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Abstract
Acidification is a potential solution to lignocellulose conversion. In this work, steam explosion was proposed to pretreat cornstalk
and improve acidification bioconversion efficiency. Results showed that steam explosion improved the conversion ratio by 17%
compared with the control group. The optimum temperature of the hydrolysis and acidification system was 50 °C and the
microbial community showed higher hydrolysis and acidification efficiency at pH 8.0–9.0, which were 66.0% (pH 8.0) and
68.0% (pH 9.0), respectively. An organic nitrogen source was more preferred by the microbial community than an inorganic
nitrogen source. The highest conversion ratio (67.0%) was observed when the yeast extract dose was 1.0 g/L. Steam-exploded
cornstalk was degraded by the microbial community, and organic acids in hydrolysis and acidification liquid was effectively
reused by R. eutropha H16 (The utilization ratios of acetic acid, propionic acid and butyric acid were 53.38, 12.27 and 20.95%,
respectively.). Based on this study, steam-explosion-based conversion technology is proposed and has great potential in future
application of lignocellulose conversion.

Keywords Steam explosion . Hydrolysis and acidification . Process regulation . Cornstalk

Introduction

Lignocellulose is the most abundant and economic reproduc-
ible resource in nature and has great applicable potential in
energy, chemical and material engineering [1–3]. In the tradi-
tional refining procedure of lignocellulosic biomass (Fig. 1-I,
1-II), the pretreated lignocellulose is usually degraded into
pentose and hexose by enzymatic or acid hydrolysis. These
platform compounds could be further converted to biofuels or
chemicals [4–6] by a purified single microbe. However, the
complex structure of lignocellulose leads to nonproductive
adsorption of cellulose that accounts for a large part of the
total cost [1, 4]. Moreover, a purified single microbe is usually
used in lignocellulose conversionwhich cannotmake themost
use of different complex components of lignocellulosic

materials. Therefore, new technology must be developed for
solving the problems above and realizing economic utilization
of lignocellulose.

Owing to the natural recalcitrance of lignocelluloses [7],
pretreatment is necessary for efficient conversion of natural
biomass by destroying the natural structure and increasing the
accessibility of the matrix to a biocatalyst [8, 9]. Over the past
decades, steam explosion has received much attention for its
merits of environmental friendliness, flexibility in scaling up
and being free of additional chemicals [10, 11]. Zhang et al.
[12] reported that hemicelluloses, cellulose and lignin of
wheat straw could be partly degraded during the steam-
explosion process. Less lignin content and more hemicellu-
lose degradation in lignocelluloses increases its digestibility
because cellulose becomesmore accessible [13]. Additionally,
owing to immediately discharge of high pressure, lignocellu-
loses are torn into small fasciculi which also contributes hy-
drolytic efficiency. A purified single microbe has usually been
employed in traditional conversion technology, which is seri-
ously restricted by the cultural environment. The microbial
community has gradually aroused interest of scholars due to
its potential in enhancing chemical diversity [14]. Strains in
the microbial community cooperate to degrade substrates,
which is similar to their function in nature because the micro-
bial community could adjust to the variable environment by
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showing a different microbial pattern [15]. Acidification is the
process by which microbial communities degrade cellulose or
hemicelluloses into sugars which can be further converted into
acids. No enzyme was used in this process.

A steam-explosion-based conversion technology of corn-
stalk was proposed based on studies in this paper. Steam ex-
plosion, acid and microwaves were employed to pretreat corn-
stalk and the influence on hydrolysis and acidification effi-
ciency was investigated. The effect of process parameters in-
cluding temperature, initial pH and nitrogen source on hydro-
lysis and acidification were also regulated. Additionally, utili-
zation of organic acids in hydrolysis and acidification liquid
byR. eutrophaH16was also investigated in order to verify the
utilization feasibility of hydrolysis and acidification liquid.

Materials and Methods

Microbes and Medium

Cornstalk was harvested from the countryside of Beijing. The
microbial community was screened in our previous work [16],
covering various kinds of microbes such as Clostridium sp.,
Bacillus sp. and uncultured bacterium. R. eutropha H16

(ATCC 17699) was kindly donated by Tsinghua University,
which can synthesize polyhydroxyalkanoate (PHA, a kind of
biodegradable bioplastic) using short-chain fatty acids [17].
Ingredients of Luria-Bertan medium (w/v) were: 0.5% yeast
extract, 1.0% peptone and 1.0% sodium chloride. Ingredients
of peptone-cellulose medium (w/v) were: 0.1% yeast extract,
0.5% peptone, 0.2% sodium bicarbonate, 0.5% sodium chlo-
ride and 0.5% steam-exploded cornstalk.

Preparation and Hydrolysis of Cornstalk
with Different Pretreatment Strategies

Steam-explosion pretreatment: steam explosion was conduct-
ed in a 4.5-L steam-explosion tank designed by our laboratory.
Cornstalk was cut into 3–5 cm and put into the tank, followed
by inletting saturated steam and maintaining pressure at 1.5
Mpa for 5 min. Then, pressure was immediately discharged
and steam-exploded cornstalk was collected and dried natu-
rally. Dilute acid pretreatment: naturally dried cornstalk was
added into 1% sulfuric acid (w/v) at the ratio of 1:20 (w/v),
followed by autoclave treatment at 100 °C for 30 min. The
solid phase was washed using water and adjusted to a neutral
pH with alkali. Finally, the solid was dried at 60 °C and
smashed to 20 meshes for further analysis. Microwave

Fig. 1 General conversion
technologies of lignocellulose
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treatment: naturally dried cornstalk was added into a waster at
a ratio of 1:20 (w/v), followed by microwave treatment at
800 W for 30 min. The solid phase was dried at 60 °C and
smashed into 20 meshes for further analysis. Compositions of
the raw cornstalk and steam-exploded cornstalk were deter-
mined according to Scarlata et al. [18].

The microbial community (10%) was incubated into the
steam-exploded cornstalk, dilute sulfuric acid-pretreated corn-
stalk, microwave-pretreated cornstalk and raw cornstalk, re-
spectively. Residual solid was measured after 7 days of fer-
mentation at 50 °C. The conversion ratio of the cornstalk was
characterized by weight loss and detailed information is pre-
sented in the Analytical Methods section.

Regulation of Hydrolysis and the Acidification Process
of Steam-Exploded Cornstalk

For temperature regulation, the microbial community was in-
cubated into peptone-cellulose medium containing 1% steam-
exploded cornstalk, and cultivated at 30, 40, 50 and 60 °C. To
investigate the effect of initial pH on hydrolysis and acidifica-
tion, the microbial community was incubated into the same
culture medium with initial pH adjustment to 6.0, 7.0, 8.0, 9.0
and 10.0, followed by cultivation at 50 °C. For nitrogen source
regulation, the microbial community was incubated into
peptone-cellulose medium in which the nitrogen source was
replaced by 1% yeast extract, urea, ammonium nitrate and
ammonium sulfate. In addition, the microbial community
was incubated into peptone-cellulose containing different con-
centrations of yeast extract. All the mixtures were cultivated
for 7 days and residual solid was measured at the end of
fermentation while main organic acids were detected every
24 h. The yield was calculated with the equation

yield ¼ weight of total main organic acids
weight of initial biomass .

Cultivating R. eutropha H16 Using Organic Acids
and Hydrolysis and Acidification Liquid

Acetic acid, propionic acid and butyric acid were added into
Luria-Bertan medium respectively with the concentrations of
5, 8, 15, 20 and 30 g/L. Then, the medium was sterilized in an
autoclave at 121 °C for 20 min after adjusting pH to 7.0–7.2.
The prepared R. eutropha H16 was incubated into the steril-
ized medium at a ratio of 5% (v/v) and a 50-mL working
volume in a 250-mL flask was cultivated at 30 °C and 200 r/
min for 48 h. Residual organic acid and cell dry weight were
detected.

The microbial community [inoculation ratio 1:10 (v/v)]
was incubated into peptone-cellulose medium containing
10% steam-exploded cornstalk and 1.0 g/L of yeast extract.
Then, the pH of the mixed system was adjusted to 9.0 and
cultivated at 50 °C for 3 days. The hydrolysis and acidification

liquid was centrifuged at 3000 rpm for 20 min. The centri-
fuged supernatant was concentrated to one-third volume
(33 mL) at 75–80 °C in a rotary evaporator. pH was adjusted
to 3.0 so as to turn the acetate, propionate and butyrate into
free organic acids. The treated hydrolysis and acidification
liquid was used to cultivate R. eutropha H16 with an initial
inoculation amount of 5%. R. eutropha H16 was cultivated at
30 °C and 200 rpm for 48 h. Residual organic acid and dry cell
weight were detected.

Analytical Methods

The conversion ratio of cornstalk was calculated according to
weight loss of substrate which was determined as follows. The
fermented substrate was centrifuged at 4 °C and 10,000 rpm
for 15 min. Sediment was suspended in 50 ml of water and
heated at 100 °C for 30 min to break the flocculation and
separate the biological cells from the sediment. Solid residue
was filtered and washed for three times. After that, the residual
solids were dried at 60 °C and finally weighed. The conver-
sion ratio was the portion of substrate weight loss.

Determination of the main organic acids and cell weight
was carried out as follows. Broth was centrifuged at 3000 rpm
for 10 min, and the supernatant was used for the main organic
acids determination by high-performance liquid chromatogra-
phy (HPLC, Agilent 1200, Agilent Technologies, USA), with
an Aminex HPX-87H column (300 × 7.8 mm, Bio-Rad
Laboratories Inc.) and a refractive index detector. H2SO4

(0.5 mM) was used as mobile phase with a flow rate of
0.6 ml. min−1 and the column temperature was set at 35 °C.
Acetic acid in pretreated cornstalk was deducted from total
acetic acid in the fermentation system when calculating acetic
acid yield in hydrolysis and acidification of cornstalk. The
precipitation was washed and freeze-dried for cell weight
determination.

Results and Discussion

Enhancing Hydrolysis and Acidification Efficiency
of Cornstalk by Steam Explosion

The composition of cornstalk greatly affects its conversion.
The composition of cornstalk with different pretreatment strat-
egies was analyzed. Results showed that after steam-
explosion pretreatment, cellulose and lignin in cornstalk in-
creased by 13.9 and 16.9%, respectively, while hemicelluloses
decreased by 39.0%. However, for dilute acid-pretreated and
microwave-pretreated cornstalk, they are 11.6, 23.5and 49.0%
and 5.9, 1.5 and 5.8%, respectively (Table 1). During steam
explosion, acetyl in cornstalk was removed and converted into
acetic acid which degraded hemicelluloses into xylose and
other small molecules. Additionally, the cornstalk was
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mechanically torn due to immediate pressure release. The
physicochemical changes of the cornstalk were beneficial for
further hydrolysis of cornstalk because cellulose and hemicel-
luloses exposed lager accessible area and increased the acces-
sibility to enzymes or microbes, which may increase the con-
version efficiency of cornstalk [19, 20]. It was verified by our
experimental results (Fig. 2) that the conversion ratio of
steam-exploded cornstalk was 64%, showing a better conver-
sion performance than that of dilute acid-pretreated (48%) and
microwave-pretreated cornstalk (49%). Additionally, solid
yields and chemical compositions of steam-explosion corn-
stalk and dilute acid-treated cornstalk were similar (Table 1).
According to our previous work [20, 21], the porosity and
penetrability of steam-exploded cornstalk were greatly en-
hanced, which promoted saturation of the matrix with water
within a short time. In other words, the changed cornstalk
structure improved mass transfer during the biodegradation
process. Besides, generation and immediate consumption by
the microbial community occurred simultaneously, which re-
duced inhibition during the degradation process and finally
increased the conversion efficiency of steam-exploded corn-
stalk. There were also differences in metabolite patterns. The
proportion of acetic acid among the total main organic acid
(TMOA) was 0.62 when untreated cornstalk was used and it
increased to 14.8% when steam-exploded cornstalk was used.
It was reported that acids with shorter chains are preferred by

microbes [22]. Therefore, taking the conversion ratio and fur-
ther microbials into consideration, steam explosion is more
acceptable for cornstalk pretreatment.

Process Regulation of Hydrolysis and Acidification
of Steam-Exploded Cornstalk by a Microbial
Community

Regulation of Temperature in the Hydrolysis
and Acidification Process of Steam-Exploded Cornstalk

Therefore, hydrolysis and acidification efficiency of
steam-exploded cornstalk at the temperature of 30-60 °C
was investigated. Results showed that the microbial com-
munity showed hydrolysis and acidification capability at
the rage of 30–60 °C, but with differences. As shown in
Fig. 3, the conversion ratio of steam-exploded cornstalk
reached up to 69.0% at 50 °C, while 34.0, 64.0 and
53.0% were observed at 30, 40 and 60 °C, respectively.
In addition, the results also showed that acetic acid,
propionic acid and butyric acid were main products of the
hydrolysis and acidification system. TMOA (2.41 g/L) was
obtained at 50 °C after fermentation and the yield was
0.241 g /g biomass. Therefore, 50 °C was chosen in our
further assays.

Table 1 Components of
cornstalks with different
pretreatment strategy

Treatment Cellulose (%) Hemicelluloses (%) Lignin (%) Recovery (%)

Untreated 35.3 ± 0.55 24.1 ± 0.32 13.6 ± 0.25 100

Steam explosion 40.2 ± 1.23 14.7 ± 0.41 15.9 ± 0.14 70.5 ± 2.32

Acid 39. ± 0.25 12.3 ± 1.12 16.8 ± 0.32 68.3 ± 3.39

Microwave 37.4 ± 0.31 22.7 ± 1.53 13.8 ± 0.28 87.6 ± 2.44

Values are means ± SD (n = 3)

Fig. 2 Comparison of total main
organic acid (TMOA)
concentration and conversion
ratio of cornstalk with different
pretreatment. Bars represent
TMOA concentration; lines
represent conversion ratio;
reaction conditions: 50 °C
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Variation and Regulation of pH during Hydrolysis
and Acidification of Steam-Exploded Cornstalk

pH is an important factor which affects metabolism processes
of microbes and finally affects the hydrolysis and acidification
efficiency. The effect of initial pH on hydrolysis and acidifi-
cation efficiency and main products was investigated in this
part. As shown in Fig. 4a, pH changed during the hydrolysis
and acidification process, to 7.0–7.6 on the first day of hydro-
lysis and acidification. Then the pH went up stably along with
the hydrolysis and acidification process. However, it was be-
yond the self-adjustment capability of the microbial commu-
nity when pH was adjusted to 10 and no pH variation was
observed. Therefore, it is speculated that pH variation could
reflect maintaining the capability of the microbial community
for hydrolysis and acidification. The conversion ratio and dis-
tribution of TMOA at different initial pH are shown in Fig. 4b.
The microbial community showed high hydrolysis and acidi-
fication efficiency at pH 6.0–9.0, but not at pH 10.0. The
conversion ratio was 68.0% at pH 9.0, while 54.0, 58.0 and
66.0% were observed at pH 6.0, pH 7.0 and pH 8.0, respec-
tively. Even so, hydrolysis and acidification efficiency was
affected by initial pH, and a higher conversion ratio was ob-
served at pH 8.0–9.0. Acetic acid and propionic acetic were
the two main products in these hydrolysis and acidification
systems. TMOA yield reached 0.268 g/g biomass and the
concentration was 2.68 g/L at pH 9.0 which was 1.68, 1.64
and 0.44 g/L higher than that at pH 6.0, pH 7.0 and pH 8.0,
respectively. Hence, a pH of 9 was favorable for hydrolysis
and acidification of steam-exploded cornstalk.

According to research results above, the microbial commu-
nity showed a better hydrolysis and acidification capability in
a wide range of pH. Therefore, it can be concluded that the
microbial community had great pH tolerance and self-

adjustment capability. The variably dominant strains at differ-
ent stages of hydrolysis and acidification may be responsible
for this [15, 16]. Strains in the microbial community could
adapt to the shifting environment without affecting the hydro-
lysis and acidification process. In addition, acetic acid and
propionic acetic were twomain products during the hydrolysis
and acidification process. This could be explained by the
strains altering the metabolic pathways to release a small num-
ber of protons in order to maintain intracellular pH under
higher pH environment [23] and retain the relatively stable
potential of the cells. During this process, butyric acid was
converted into acetic acid and ethanol further, resulting in a
relatively low concentration of butyric acid.

Nitrogen Source Regulation of the Hydrolysis
and Acidification System of Steam-Exploded Cornstalk

Owing to the low nitrogen content of cornstalk, an additional
nitrogen source was required by the microbial community to
ensure stable microbial metabolism. Ammonium nitrate, am-
monium sulfate, yeast extract and urea were investigated for
selection of a suitable nitrogen source. Figure 5a shows the
conversion ratio of steam-exploded cornstalk with different
nitrogen sources. A higher conversion ratio was observed
when an organic nitrogen source (yeast extract 67.0%, urea
61.0%) was used compared with that of inorganic sources
(ammonium nitrate 44.0%, ammonium sulfate 38.0%), indi-
cating that an organic nitrogen source was more preferred by
the microbial community.

Besides, the carbon-to-nitrogen ratio (C/N) is a controllable
factor which could alter the fermentation pattern by inducing
enrichment of different strains in the microbial community.
The metabolic pathway can be shifted by adjusting the
carbon-to-nitrogen ratio [24]. Therefore, the dose of yeast

Fig. 3 Total main organic acid
(TMOA) concentration and
conversion ratio of steam-
exploded cornstalk with various
cultural temperatures. Bars
represent TMOA concentration;
lines represent conversion ratio
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extract was optimized. Results showed (Fig. 5b) that the
highest conversion ratio (66.0%) was observed when the dose
of yeast extract was 1.0 g/L, followed by 64.0 (2.0 g/L), 53.0
(5.0 g/L) and 44.0% (0.5 g/L). Moreover, acetic acid and
propionic acid were the main products of hydrolysis and acid-
ification when the doses of yeast extract were 0.5 and 1 g/L,
which account for 88.6 and 94.2%, respectively. Interestingly,
butyric acid became one of the main products with increased
yeast extract. When the doses of yeast extract were 5 and 10 g/
L, butyric acid accounted for 23.8 and 27.6% of the TMOA,
respectively. This may be explained by the changed fermen-
tation pattern of the microbial community which demands
further investigation. The highest concentration of TMOA
was 3.65 g/L and the yield was 0.365 g/g biomass when the
dose of yeast extract was 1 g/L. However, in order to make
most use of steam-exploded cornstalk and save total cost, 1 g/
L of yeast extract was chosen for further study.

Feasibility Analysis of Organic Acids as Nutrients
in Cultivating R. eutropha H16

Organic acids were the main products of hydrolysis and acid-
ification. Those acids can be used for synthesis of high-value
products such as polyhydroxyalkanoate (PHA) and
biohydrogen [25–27]. In this part, acetic acid, propionic acid,
butyric acid and hydrolysis and acidification liquid were stud-
ied to investigate the feasibility when used as carbon sources
for R. eutropha H16 cultivation.

Table 2 shows differences in utilization ratio of acetic
acid, propionic acid and butyric acid with different concen-
trations. The dry cell weight was 4.0 g/L when acetic acid
concentration was less than 15.0 g /L and decreased with
additional amounts of acetic acid. The highest dry cell con-
tent of 2.5 g/L was observed when the propionic acid was
5.0 g/L, while a dry cell weight of 3.5 g/L was observed

Fig. 4 Variation and adjustment
of pH during hydrolysis and
acidification of steam-exploded
cornstalk: a. pH variation during
hydrolysis and acidification
process; b. effect of initial pH on
total main organic acid (TMOA)
concentration and conversion
ratio of steam-exploded cornstalk;
bars represent TMOA
concentration; lines represent
conversion ratio; reaction
conditions: 50 °C
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Fig. 5 Effect of nitrogen sources
on total main organic acid
(TMOA) distribution and
conversion ratio of steam-
exploded cornstalk. Bars
represent TMOA concentration;
lines represent conversion ratio;
reaction conditions: 50 °C; initial
pH 9

Table 2 Utilization of organic
acids and cell weight of
R. eutropha H16

Initial organic concentration (g/L) 5.0 8.0 15.0 20.0

Acetic acid

Dry cell (g/L) 4.0 ± 0.52 4.0 ± 0.23 3.0 ± 0.45 2.5 ± 0.28

Residual acetic acid (g/L) 0 2.4 ± 0.32 8.6 ± 0.82 14.6 ± 1.31

Utilization ratio (%) 100.0 69.9 42.6 26.9

Propionic acid

Dry cell (g/L) 2.5 ± 0.32 2.0 ± 0.15 2.0 ± 0.23 1.5 ± 0.22

Residual propionic acid (g/L) 3.1 ± 0.54 5.5 ± 0.35 11.3 ± 1.21 14.9 ± 1.45

Utilization ratio (%) 38.6 31.9 24.9 25.5

Butyric acid

Dry cell (g/L) 3.5 ± 0.72 3.5 ± 0.22 3.5 ± 0.53 3.5 ± 0.11

Residual butyric acid (g/L) 2.5 ± 0.04 5.1 ± 0.34 10.4 ± 0.72 14.1 ± 0.92

Utilization ratio (%) 50.0 36.0 30.5 29.5
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when butyric acid was less than 20.0 g/L. R. eutropha H16
showed a higher utilization ratio when acetic acid was used
as the carbon source, followed by butyric acid and
propionic acid. The results showed that acetic acid is ben-
eficial to cell growth because the shorter chain is more
easily used [22]. For organic acids in hydrolysis and acid-
ification liquid utilization, volatilization during the concen-
tration process led to different concentration multiples
(Table 3). Butyric acid resulted in the highest concentration
multiple (21.15) due to its longer chain, which reduced the
volatilization. A larger amount of acetic acid in hydrolysis
and acidification liquid was consumed by R. eutropha H16,
followed by butyric acid and propionic acid, which is con-
sistent with previous work. The utilization ratios of acetic
acid, butyric acid and propionic acid were 53.80, 20.95 and
12.27%, respectively, and the dry cell weight was 3.5 g/L
after 48 h fermentation. This result showed that acetic acid
is favored by R. eutrophaH16, followed by butyric acid and
propionic acid. Additionally, organic acids in hydrolysis
and acidification liquid of steam-exploded cornstalk could
be used by R. eutropha H16 effectively and 3.5 g/L cell was
obtained; this is comparable with the work of Fukui et al.
[28] who obtained a dry cell weight of 3.7 g/L using fruc-
tose as the substrate. Therefore, it is feasible to employ
hydrolysis and acidification liquid of steam-exploded corn-
stalk for cultivating R. eutropha H16.

Proposition of Conversion Technology of Lignocelluloses
Coupled with Steam-Explosion Pretreatment

Based on assays above, a steam-explosion-based conversion
technology of lignocelluloses was proposed and shown in Fig.
1 (III). Steam explosion was employed for biomass pretreat-
ment and to enhance the accessibility of the substrate. A mi-
crobial community was employed to enhance hydrolysis and
acidification efficiency of steam-exploded cornstalk by
cooperating at different stages. The metabolites in hydrolysis
and acidification liquid of steam-exploded cornstalk were
used for cultivating R. eutropha H16 for high-value products
synthesis.

Conclusion

Steam explosion improved lignocellulose conversion perfor-
mance through changing the substrate composition. The mi-
crobial community showed higher hydrolysis and acidifica-
tion efficiency at 50 °C and pH 8.0–9.0. Additionally, the
products of hydrolysis and acidification could be used for
further fermentation by R. eutropha H16, and the utilization
ratios of acetic acid, propionic acid and butyric acid were
53.38, 12.27 and 20.95%, respectively. Hence, steam-
explosion-based conversion technology could realize effec-
tive utilization of cornstalk and has great potential for future
application in lignocellulose bioconversion.
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