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alkali (NaOH) followed by ionic liquid
[Bmim][Cl].
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ten times without obvious loss of
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[Bmim][Cl] was successfully used in
butanol fermentation.
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In this study, corn stover (CS) hydrolysates, pretreated by fresh and recycled ionic liquid (IL) [Bmim][Cl],
were utilized in butanol fermentation by Clostridium saccharobutylicum DSM 13864. An efficient CS pre-
treatment procedure using [Bmim][Cl] was developed, giving a glucose concentration of 18.7 g L�1 using
ten times recycled [Bmim][Cl], representing about 77% of that produced with fresh IL (24.2 g L�1).
Fermentation of hydrolysate I (pretreated by fresh IL) resulted in 7.4 g L�1 butanol with a yield of
0.21 g g�1

total-sugar and a productivity of 0.11 g L�1 h�1, while 7.9 g L�1 butanol was achieved in fermentation
using hydrolysate II (pretreated by ten times reused IL) with similar levels of acetone and ethanol, as well
as yield and productivity. This study provides evidence for the efficient utilization of IL in CS pretreat-
ment for biobutanol fermentation.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

With the limited supply of fossil fuels and the rise of the oil
price, there have been renewed interest and increased effort
toward the biofuels production through fermentation of
lignocellulosic biomass (Demirbas, 2008; Galbe and Zacchi,
2007). Acetone–butanol–ethanol (ABE) fermentation ranks the sec-
ond largest biotechnological process ever performed for the pro-
duction of biofuels, which has been maintained for several
decades in China (Ni and Sun, 2009). Biobutanol, a major product
of ABE fermentation, is an excellent feedstock chemical, as solvents
for hormones, drugs, antibiotics, cosmetics, hydraulic fluids, and
vitamins production (Qureshi et al., 2010a; Lee et al., 2008). In
recent years, biobutanol emerged as a direct replacement of
gasoline or as a fuel additive. Compared with ethanol, butanol is
particular attractive for application as a biofuel due to its superior
chemical and physical features such as higher energy density
(29.2 MJL�1), lower viscosity, lower tendency to absorb water
and less corrosive for certain motor parts (Ni et al., 2012).

A number of researches have been reported in the biological
formation of butanol since the first fermentation by Pasteur in
1862. However, butanol fermentation in large-scale has been
severely hindered by its high substrate cost, low product yield,
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and high recovery cost (Qureshi et al., 2001). In order to overcome
these hurdles, researchers have committed many efforts such as
using inexpensive substrates, developing microbial hyper produc-
ing strains, and optimizing fermentation conditions (Li et al.,
2013). Recently, fermentable sugars converted from lignocellulosic
biomass, an abundant and renewable carbon source, are consid-
ered to be worthy and promising substrates for butanol produc-
tion. Butanol can be produced from various lignocellulosic
substrates through pretreatment, enzymatic hydrolysis and fer-
mentation, including corn stover (CS) (Lloyd, 1984), wheat straw
(Qureshi et al., 2007), corn fiber (Qureshi et al., 2008), distillers
dry grain solubles (Ezeji and Blaschek, 2008), barley straw
(Qureshi et al., 2010a), CS and switchgrass (Qureshi et al., 2010b)
as well as sweet sorghum bagasse (Zhang et al., 2011). The most
favorable lignocellulosic biomass used for butanol production
should have high cellulose and hemicellulose content as well as
low lignin content, and hence barley straw was considered to be
the right choice (Baral et al., 2014). However, for agricultural coun-
tries especially China, CS is a more suitable biomass because of its
large quantities, low costs and high content of cellulose.

Lignocellulosic materials mainly consist of cellulose (40–60%),
hemicellulose (20–40%), and lignin (10–24%) (Geng and
Henderson, 2012). Cellulose and hemicellulose can be converted
into simple sugars and further to biofuels and other chemicals
through fermentation processes. Lignin has been regarded as the
main barrier for the enzymatic digestion of biomass because it
can hinder enzymatic hydrolysis by unproductive adsorption of
cellulose, and impeding enzymatic accessibility to cellulose and
hemicellulose (Kim et al., 2003; Yang and Wyman, 2004). To
achieve higher sugar concentrations from lignocellulosic biomass,
a number of pretreatment processes have been developed, such
as dilute acid, alkali extraction, steam explosion, and organic sol-
vent extraction, through reducing the crystallinity as well as the
degree of polymerization of cellulose and increasing the porosity
of the lignocellulosic materials (Chum et al., 1988; MacDonald
et al., 1983; Saha et al., 2005; Schell et al., 1992). However, a
cost-effective biofuel production process requires minimized
downstream inhibitors, low processing cost, and easy recycling
(Geng and Henderson, 2012). Adoption of ionic liquids (ILs) as sol-
vents to pretreat lignocellulosic biomass has received great atten-
tion during the last decade (Kosan et al., 2007). ILs pretreatment is
considered to be able to reduce cellulose crystallinity, hemicellu-
lose and lignin content of biomass, and increase its surface area,
enzymatic hydrolysis kinetics, and the yield of fermentable sugars
(Li et al., 2010; Samayam and Schall, 2010). In addition, ILs have
many advantages including low melting points, wide liquid tem-
perature range, high polarities, high thermal and chemical stabil-
ity, non-flammability, negligible vapor pressure, consisting of
ions (cations and anions) and good solvating properties (Zavrel
et al., 2009; Behera et al., 2014). Among ILs, [Bmim][Cl] was proved
to be efficient in pretreatment. Sathitsuksanoh et al. used [Bmim]
[Cl] to pretreat corn stover and found that 55% glucan digestibility
was reached after 72 h of enzymatic hydrolysis of [Bmim][Cl] pre-
treated corn stover, which was about 2.5-fold compared with
untreated corn stover (Sathitsuksanoh et al., 2012).

Based on our previous study on sugars (glucose, fructose,
sucrose, xylose, and arabinose) utilization by various Clostridial
strains, Clostridium saccharobutylicum DSM 13864 showed the
highest solvent producing efficiency, and could be used for butanol
fermentation from both cane molasses and lignocellulosic hydroly-
sates (Ni et al., 2013). Here, butanol production from lignocellulosic
biomass (such as corn stover) by this strain was investigated.
However, most of butanol fermentation processes have been car-
ried out using dilute acid or steam explosion pretreated lignocellu-
losic biomass, which usually introduce inhibitors for the growth of
Clostridial strains. Since lignin is a highly cross-linked aromatic
polymer and can hinder enzymatic hydrolysis, we proposed using
the combination of alkali (NaOH) and IL [Bmim][Cl] to remove the
lignin and improve the concentration of fermentable sugars. The
effectiveness of the recycled IL was investigated for reduced cost,
and the CS hydrolysates pretreated by recycled IL were also
attempted in butanol fermentation.
2. Methods

2.1. Strains, biomass, and chemical

C. saccharobutylicum DSM 13864 was purchased from DSMZ. It
was cultivated in Reinforced Clostridia Medium (RCM) at 37 �C
for 7 days to induce sporulation, followed by storage at room tem-
perature. Spores suspension (10%, v/v) was inoculated into a test
tube (U1.5 cm � 15 cm) containing 12 mL sterile RCM and then
placed in a desiccator pumped to a vacuum level of 0.065 MPa
for providing an anaerobic condition. Afterwards, the culture was
maintained at 37 �C for 12–18 h and supplied as the seed medium
(Ni et al., 2013).

CS was purchased from Shandong Zesheng Bioengineering
Technology Co., Ltd. The knife-milled CS was passed through a
380 lm sieve and dried at 60 �C for 24 h before use. The particle
size distribution of the CS was determined to be 40–44% of 180–
380 lm, 37–40% of 120–180 lm, and 19–20% of under 120 lm in
diameter.

IL 1-butyl-3-methylimidazolium chloride ([Bmim][Cl], 99%)
was purchased from Henan Lihua Pharmaceutical Co., Ltd. ACCEL-
LERASE� 1500 cellulase was a generous gift from Genencor (Wuxi,
China) Bio-Products Co., Ltd. The total cellulase activity was deter-
mined by the standard filter paper assay using Whatman No. 1 fil-
ter paper strip. One unit of enzyme activity (FPU) is defined as the
amount of enzyme required to release 1 lmol of reducing sugar
per minute at pH 4.8 and 50 �C. The activity was determined to
be 60 FPU/mL. All other chemicals purchased from Sinopharm
Chemical Reagent Co., Ltd. were of reagent or analytical grade.

2.2. Alkali pretreatment of CS

Twenty grams of dried untreated corn stover (U-CS) (4.2 wt%
moisture) was soaked in 300 mL of 1 wt% NaOH at room tempera-
ture (20–25 �C) for 1, 2, 3, 4, 5, 6 and 7 days, respectively. The
soaked CS was filtered and washed with tap water until pH 7, then
washed once with deionized water. The resultant CS was dried at
60 �C for 24 h in an oven. The CS pretreated by alkali is defined
as alkali-pretreated corn stover (A-CS). The A-CS was stocked in
sealed plastic bags and dried again before use. In the following
experiments using combination of IL and alkali pretreatment, the
application of IL pretreatment was conducted only on day 1 sample
of A-CS.

2.3. IL pretreatment of CS

The IL (100 g) was heated at 130 �C for over 30 min to remove
the moisture and then mixed with U-CS and A-CS at a solid:solid
ratio of 20:1, respectively. The mixtures were incubated at 130 �C
for 2 h with mechanical agitation at 30–60 rpm. The dissolved CS
mixtures were poured into 500 mL hot deionized water (about
85 �C) with rapid stirring to regenerate the materials (Geng and
Henderson, 2012). The regenerated CS was collected with vacuum
filtration, and washed with hot deionized water (about 85 �C)
twice to remove the remaining IL. The CS and A-CS pretreated by
IL were named as IL-CS and A-IL-CS, respectively. The IL-CS and
A-IL-CS were stocked in sealed plastic bags and dried again before
use.
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2.4. Analysis of CS composition

The components of the cellulose, lignin and ash in U-CS, A-CS,
IL-CS and A-IL-CS were analyzed using NREL Laboratory Analytical
Procedure (LAP) (Sluiter et al., 2008). The dried CS (300.0 ± 1.0 mg)
was hydrolyzed with 72% H2SO4 (3.00 ± 0.01 mL, w/w) in a water
bath (30 ± 3 �C) for 60 ± 5 min. The mixture was added with
84.00 ± 0.04 mL deionized water to dilute the acid to 4% (w/w)
and autoclaved at 121 �C for 1 h. The hydrolyzed samples were fil-
tered using quantitative filter papers (30–50 lm of pore diameter,
0.01% of ash) with a vacuum pump to separate the liquid from the
mixture. The solid was used to measure the acid-insoluble lignin
and ash content, and the filtrate was used to determine the acid-
soluble lignin and monosaccharide content. The concentration of
the monosaccharides was determined using a Hitachi High Perfor-
mance Liquid Chromatography (HPLC) equipped with an Aminex
HPX-87H column at 60 �C with 5 mM H2SO4 as eluent and a flow
rate of 0.5 mL/min.
2.5. Enzymatic hydrolysis of CS

The U-CS, A-CS, IL-CS and A-IL-CS (1.000 ± 0.005 g) were soaked
in citrate buffer (50 mM, pH 4.8) in 50-mL conical flasks with plugs
for 24 h to assure sufficient penetration of the liquid into the bio-
mass. Cellulase (30 FPU g�1

total-solid) was added to the mixture to
reach a final solid:liquid ratio of up to 1:15. The mixture was
further incubated in a water bath at 50 �C and 120 rpm for 10 h.
Samples (0.3 mL) were taken at 2, 4, 6, 8, 10 h, and then subjected
to centrifugation at 12,396�g for 8 min. The resultant supernatants
(200 lL) were mixed with 0.4% H2SO4 (800 lL, w/w) to terminate
the hydrolysis reaction. The glucose concentration was determined
using HPLC analysis as above mentioned. The glucose yield was
calculated by dividing the actual glucose obtained in hydrolysis
process by theoretical glucose converted from cellulose.
2.6. Optimization of cellulase dosage

The A-IL-CS (0.500 ± 0.005 g) were soaked in citrate buffer
(50 mM, pH 4.8) in 50-mL conical flasks with plugs for 24 h. Cellu-
lase was added into the mixtures at dosages of 10, 30, 50 and
70 FPU g�1

total-solid respectively. The final solid:liquid ratio was 1:12
and the mixtures were further kept in a water bath at 50 �C and
120 rpm for 12 h. Samples (100 lL) were collected at 2, 4, 6, 8,
10, 12 h and centrifuged at 12,396�g for 8 min. Supernatants
(50 lL) were added with 0.4% H2SO4 (450 lL, w/w) to stop the
hydrolysis reactions. The glucose concentration was determined
using HPLC analysis as above described.
2.7. Pretreatment of CS by recycled IL (RIL)

IL (400 g) was added into a 1-L three-necked flask and heated at
130 �C for over 30 min to remove the moisture. Then 20.0 g A-CS
was added to the three-necked flask and incubated at 130 �C for
2 h with mechanical agitation. Hot deionized water (800 mL, about
85 �C) was added into the mixture with rapid stirring to regenerate
the materials. The regenerated CS was collected with filtration
under vacuum and washed for three times with 2.4 L hot deionized
water to remove the residual IL. All the filtrates were collected to
recycle the IL with rotary evaporator at 80 �C under vacuum, which
was sufficient to remove almost all the water from the IL. Then, the
recycled ionic liquid (RIL) was used to treat A-CS and the treatment
procedure was the same as mentioned above. The A-CS treated by
RIL is defined as A-RIL-CS.
2.8. Enzymatic hydrolysis of A-RIL-CS

The A-RIL-CS (1.000 ± 0.005 g) was soaked in citrate buffer
(50 mM, pH 4.8) in a 50-mL conical flask with plug for 24 h.
Cellulase (50 FPU g�1

total-solid) was added to the mixture and the final
solid:liquid ratio was 1:20. The A-RIL-CS was fluffy, and was
soaked sufficiently at solid:liquid ratio of 1:20. The hydrolysis pro-
cedure of A-RIL-CS and detection procedure of glucose concentra-
tion were carried out as mentioned above.
2.9. Butanol fermentation

Butanol fermentation was conducted using A-IL-CS hydrolysate
and A-RIL-CS hydrolysate, respectively. A-IL-CS hydrolysate
(Hydrolysate I, 150 mL) was obtained by hydrolyzing the A-IL-CS
in a water bath at 50 �C and 120 rpm for 12 h. The glucose fermen-
tation medium containing 54 g L�1 glucose (Glucose I) was used as
control. A-RIL-CS hydrolysate (Hydrolysate II) was obtained by
hydrolyzing the A-CS pretreated by ten times recycled [Bmim]
[Cl] in a water bath at 50 �C and 120 rpm for 12 h. Then, the
resulted hydrolysate was concentrated to 50 mL to reach a sugar
concentration of 50 g L�1 before used in fermentation. The glucose
fermentation medium containing 50 g L�1 glucose (Glucose II) was
used as control. The hydrolysate medium was prepared by mixing
hydrolysate with other medium components (10 g L�1 corn starch
powder, 4 g L�1 CaCO3, 2 g L�1 (NH4)2SO4, 0.5 g L�1 K2HPO4,
0.01 g L�1 MnSO4�H2O). The glucose fermentation medium (as
control) contains (g L�1): glucose 54 (Glucose I), 50 (Glucose II);
corn starch powder, 10; CaCO3, 4; (NH4)2SO4, 2; K2HPO4, 0.5;
MnSO4�H2O, 0.01. The pH was adjusted to 6.5 with 4 M NaOH,
and the medium was sterilized at 115 �C for 20 min.

For Hydrolysate I, the fermentation was conducted in a 250-mL
conical flask with 8% of actively growing culture as inoculum fol-
lowed by incubation at 37 �C in a desiccator (0.065 MPa). After
inoculation, the total sugars of Glucose I and Hydrolysate I were
determined to be 45.9 and 44.1 g L�1, respectively. For Hydrolysate
II, the fermentation was conducted in a 100-mL anaerobic bottle
with 20% of actively growing culture as inoculum followed by incu-
bation at 37 �C in a desiccator (0.065 MPa). After inoculation, the
total sugars of Glucose II and Hydrolysate II were determined to
be 43.7 and 40.1 g L�1, respectively.

Samples were taken intermittently and the ABE contents were
analyzed by gas chromatography (6890N; Agilent Technologies,
Wilmington, DE, USA) equipped with flame ionization detector
(FID) and a capillary column PEG-20 M (30 m � 0.32 mm � 0.5 lm,
JK, China) using nitrogen as the carrier gas. The oven temperature
was maintained at 60 �C for 0.5 min and then programmed with
the increment of 10 �C to 120 �C, held for 0.5 min, and subse-
quently increased to 190 �C with the increment of 15 �C with
1 min final hold. The temperature of the injector and detector
was held at 180 �C and 210 �C, respectively. The injection volume
was 1 lL (Ni et al., 2013).
3. Results and discussion

3.1. Pretreatment of corn stover using alkali

Alkali pretreatment is the most widely used method to enhance
the enzymatic hydrolysis of various lignocellulosic biomass, due to
its outstanding delignification capacity, low toxicity and little
formation of inhibiting compounds. However, most of alkali pre-
treatment methods have been conducted at high temperatures of
90–120 �C or even higher (Geng and Henderson, 2012; Ouajai
and Shanks, 2005), which were highly energy-consuming. In order
to reduce energy consumption and alkali corrosion, room



0 1 2 3 4 5 6 7
0

20

40

60

80

100

120

Cellulose  Others Ash Acid-soluble lignin Acid-insoluble lignin

R
el

at
iv

e 
co

nt
en

t 
/%

Time /day

Fig. 1. Chemical composition of the corn stover pretreated by alkali. 0: untreated
corn stover; 1–7: corn stover that pretreated by NaOH for 1–7 days. The alkali
pretreatment was conducted at 20–25 �C without agitation. The error bars indicate
the standard deviation from three independent experiments.
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Fig. 2. Glucose concentration after enzymatic hydrolysis of U-CS, A-CS, IL-CS and
A-IL-CS. CS: corn stover; A-CS: corn stover pretreated by alkali for 1 day; IL-CS: corn
stover pretreated by [Bmim][Cl]; A-IL-CS: corn stover pretreated by alkali and
[Bmim][Cl]. The glucose concentration was obtained at a cellulase dosage of
30 FPU g�1

total-solid and a final solid:liquid ratio of 1:15. The error bars indicate the
standard deviation from three independent experiments.
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temperature and low alkali concentration (1 wt% NaOH) are
considered to be feasible in CS pretreatment. Alkali pretreatment
reactions were performed without agitation for 1–7 days at room
temperature. The chemical compositions (including cellulose, lig-
nin and ash percentages) of U-CS and A-CS were determined as
shown in Fig. 1. For U-CS, the contents of cellulose, total lignin
and ash were 33.6%, 20.3% and 4.2% respectively, while lignin
and ash accounted up about 25% of total weight. After the CS
was pretreated by alkali for 7 days, the cellulose percentage was
increased by 30%. With regard to total lignin, the amount was
reduced by more than 50%, among which the acid-insoluble lignin
was reduced from 19.1% (U-CS) to 8.5%, indicating the effectiveness
of alkali in the removal of lignin. It is reported that dilute NaOH
might cause lignocellulosic biomass to swell, which leads to an
increase in the internal surface area, a decrease in the degree of
polymerization, a decrease in crystallinity, separation of structural
linkages between lignin and carbohydrates, and disruption of the
lignin structure. The ash contents, mainly made up of metal ions
and oxides, were reduced about 10% after alkali pretreatment. No
obvious promotion effect was detected when extending the pre-
treatment times from 1 to 7 days (Fig. 1). Therefore, 1 day was
selected for dilute NaOH pretreatment in further experiments.
Existence of lignin may adsorb cellulases and impede enzymatic
accessibility to cellulose and hemicellulose (Nasirpour et al.,
2014), therefore deconstruction of lignin helps to enhance the
enzymatic hydrolysis (Lee et al., 2009; Geng and Henderson, 2012).
3.2. Effect of ionic liquid pretreatment on U-CS and A-CS

[Bmim][Cl] have been proven to be one of the most intensively
studied ILs in the pretreatment of lignocellulosic biomass for
Table 1
Chemical composition of CS, A-CS, IL-CS and A-IL-CS.

Cellulose (%) Acid-soluble lignin (%)

CS 33.6 ± 0.0 1.2 ± 0.0
A-CS 43.2 ± 1.2 1.0 ± 0.0
IL-CS 41.6 ± 1.1 1.0 ± 0.0
A-IL-CS 54.4 ± 0.6 0.9 ± 0.0

CS: corn stover; A-CS: corn stover pretreated by alkali for 1 day; IL-CS: corn stover pretr
data were expressed as mean ± standard error from three independent experiments.
biofuels production. The effect of ionic liquid and its combination
with dilute alkali pretreatments on the CS were investigated.
U-CS and A-CS were incubated with [Bmim][Cl] at 130 �C for 2 h
to generate IL-CS and A-IL-CS. Chemical compositions of IL-CS,
A-IL-CS were analyzed as tabulated in Table 1. IL pretreatment
could increase the cellulose content from 33.6% (U-CS) to 41.6%
in IL-CS, and further improved to 54.4% after combination with
alkali treatment, indicating [Bmim][Cl] is efficient in the pretreat-
ment of CS. With regard to lignin, however, little effect was found
in the case of [Bmim][Cl] pretreatment. When combining with
alkali pretreatment, the lignin was decreased to 8.6% in A-IL-CS,
representing a 58% decrease in lignin than that in U-CS. ILs have
been considered to be able to change the structure of cellulose
and dissolve much of the lignin (Cetinkol et al., 2010). Whereas
when water or other precipitants (such as ethanol and acetone)
were added into the IL-dissolved materials, most of the lignin will
be recovered (Geng and Henderson, 2012). However, addition of
dilute NaOH could avoid the recovery of lignin. Consequently, in
this study, before IL treatment, dilute NaOH pretreatment was car-
ried out to reduce the lignin content. It is also interesting to note
that IL could also reduce the ash from 4.2% (U-CS) to 3.0% (IL-CS)
and 2.8% (A-IL-CS).
3.3. Optimization of enzymatic hydrolysis

After deconstruction of lignin from lignocellulosic biomass,
cellulase was introduced to further convert biomass into reducing
sugars, mainly glucose, which could be used as carbon sources for
biobutanol production. U-CS, A-CS, IL-CS and A-IL-CS were hydro-
lyzed using ACCELLERASE� 1500 cellulase at 30 FPU g�1

total-solid. The
glucose concentrations after enzymatic saccharification were illus-
trated in Fig. 2. Glucose of about 33 g L�1 was released from A-IL-CS
Acid-insoluble lignin (%) Ash (%) Others (%)

19.1 ± 0.7 4.2 ± 0.1 41.9
8.8 ± 0.5 3.8 ± 0.1 43.2

17.5 ± 1.2 3.0 ± 0.1 36.9
7.7 ± 0.9 2.8 ± 0.4 34.2

eated by [Bmim][Cl]; A-IL-CS: corn stover pretreated by alkali and [Bmim][Cl]. The
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Fig. 3. Optimization of cellulase dosages in the enzymatic saccharification of A-IL-
CS. (d) 10 FPU g�1
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independent experiments.
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after 10 h of hydrolysis, which was about 2, 5 and 12-fold of that
from A-CS, IL-CS and U-CS, respectively. The lowest lignin content
in A-IL-CS (Fig. 1 and Table 1) may be favorable for its enzymatic
hydrolysis, and therefore resulted in the highest glucose production
with a glucose yield of over 80%. Studies indicate that IL can directly
affect enzymatic hydrolysis by reducing crystallinity of CS (Mood
et al., 2014). Here, glucose concentration of A-CS hydrolysate was
6 times of that of U-CS; while glucose released from IL-CS was
increased by 125% than that of U-CS. Our results suggest that lignin
removal was more notable in promoting enzymatic saccharifica-
tion. Consequently, the enzymatic hydrolysis of A-IL-CS was further
optimized.

In order to obtain higher glucose concentration for butanol fer-
mentation, the final solid to liquid ratio was adjusted from 1:15 to
1:12, and the enzyme dosage was optimized to establish an eco-
nomic saccharification process. As shown in Fig. 3, along with the
increase in enzyme dosage from 10 to 70 FPU g�1

total-solid, the glucose
concentration was also enhanced from 34.0 to 48.9 g L�1 after 12 h
of hydrolysis. Compared with 70 FPU g�1

total-solid, enzyme dosage of
50 FPU g�1

total-solid resulted in nearly similar glucose concentration
(48.3 g L�1) after hydrolysis for 10–12 h, and a glucose yield of over
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Fig. 4. Enzymatic saccharification of A-CS pretreated by recycled [Bmim][Cl]. 0: IL; 1: 1st
9th RIL; 10: 10th RIL. A-CS: corn stover that pretreated by alkali for 1 day. The glucose c
liquid ratio of 1:20.
93%was achieved (Fig. 3 andTable 1). Since glucose concentration of
about 50 g L�1 is required for butanol fermentation, 50 FPU g�1

total-solid

was sufficient to achieve desirable glucose concentration.
3.4. Effect of RIL pretreatment on A-CS

One essential requirement for industrial application of ILs is
that they must be recyclable for repeated use. In this work,
[Bmim][Cl] was recycled after separation of water from the IL by
evaporation without removing any soluble fraction in IL. The effec-
tiveness of recycle ionic liquid (RIL) was examined in the pretreat-
ment of A-CS (A-RIL-CS) by measuring the glucose released.
[Bmim][Cl] was recycled for ten times as illustrated in Fig. 4. When
pretreated by fresh IL, A-CS turned into a gel-like form, mainly
because proteins and lipids were dissolved, additionally, part of
cellulose, hemicellulose as well as lignin were also dissolved. How-
ever, no gel was formed when RIL was used to pretreat A-CS, likely
due to the impurities and small amount of water remained in the
RIL. Higher glucose level was achieved by fresh IL than that by
RIL, indicating that fresh IL could boost the enzymatic hydrolysis
by dissolving more cellulose, hemicellulose and lignin. The glucose
concentration from A-CS treated by the 10th recycled RIL was
18.7 g L�1 after 12 h of hydrolysis, which was 5.5 g L�1 lower than
that treated by fresh IL.
3.5. Butanol fermentation

The CS hydrolysates pretreated with fresh IL (Hydrolysate I) and
IL recycled for ten times (Hydrolysate II) were applied in butanol
fermentation by C. saccharobutylicum DSM 13864. Control experi-
ments were also carried out using glucose as substrate. The glucose
concentrations in controls (Glucose I, 54 g L�1; Glucose II, 50 g L�1)
were set the same as the total sugar concentration (determined by
DNS) in Hydrolysate I and II. The fermentation results were sum-
marized in Table 2, and the fermentation processes were illus-
trated in Figs. 5 and 6.

In Glucose I, after about 12 h of lag phase, C. saccharobutylicum
entered a fast growing stage (Fig. 5(A)). 39.5 g L�1 glucose was con-
sumed and butanol titer reached 8.7 g L�1 after 65.5 h fermenta-
tion with a butanol yield of 0.22 g g�1

total-sugar and productivity of
0.13 g L�1 h�1. In fermentation with Hydrolysate I, the lag phase
was about 6 h longer than that of Glucose I, and butanol titer
6 7 8 9
122 12 12 12

10 Batch
12 Time (h)

RIL; 2: 2nd RIL; 3: 3rd RIL; 4: 4th RIL; 5: 5th RIL; 6: 6th RIL; 7: 7th RIL; 8: 8th RIL; 9:
oncentration was obtained at a cellulase dosage of 50 FPU g�1

total-solid and a final solid:



Table 2
Butanol fermentation by C. saccharobutylicum DSM 13864 using glucose and CS hydrolysate.

Substrate Total sugar Butanol ABE

Initial (g L�1) Residual (g L�1) Titer (g L�1) Yield (g g�1
total-sugar) Prod.a (g L�1 h�1) Titer (g L�1) Yield (g g�1

total-sugar) Prod.a (g L�1 h�1)

Glucose I 45.9 6.4 8.7 0.22 0.13 12.3 0.31 0.19
Hydrolysate Ib 44.1/33.6d/7.4e 9.1/3.9d/4.8e 7.4 0.21 0.11 11.7 0.33 0.18
Glucose II 43.7 0.1 10.1 0.23 0.15 14.2 0.33 0.21
Hydrolysate IIc 40.1/28.3d/8.0e 5.9/0.7d/3.0e 7.9 0.23 0.12 12.0 0.35 0.18

a Prod.: productivity.
b A-IL-CS hydrolysate.
c A-RIL-CS hydrolysate.
d Glucose concentration.
e Xylose concentration.
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Fig. 5. Butanol fermentation by C. saccharobutylicum DSM 13864 using glucose and CS hydrolysate I. (A) Glucose I; (B) Hydrolysate I (A-IL-CS). The fermentation medium and
conditions were as follows. (A) and (B) 54 g L�1 total sugar; 10 g L�1 corn starch powder; 4 g L�1 CaCO3; 2 g L�1 (NH4)2SO4; 0.5 g L�1 K2HPO4; 0.01 g L�1 MnSO4�H2O, 150 mL,
pH 6.5, 37 �C, inoculum size 8% (v/v).
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Fig. 6. Butanol fermentation by C. saccharobutylicum DSM 13864 using glucose and CS hydrolysate II. (A) Glucose II; (B) Hydrolysate II (A-RIL-CS). The fermentation medium
and conditions were as follows. (A) and (B) 50 g L�1 total sugar; 10 g L�1 corn starch powder; 4 g L�1 CaCO3; 2 g L�1 (NH4)2SO4; 0.5 g L�1 K2HPO4; 0.01 g L�1 MnSO4�H2O,
50 mL, pH 6.5, 37 �C, inoculum size 20% (v/v).
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reached the highest level at 50th h when glucose and total sugar
dropped to the lowest levels (Fig. 5(B)). Total sugar of 35 g L�1

was consumed to produce 7.4 g L�1 butanol with a butanol yield
of 0.21 g g�1

total-sugar and productivity of 0.11 g L�1 h�1. The results
were similar to the fermentation of Glucose I, indicating no inhibi-
tion effect in Hydrolysate I.
To reduce the cost, [Bmim][Cl] was recycled for up to ten times.
Hydrolysate II pretreated by ten times recycled [Bmim][Cl] was
used in butanol fermentation, and the control (Glucose II) was also
carried out (Fig. 6). For Glucose II, 43.6 g L�1 glucose was consumed
to produce 10.1 g L�1 butanol after 68 h of fermentation. The buta-
nol yield and productivity were 0.23 g g�1

total-sugar and 0.15 g L�1 h�1,
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respectively. For Hydrolysate II, 7.9 g L�1 butanol was obtained, as
well as a similar butanol yield (0.23 g g�1

total-sugar) and productivity
(0.12 g�L�1�h�1).

For Hydrolysate I and II (Table 2), the titers of butanol in fer-
mentation of Hydrolysate II were slightly higher than those in
Hydrolysate I, presumably due to a larger inoculum size in
Hydrolysate II (20%) than that in Hydrolysate I (8%), as well as less
solvents volatilization in a smaller fermentation reactor of
Hydrolysate II (100-mL) than that of Hydrolysate I (250-mL). Our
results suggest that hydrolysates prepared by both fresh and recy-
cled IL could be used in butanol fermentation without obvious
inhibition. No significant difference between hydrolysates pre-
pared by fresh IL and recycled IL was observed. It was also noticed
that C. saccharobutylicum could utilize xylose in the fermentation
process, the xylose consumption in Hydrolysate I and II was 2.6
and 5.0 g L�1, respectively.
4. Conclusion

Corn stover was pretreated using dilute NaOH (1 wt%) followed
by recycled IL. The glucose released from A-IL-CS achieved up to
32.9 g L�1, which was increased by 90%, 430% and 1,094% com-
pared with A-CS, IL-CS and U-CS, respectively. [Bmim][Cl] recycled
for ten times was applied in the pretreatment of A-CS without
obvious loss of efficiency. The A-IL-CS and A-RIL-CS hydrolysates
were successfully applied in butanol fermentation by C. saccha-
robutylicum without inhibitory effect. The yield and productivity
of butanol reached 0.23 g g�1

total-sugar and 0.12 g L�1 h�1 after 68 h of
fermentation.
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