L furfural under 
20.0 g/L glucose [31]. However, with 3.5‰ biochar addi-
tion, strain ZM4 could consume 99.71% glucose and pro-
duce 23.99 ± 0.88 g/L ethanol within 24 h in the presence 
of 3.0  g/L furfural under 50.0  g/L glucose, which was 
more efficient in ethanol production under furfural stress 

condition than some of the previously reported inhibi-
tion-tolerant mutant. Thus, BMEEF was more efficient 
and convenient than the genetic engineering of strains.

Biochar improved ethanol production under acetic acid 
and furfural stress
Lignocellulosic hydrolysate is a complex system, and the 
high abundance of furfural can form synergistic inhibi-
tion with acetic acid [6]. Therefore, the BMEEF under 
co-stress by acetic acid and furfural was investigated. The 

Table 1 Conversion of glucose to ethanol by Z. mobilis under acetic acid and/or furfural stresses

P values calculated by one-way ANOVA, * P < 0.05; ** P < 0.01; *** P < 0.001

Three repeats were performed for each fermentation

Strain Fermentation 
time (h)

Glucose consumed (g/L) Ethanol Theoretical 
yield (%)

References

Titer (g/L) Yield (g/g glucose) Productivity (g/L/h)

50.0 g/L glucose + 3.0 g/L acetic acid This study

 ZM4 + C 12 52.60 ± 0.37 26.39 ± 0.18* 0.50 ± 0.00** 2.20 ± 0.02*** 97.85

 ZM4 20 51.79 ± 0.58 24.83 ± 0.59 0.48 ± 0.01 1.24 ± 0.03 93.93

50.0 g/L glucose + 6.0 g/L acetic acid

 ZM4 + C 16 51.47 ± 0.01*** 25.10 ± 0.12*** 0.49 ± 0.00*** 1.57 ± 0.01*** 95.89

 ZM4 48 50.61 ± 0.05 22.69 ± 0.08 0.45 ± 0.00 0.47 ± 0.00 88.06

50.0 g/L glucose + 9.0 g/L acetic acid

 ZM4 + C 60 51.26 ± 0.00 23.58 ± 1.03*** 0.46 ± 0.02*** 0.39 ± 0.02 90.02

 ZM4 – 51.35 ± 0.18 0.18 ± 0.01 0.00 ± 0.00 – –

50.0 g/L glucose + 12.0 g/L acetic acid

 ZM4 + C 108 51.17 ± 0.10 21.79 ± 0.17*** 0.43 ± 0.00*** 0.20 ± 0.00 84.15

 ZM4 – 51.27 ± 0.04 0.06 ± 0.04 0.00 ± 0.00 – –

100.0 g/L glucose + 6.3 g/L acetic acid, pH 6.0

 ZM401 24 99.9 48.9 0.49 2.04 95.89 [30]

50.0 g/L glucose + 8.0 g/L acetic acid

 AQ8‑1 64 49.59 20.76 0.42 0.32 82.19 [10]

 AC8‑9 72 41.85 21.46 0.43 0.30 84.15

50.0 g/L glucose + 1.0 g/L furfural This study

 ZM4 + C 12 51.39 ± 0.02 23.77 ± 0.14** 0.46 ± 0.00** 1.98 ± 0.01*** 90.02

 ZM4 28 51.39 ± 0.04 22.57 ± 0.23 0.44 ± 0.00 0.81 ± 0.01 86.11

50.0 g/L glucose + 2.0 g/L furfural

 ZM4 + C 16 51.04 ± 0.47 23.57 ± 0.53 0.46 ± 0.01* 1.47 ± 0.03*** 90.02

 ZM4 32 51.28 ± 0.56 22.21 ± 0.79 0.43 ± 0.01 0.69 ± 0.02 84.15

50.0 g/L glucose + 3.0 g/L furfural

 ZM4 + C 24 51.42 ± 0.06 23.99 ± 0.88 0.47 ± 0.02 1.00 ± 0.04*** 91.98

 ZM4 72 51.28 ± 0.19 22.74 ± 0.62 0.44 ± 0.01 0.32 ± 0.01 86.11

50.0 g/L glucose + 4.0 g/L furfural

 ZM4 + C 48 51.18 ± 0.12** 22.82 ± 0.85* 0.45 ± 0.02* 0.48 ± 0.02*** 88.06

 ZM4 84 51.64 ± 0.09 20.35 ± 1.09 0.39 ± 0.02 0.24 ± 0.01 76.32

20.0 g/L glucose + 3.0 g/L furfural

 F211 22 N/A N/A 0.46 N/A 90.02 [16]

 F27 28 N/A N/A 0.47 N/A 91.98

20.0 g/L glucose + 3.0 g/L furfural

 ZM4‑MF2 54 20 9.8 0.49 0.181 95.89 [31]
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concentrations of two inhibitors in a mixture were 6.0 
and 3.0  g/L, respectively. As shown in Fig.  2a, b, strain 
ZM4 was dramatically suppressed by a mixture of these 
two inhibitors. While with 3.5‰ biochar addition, strain 
ZM4 consumed 97.15% of the initial glucose and pro-
duced 22.05 ± 0.58  g/L ethanol after fermentation 48  h, 
and in less than 60 h, strain ZM4 in untreated fermenta-
tion broth consumed 51.17% of the glucose. So far, there 
are few studies on multi-resistant Z. mobilis strains. The 
Z. mobilis mutant AcRIM0347 obtained by hfq gene 
insertion of Z. mobilis AcR was resistant to 0.75  g/L 
HMF, 1 g/L furfural or 1 g/L vanillin for 16, 19 or 21 h, 
respectively [9]. Although the mutant AcRIM0347 is 
resistant to a variety of inhibitors, the assay did not inves-
tigate a mixture of inhibitors. Thus, BMEEF might be a 
promising strategy to improve ethanol production under 
practical complex conditions with a variety of inhibitors.

Mechanisms for BMEEF
Cell immobilization on biochar
The SEM images presented in Fig.  3 (biochar with Z. 
mobilis in RM medium, with Z. mobilis in RM medium 
supplemented with 6.0 g/L acetic acid, and with Z. mobi-
lis in RM medium supplemented with 3.0  g/L furfural) 
highlighted the potential of biochar to provide a suitable 
habitat for microbial colonization. Cell immobilization 
on biochar in the fermentation broth and subsequent 
remarkable promotion of biofuel production were also 
observed by the ethanol fermentation by S. cerevisiae 
and K. marxianus in the presence of biowaste-derived 
biochar [25, 32]. However, the previous results about cell 
immobilization were obtained under conditions without 
inhibitors [33]. Here, the cell immobilization of Z. mobi-
lis was observed under inhibition conditions, and, more 

importantly, immobilized Z. mobilis on biochar showed 
unexpected resistance to inhibitions. Thus, immobilizing 
Z. mobilis densely and homogeneously to the surface of 
biochar could be a novel strategy for bioethanol produc-
tion, especially for bioethanol production under the prac-
tical condition with multi-inhibitors.

Two stages might be involved in the immobilization 
of microbes on biochar. The initial stage might be the 
adsorption of microbes onto biochar, which could be 
interpreted by the theory of colloid stability, and the sec-
ond stage might be the biofilm formation [34, 35]. Cell 
immobilization on the surface of the biochar is a result 
of either physical adsorption by electrostatic force or due 
to natural cell attachment into the porous or covalent 
binding between the membrane and the support [36]. 
Further studies are needed to elucidate the formation of 
cell immobilization on biochar and the effects of immo-
bilized ethanologenic strains on inhibition mitigation.

Unexpected effects of biochar extracts
Biochar in RM medium with inhibitor (8.0  g/L acetic 
acid or 4.0 g/L furfural) was filtered before strain inocu-
lation to confirm the effects of biochar extracts on etha-
nol fermentation. As shown in Fig. 4, in the presence of 
8.0  g/L acetic acid, strain ZM4 in the filtered biochar-
treated medium showed a faster fermentation rate and 
consumed 93.98% glucose within 48 h, while strain ZM4 
in biochar-untreated medium only consumed 30.44% 
glucose in less than 24  h. Moreover, in the presence of 
4.0  g/L furfural, the fermentation time of ZM4 in the 
filtered biochar-treated medium was reduced by 24  h, 
compared to the biochar-untreated system. Thus, these 
results suggested that biochar extract promoted ethanol 
fermentation under stress conditions.

Fig. 2 Effects of biochar on ethanol fermentation by Z. mobilis ZM4 in the presence of 3.0 g/L furfural plus 6.0 g/L acetic acid. a Glucose 
consumption. b Ethanol yield. F3A6 indicates Z. mobilis ZM4 fermented in the presence of 3.0 g/L furfural plus 6.0 g/L acetic acid. “F3A6C” indicates 
Z. mobilis ZM4 co‑cultured with 3.5‰ biochar fermented in the presence of 3.0 g/L furfural plus 6.0 g/L acetic acid
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Fig. 3 SEM of Z. mobilis interaction with biochar. a Biochar in RM medium with Z. mobilis. b Biochar in RM medium supplemented with 6.0 g/L 
acetic acid with Z. mobilis. c, d Biochar in RM medium supplemented with 3.0 g/L furfural with Z. mobilis 

Fig. 4 Effects of filtered medium of biochar on ethanol fermentation by Z. mobilis ZM4 “A8” and “F4” indicate Z. mobilis ZM4 fermented in the 
presence of 8.0 g/L acetic acid and 4.0 g/L furfural, respectively. “A8‑C” and “F4‑C” indicate Z. mobilis ZM4 co‑cultured with filtered biochar‑treated 
medium in the presence of 8.0 g/L acetic acid and 4.0 g/L furfural, respectively
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To further elucidate the effects of biochar extract, the 
nutrients in biochar-treated medium were investigated. 
Actually, 719.5 mg/L TN, 806 mg/L TOC, 674.2 mg/L TP, 
193.2 mg/L K, and 12.03 mg/L Mg were detected in bio-
char-filtered medium, which were improved compared to 
raw RM medium. As previously reported, the glucose uti-
lization of Z. mobilis is controlled by coupled phospho-
rylation; the addition of inorganic phosphate will lead to 
an improvement in the utilization of glucose by Z. mobi-
lis, and  Mg2+ ions, which has been confirmed to protect 
the viability of Z. mobilis via preventing the breakdown 
of RNA under starvation [37]. Besides,  K+ ions are a co-
factor of the most intracellular enzyme, and this property 
may benefit the growth of Z. mobilis and resistance to 
inhibitors. What’s more, some small molecules in biochar 
might act as allosteric regulators of a specific enzyme to 
facilitate resistance to inhibitors in the strain, and this 
needs further study. Thus, these results suggested that 
biochar could provide extra nutrients for promoting 
strain ZM4 resistant to acetic acid and furfural, facilitat-
ing ethanol production under stress conditions.

Beyond adsorptive detoxification
Inhibitors such as furfural and HMF were prone to be 
adsorbed. However, a little adsorbent is highly efficient 
for acetic acid adsorption. Thus, adsorbable furfural and 
non-adsorbable acetic acid were chosen as two types 
of inhibitors in this study. As shown in Fig.  5, biochar 
adsorbed 15.25% and 18.75% of furfural in the presence 
of 3.0 and 4.0 g/L furfural within 12 h, respectively, indi-
cating that the furfural concentration in the fermentation 
broth was still very high. In addition, the concentration 
of acetic acid was nearly invariable during the entire fer-
mentation process (Additional file  1: Figure S1). Thus, 

these results suggested that adsorptive removal of inhibi-
tors might not be the dominant mechanism for enhanced 
ethanol production under stress conditions.

Compared to traditional adsorptive detoxification [27], 
attributed to the low dose of biochar (3.5‰), the removal 
efficiency for furfural was lower in this study. For exam-
ple, modified biochar from bamboo at a dose of 75  g/L 
was applied for furfural adsorption, and almost 100% fur-
fural was removed in 10 g/L furfural solution [27]. How-
ever, for BMEEF, biochar was not used as an adsorbent 
for adsorptive detoxification, but as an additive. Thus, for 
BMEEF, strains were allowed to exist with a low dose of 
biochar and a certain amount of inhibitors in the fermen-
tation broth.

Furthermore, compared to biochar application in other 
areas, e.g., soil amendment [19], anaerobic digestion [21, 
22], and composting [23], attributed to its much lower 
application amount, the pH changes in BMEEF were not 
remarkable (Additional file 1: Figure S1). It only increased 
by 0.05 in all test conditions. Thus, pH adjustment was 
not responsible for enhanced ethanol production.

Biochar‑mediated enhanced ethanol fermentation (BMEEF)
In this study, BMEEF was developed using 3.5‰ 
biochar as an additive to promote ethanol produc-
tion, especially under stress conditions, not just as an 
adsorbent to remove inhibitors. Adsorptive removal of 
inhibitors by various adsorbents, e.g., biochar, activated 
carbon, has been developed for inhibition mitigation 
or detoxification. However, these adsorbents are not 
used as an additive in the fermentation broth, but used 
as a detoxification agent and removed out before etha-
nol fermentation [28]. When biochar was applied as a 
detoxification agent, it focused on the high removal of 
inhibitors. For example, previous results showed that 
more than 94% of 5-HMF and 99% of furfural were 
removed in the synthetic medium after 24  h of con-
tact time by 4% biochar [28]. However, for BMEEF, 
the amount of biochar was as low as 3.5‰, which was 
much lower than the amount used in detoxification. 
Moreover, the removal of furfural by 3.5‰ biochar 
was < 20%, and no obvious decrease of acetic acid in 
the fermentation broth was observed. Thus, adsorptive 
detoxification was not critical for BMEEF, and strains 
were allowed to exist with a low dose of biochar and a 
certain amount of inhibitors.

Even under non-stress conditions, BMEEF could 
remarkably promote ethanol fermentation by Z. mobilis. 
As shown in Additional file 1: Figure S2, ethanol produc-
tion in biochar-added RM medium without any inhibi-
tors was investigated to confirm the effects of biochar 
on ethanol production. Results showed that, with the 
addition of 3.5‰ biochar in RM medium without any 

Fig. 5 Effects of biochar on the adsorption of furfural. “FnB” indicates 
Z. mobilis ZM4 fermented in the presence of n g/L furfural. “FnBC” 
indicates Z. mobilis ZM4 co‑cultured with 3.5‰ biochar fermented in 
the presence of n g/L furfural. “FnC” indicates biochar in the presence 
of n g/L furfural
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inhibitors, strain ZM4 consumed nearly 100% glucose 
and produced 27.44 g/L ethanol within 7.5 h, and in less 
than 4.5  h, strain ZM4 consumed 55.16% glucose and 
produced 15.09 g/L ethanol, indicating that biochar facil-
itated strain growth and subsequent ethanol production 
under non-stress conditions.

Mechanism analysis further suggested that BMEEF 
was not dependent on adsorptive detoxification due to 
its low removal for furfural and incapability in acetic 
acid removal in the fermentation broth, but dependent 
on the cell immobilization on biochar surface and bio-
char extract to supply nutrients (or some possible small 
organic molecules) to the broth. Further studies are 
needed to elucidate the formation process of cell immo-
bilization on biochar, functional components in biochar 
extract, and their effects on strain growth and ethanol 
production under stress conditions.

Furthermore, attributed to the inhibition mitigation 
effects of BMEEF, it might be competent for the fermen-
tation in concentrated hydrolysate with a high concen-
tration of glucose and thus for the production of high 
concentration of ethanol in the fermentation broth, 
which needs further study. The immobilized strain on 
biochar might facilitate the recovery of strains in the fer-
mentation broth, which could be beneficial for repeated 
batch fermentation [25, 32].

Conclusion
In this study, the performance of BMEEF under various 
stress conditions (furfural and acetic acid) was first inves-
tigated. Results showed that with 3.5‰ (w/v) biochar in 
the fermentation broth, ethanol production was remark-
ably enhanced in the presence of high concentrations 
of furfural and acetic acid, especially under co-stress 
conditions. Further analysis showed that BMEEF was 
not dependent on adsorptive removal of inhibitors due 
to its low removal for furfural and incapability in acetic 
acid removal in the fermentation broth, but dependent 
on the cell immobilization on biochar surface and bio-
char extracts to supply nutrients (or some possible small 
organic molecules) to the broth. Thus, BMEEF might be a 
promising strategy for ethanol production from lignocel-
lulosic biomass.

Materials and methods
Treatment of media and bacterial preparation
Zymomonas mobilis wild-type strain ZM4 was grown in 
rich medium (20.0 g/L glucose, 10.0 g/L yeast extract and 
2.0 g/L  KH2PO4) for the overnight stock culture. Biochar 
was prepared via the pyrolysis of wheat straw at 600  °C 
for 2 h at a heating rate of 10  °C/min in a vacuum tube 
furnace (MXQ1200-30, China) and then sieved to a par-
ticulate size of 80 mm [38].

Cultures were inoculated from a fresh plate of RM. The 
overnight stock culture was cultured for 12  h at 30  °C 
without shaking. The final optical density (OD) (Jin-
gke UV765, Shanghai) of the overnight stock culture at 
600 nm was 1.8. The  OD600 was measured to assess the 
rate of bacterial growth. To 50 mL of RM medium, 3.5‰ 
(by weight, 0.175 g) biochar was added. Cell pellets were 
harvested from 2  mL of the overnight stock culture by 
centrifuging at 3000 rpm for 4 min at 4 °C. The harvested 
cell pellets were then inoculated into the two different 
media (RM and biochar-treated medium) to begin bac-
terial growth. In this set of experiments, bacteria grew 
in the presence of biochar or untreated RM medium 
throughout the time course (12 h) of each experiment. All 
growth and fermentations were carried out in triplicate.

An additional set of experiments was performed to 
investigate the influence of the biochar on typical inhibi-
tors (adsorbable furfural and non-adsorbable acetic 
acid) generated during lignocellulose pretreatment. For 
these experiments, 3.5‰ (by weight, 0.175  g) biochar 
was added to 50  mL RM media (in 100  mL flask) with 
different acetic acid concentrations (3.0, 6.0, 9.0, and 
12.0  g/L), or different furfural concentrations (1.0, 2.0, 
3.0, and 4.0), or 6.0 g/L acetic acid plus 3.0 g/L furfural. 
Meanwhile, biochar-untreated RM medium was also 
supplemented with the corresponding concentrations of 
acetic acid or/and furfural as a control. 2 mL of the over-
night stock culture was harvested and inoculated into 
each flask and placed in the incubator at 30  °C without 
shaking. All growth and fermentations were carried out 
in triplicate.

In addition, the third set of experiments was performed 
where biochar was removed from the medium before 
inoculation. For these experiments, the same 3.5‰ (by 
weight, 0.175 g) biochar was added to 50 mL RM media 
with 8.0 g/L acetic acid and 4.0 g/L furfural, respectively. 
Then the media was first filtered through a 0.45-μm 
sterile syringe filter and then passed through a 0.22-μm 
sterile syringe filter. Meanwhile, as a comparison, bio-
char-untreated RM medium was also supplemented with 
8.0 g/L acetic acid and 4.0 g/L furfural, respectively. Cul-
tivation methods were the same as the first and second 
sets of experiments. All cell growth and ethanol fermen-
tation were carried out in triplicate.

Characteristics of biochar
The mineral elements (e.g., K, Mg) present in the biochar 
were determined by ICP (PlasmaQuant PQ9000, Ger-
many). The N content in the biochar was determined by a 
TN analyzer (SHIMADZU, Japan). The total carbon (TC) 
content and total organic carbon (TOC) contents were 
determined by a TOC-V CPH analyzer (SHIMADZU, 
Japan).
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SEM analysis
Biochar inoculated with Z. mobilis ZM4 cells was imaged 
using scanning electron microscope (SEM). Samples 
were prepared by chemical fixation and freeze-drying. 
Briefly, two milliliters of the co-cultures was first fixed 
with 2.5% glutaraldehyde at 4 °C for 12 h, rinsed by 0.1 M 
PBS buffer (pH 7.0) twice, dehydrated with graded etha-
nol, treated with isoamyl acetate (for replacement of eth-
anol), and then the samples were observed by scanning 
electron microscope (Phenom Pro, Netherlands Phenom) 
after freeze-drying.

Analytical methods
After filtration with a 0.22-μm membrane and ten-time 
dilution, the concentrations of glucose, ethanol, acetic 
acid, and furfural in fermentation medium were analyzed 
by high-performance liquid chromatography (HPLC; 
Agilent 1200), equipped with refractive index detector. 
An HPX-87H ion exclusion column (Bio-Rad Aminex) 
was used at 65 °C with 5 mM  H2SO4 as the mobile phase 
and run at a flow rate of 0.6 mL/min. The injection vol-
ume was set to 20.0  μL. One-way ANOVA was used to 
test all experimental data and the correlation was ana-
lyzed with the Pearson test (two tailed) using Statistical 
Product and Service Solutions Software (SPSS, version 
19.0).
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org/10.1186/s1306 8‑020‑1666‑6.
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