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Abstract Steam-exploded corn stover biomass was used as the substrate for fed-batch
separate enzymatic hydrolysis and fermentation (SHF) to investigate the solid concentration
ranging from 10% to 30% (w/w) on the lignocellulose enzymatic hydrolysis and
fermentation. The treatment of washing the steam-exploded material was also evaluated
by experiments. The results showed that cellulose conversion changed little with increasing
solid concentration, and fermentation by Saccharomyces cerevisiae revealed a nearly same
ethanol yield with the water-washed steam-exploded corn stover. For the washed material at
30% substrate concentration, i.e., 30% water insoluble solids (WIS), enzymatic hydrolysis
yielded 103.3 g/l glucose solution and a cellulose conversion of 72.5%, thus a high ethanol
level up to 49.5 g/l. With the unwashed steam-exploded corn stover, though a cellulose
conversion of 70.9% was obtained in hydrolysis at 30% solid concentration (27.9% WIS),
its hydrolysate did not ferment at all, and the hydrolysate of 20% solid loading containing
3.3 g/l acetic acid and 145 mg/l furfural already exerted a strong inhibition on the
fermentation and ethanol production.

Keywords Bioethanol - Corn stover - High solid concentration - Enzymatic hydrolysis -
Fermentation

Introduction

Replacement of petroleum by biofuel becomes an inevitable trend in many countries
worldwide [1]. It is driven by the aims of a secure and sustainable energy supply and an
expectation to decrease the greenhouse gas emission. Renewable biofuel, including
bioethanol, becomes a topic issue all over the world [2]. The bioethanol used today is
mainly produced from sugar or starch. However, it is clear that the large-scale use of
bioethanol will require lignocellulosic biomass to be used as raw material [3].
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Several schemes to use lignocellulosic biomass including corn stover for the bioethanol
production have been indicated [4, 5]. The general concept includes a pretreatment stage
that increases the digestibility of the material followed by enzymatic hydrolysis. In
fermentation stage, the soluble sugar transforms into ethanol. And finally, the product
ethanol is produced after distillation process. Corn stover is an abundant agricultural by-
product with low cost [6]. But now, most of the corn stover is wasted mainly because
sugars in corn stover exist as macromolecules, like glucan and xylan, and these
macromolecules combined with lignin to form a complex structure. In order to recover
sugars in the corn stover for fermentation and ethanol production, a complicated process is
necessary. It was verified that steam-explosion pretreatment and subsequent enzymatic
hydrolysis was an effective method to recover monomeric sugars at high yield [7-11].

In bioethanol production process, the commercial feasibility becomes the most important
factor. Very high solid content (30% and above) is widely used in fuel ethanol industry
based on starch [12]. Operation with high substrate loading will increase the product
concentration and facilitate the downstream process and product recovery, which may have
a significant effect on capital cost and operating cost due to reduce energy expenditure for
distillation and decrease the number of operation to reach the same ethanol output. A
material from Energy Efficiency and Renewable Energy shows that about 10% overall
operation cost may be reduced when the solid level was increased from 20% to 30% [13].
Several studies also have demonstrated that the ethanol concentration should reach about
4% to 5% (w/v) to make the process economically feasible. It is reported that the energy
demand reduced about two thirds by increasing the initial ethanol concentration from 1% to
5% in a single distillation unit for final concentration of 94.5% (w/w) [14]. For corn stover
material, 4% (w/v) final ethanol concentration requires a solid level above 20% (assuming
80% glucose theoretical yield is achieved and an ethanol yield of 0.5 g/g glucose according
to the composition of our material).

Unfortunately, hydrolysis process at solid concentration above 15% may face technical
problem. The high solid concentration causes corresponding high viscosity, which makes
mixing difficult and additional power consumption in the ethanol production process [15].
So, reported results by batch operation at solid concentrations above 15% are scarce. Fed-
batch mode hydrolysis has been suggested as a possibility to solve some of the problems.
Several groups have used a fed-batch strategy to hydrolyze material with solid
concentration up to 17% [16, 17]. On the other hand, simultaneous saccharification and
fermentation (SSF) of steam-exploded corn stover up to 30% (w/w) solid level and wheat
straw solid concentration up to 40% have been reported [18, 19]. In pilot scale plants, 15%
to 20% solid level has been reported as maximum that can be operated [20]. But they all
reported that the glucose yield gradually decreased with the increasing solid concentration,
and the cellulose conversion is reduced to about 40% at 30% (w/w) solid level. Apparently,
the result is unacceptable in large-scale industrial bioethanol production.

Another problem in the whole bioethanol production process is the by-product produced
in the pretreatment stage [21, 22]. The crude sugar solution from the pretreatment process
contains various inhibitors such as formic acid, acetic acid, furfural, and 5-hydroxymethyl
furfural. These components are toxic to microorganisms, showing negative effects on the
subsequent fermentation process. This is a well-known problem associated with the
hydrolysis process yet to be resolved. The situation becomes more severe under high solid
loading and may result in a non-fermentable hydrolysate [23, 24].

In this study, steam explosion was carried out as a pretreatment method to prehydrolyze the
corn stover. The steam-exploded stover was washed by water before enzymatic hydrolysis. The
concentration of toxic by-products in the steam-exploded corn stover decreased after being
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washed by water because most of those harmful components were water soluble. Fed-batch
separate enzymatic hydrolysis and fermentation (SHF) at 10%, 15%, 20%, 25%, and 30% (w/w)
solid concentrations were investigated in shake flask using traditional baker’s yeast
(Saccharomyces cerevisiae). Compared to the water-washed material, unwashed steam-
exploded corn stover was also tested as control to evaluate the effect of by-products derived
from the process of steam explosion on the enzymatic hydrolysis and fermentation.

Materials and Methods
Raw Material and Pretreatment

All the investigations were performed using corn stover from the northeast of China as raw
material. After collection, the corn stover was chopped, air-dried, and then stored at room
temperature. Steam-explosion pretreatment was performed in StakeTech batch system
(SunOpta Bioprocess, Canada) at the condition of 205 °C, 2.0 MPa for 6 min. In the
process, only vapor was used as catalyst and to achieve high pressure. The exploded
material (49.8% DM) was recovered in a cyclone and stored in a plastic bag. The recovery
of glucose/xylose following the pretreatment was 98.6%/77.2%.

Water-wash process of the steam-exploded corn stover was carried out at a custom-built tank
with stirring impeller. The water was added until the slurry reached 10% (w/w) solid
concentration (equaled 9.3% WIS). The steam-exploded stover was washed for 10 min at
100 rpm to remove toxic degradation from steam-explosion process. After being washed, the
corn stover was pressed to expel water, air-dried, and then stored at room temperature (78.4%
DM). The liquid fraction from water-wash process contained 0.3 g/l glucose, 7.2 g/l xylose,
0.81 g/l acetic acid, and 36 mg/1 furfural.

Enzymatic Hydrolysis

The pretreated material was thoroughly put to enzymatic hydrolysis using commercial acidic
cellulase (121.8 FPU/g mixture, 46.1 Cellobiase IU/g mixture, 476 CMC IU/ g mixture, Global
Green Tech, China). Hydrolysis was performed at 50 °C and 220 rpm for 96 h in 250-ml shake
flasks (working weight 175 g) with different solid concentrations of 10%, 15%, 20%, 25%, and
30% (w/w), respectively. In this work, both water-washed and unwashed steam-exploded com
stovers were tested. For the washed material, solid concentration equaled water insoluble
solids (WIS); for unwashed stover, WIS equaled 0.93% solid concentration (100 g dried
unwashed material remained 93.0 g after being washed and dried). In the process, acidic
cellulase (20 FPU/g dry stover) and 0.1 M citric buffer (pH 4.8) was employed. Two different
strategies were used with various solid levels. For relatively lower solid concentrations (10%
and 15%, w/w), material was thoroughly loaded at the beginning of hydrolysis reaction. For
higher solid levels, the hydrolysis was initially loaded at 15% (w/w), then after 2-h hydrolysis,
8.8 2/16.5 g dry material was added to reach 20%/25% (w/w) respectively. For the 30% (w/w)
solid level, 13.1 g dry material was added after 2-h hydrolysis, and another 13.1 g dry
material was added after the second 2-h hydrolysis.

Fermentation

The fermentation process was also performed in 250-ml shake flasks with work weight of
175 g using the whole slurry from the enzymatic hydrolysis stage. In each shake flask,
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0.1% (w/w) active dry baker’s yeast (S. cerevisiae; Angel Yeast, China) and 0.1% (w/w)
urea were inoculated. The whole system was kept at 30 °C and 100 rpm for 48 h in the
process of fermentation.

Analytical Methods

The cellulose content of corn stover before steam explosion, water-washed and unwashed
steam-exploded corn stover, was determined according to the National Renewable Energy
Laboratory’s analytical methods for biomass [25]. The sugar composition of the water
extract was determined by high-performance liquid chromatography (HPLC) in an Agilent
1200 liquid chromatograph with refractive index detector. An AMINEX HPX-87P
carbohydrate column (Bio-Rad, Hercules, CA, USA) operating at 85 °C with ultra pure
water as a mobile phase (0.6 ml/min) was used. The cellulose and hemicellulose content of
the extracted solid residue was determined based on monomer content measured after a two-
step acid hydrolysis procedure to fractionate the fiber. A first step with 72% (w/w) H,SOy, at
30 °C for 60 min was used. In a second step, the reaction mixture was diluted to 4% (w/w)
H,SO, and autoclaved at 121 °C for 1 h. This hydrolysis liquid was then analyzed for sugar
content by HPLC as described above. Glucose concentration from enzymatic hydrolysis and
fermentation samples was measured by an enzymatic determination glucose assay kit (Sigma
GAHK-20). The slurry viscosity was determined by NDJ-1 rotary viscosimeter (Shanghai
geology instrument institute, Shanghai, China). The ethanol concentration and the by-product
contents (acetic acid and furfural) were determined by GC-920 gas chromatography (Haixin
Instrument, Shanghai, China). All of the analytical determinations were performed in
duplicate. Relative standard deviations were in all cases below 5%.

Results and Discussion

Raw Material and Pretreatments

Corn stover from the northeast of China was used as raw material. After the steam-
explosion pretreatment and water-wash process, the carbohydrate content of the substrates
was different. The carbohydrate and lignin content were presented in Table 1.

Enzymatic Hydrolysis on Steam-Exploded Stover

During the process of enzymatic hydrolysis, the material changed from a solid into a liquid.
The structure of the substrate was degraded (Fig. 1). The SEM image indicated steam-

Table 1 Composition of corn stover.

Composition (%)*

Glucan Mannan Xylan Arabinan Galactan Lignin

Raw material 36.9 0.8 24.7 32 1.7 19.9
Pretreated material (unwashed)® 38.6 0.9 243 39 2.4 21.7
Pretreated material (water-washed) 42.8 0.8 17.1 2.5 1.6 27.4

? Content based on dry matter

® Content involved monomeric sugars obtained from pretreatment
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Fig. 1 SEM image of the corn stover substrate before (a) and after (b) enzymatic hydrolysis

exploded stover wound together and formed a complex structure before enzymatic
hydrolysis. However, after saccharification process, the fabric totally disappeared; only
some small pieces of stover were observed.

When water-washed steam-exploded stover was used as substrate, increasing solid
concentration led to a highly concentrated glucose solution (Fig. 2a). The highest glucose
concentration was obtained after 96 h of enzymatic hydrolysis using 30% substrate loading,
and the final glucose level reached 103.3 g/l. It was shown that above 93% total glucose
released in first 72 h and the total enzymatic hydrolysis was not a long time compared to
other group’s report at high solid level [26] (12% WIS, 96 h SSF). A similar tendency was
found when hydrolyzing unwashed steam-exploded corn stover at varying solid levels
(Fig. 2b). The final glucose concentration reached 85.1 g/l at 30% solid loading (27.9%
WIS).

From the data of glucose concentration at different enzymatic hydrolysis time, the
cellulose conversions were evaluated according to the glucan content and WIS in pretreated
material (Table 1). The results are shown in Table 2. In the present work, it clearly appeared
that glucose concentration followed the typical batch hydrolysis pattern and at lower solid
levels, there is a rapid glucose release at the beginning of the process, then the glucose
generation rate slowed down. The result was similar with the reports by other researchers
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Fig. 2 Hydrolysis profiles of pretreated corn stover at different solid loadings (percent, w/w) under the
condition of 20 FPU/g substrate and 50 °C. a water-washed stover; b unwashed stover
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Table 2 Cellulose conversion at varying solid loadings.

Hydrolysis time (h) Cellulose conversion (%)

Water-washed solid Unwashed solid concentration (WIS), (%)
concentration (%)

10 15 20 25 30 10(9.3) 15(14.0) 20 (18.6) 25(23.3) 30 (27.9)

24 47.6 434 40.1 362 31.1 457 41.1 37.4 36.5 35.6
48 61.7 59.1 559 545 522 60.0 58.8 55.2 54.5 55.4
72 733 719 69.7 68.8 67.9 70.9 69.5 68.5 67.8 67.0
96 756 750 742 737 725 741 72.8 73.0 72.2 70.9

[27, 28]. For instance, 63.0% of the total glucose released in the whole 96-h hydrolysis was
liberated within the first 24 h when using a water-washed substrate concentration of 10%.
But for higher solid levels, the behavior was changed; the relative hydrolysis yield at the
beginning of the process markedly reduced. For example, only 42.9% of total glucose
hydrolyzed in the first 24 h at 30% solid loading. Interestingly, regardless of the initial
hydrolysis rates, we found that the final glucose yield was very similar at varying solid
loadings; the data ranged from 72.5% to 75.6% with washed stover. It indicated that the
problem of product inhibition was not serious during our experiments, and high solid
hydrolysis might reach the same level as the case of lower solid level after a relatively long
hydrolysis process. And the cellulose conversion of unwashed material (based on WIS and
the glucose released in pretreatment was subtracted according to the content of the liquid
fraction from water-wash process) was similar as the washed pretreated stover.

Slurry Viscosity and Degradation Level During Enzymatic Hydrolysis

As shown in Fig. 3, the viscosity raised with the increasing solid loading. For the unwashed
material, the initial viscosity reached 10,000 mPa-s with the 30% (w/w) solid concentration
admixture. But, it dropped in the hydrolysis stage; finally, the data decreased to 2,000 mPa-s.
Remarkably, the dispersion of viscosity between the samples with varying solid loadings was
much closer after a 96-h hydrolysis reaction. For water-washed material, though the initial
viscosity was evidently lower than the unwashed substrate at the same solid level, the final
viscosity was nearly the same. These results indicated that at the beginning of enzymatic
hydrolysis, the viscosity was very high, which might cause mass transfer problem in large-
scale enzymatic hydrolysis process.
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Fig. 3 Slurry viscosity during enzymatic hydrolysis. a water-washed stover; b unwashed stover
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The slurry from pretreatment usually contains various toxic degradations. These by-
products have a negative effect on subsequent fermentation process. During the operation at
low solid level, the fact might be easily neglected. However, under high solid loading
condition, it became a more noticeable problem. In present work, for both washed and
unwashed steam-exploded corn stover, toxic by-products concentration raised with the
increasing solid concentration (Fig. 4). Notably, both acetic acid and furfural level reduced
by 2:3 ratio after water-wash process. For instance, the acetic acid concentration reached
4.7 g/l at 96 h when 30% unwashed pretreated stover was used, and the data became 1.5 g/l
for water-washed substrate. It clearly demonstrated that pre-wash treatment might efficiently
decrease the concentrations of most toxic by-products produced in steam-explosion stage.

Fermentation

After enzymatic hydrolysis, fermentation with different solid concentrations was evaluated
with regard to ethanol yield. Figure 5 showed the profiles of glucose concentration and
ethanol in fermentation processes. As shown in the figure, when washed stover was used as
substrate, the ethanol concentration increased rapidly at the beginning of the process, and
then ethanol generation slowed down. The overall ethanol yield reached 92% to 94% based
on theoretical production from glucose (Fig. 5a,c). A different behavior was found when
fermenting unwashed stover hydrolyzed slurry (Fig. 5b,d). The ethanol’s final yield reached
88% and 86% at 10% and 15% solid level, and the yield dropped to 68% at 20% solid
loading after 48-h fermentation process. When the solid concentration reached 25% and
above, no ethanol was detected from the samples. It clearly showed that high toxic by-
product concentration had profound negative effect on the fermentation stage. According to
the former result showed in Fig. 4, when acetic acid and furfural reached 3.3 g/l and
145 mg/1 respectively, the inhibitory effect on ethanol production was clearly observed. So,
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Fig. 4 Profiles of toxic degradation concentration during enzymatic hydrolysis. a acetic acid, water-washed;
b acetic acid, unwashed; ¢ furfural, water-washed; d furfural, unwashed



Appl Biochem Biotechnol (2010) 160:360-369 367

a b
1201 —=—10% —=—10%
—e— 15% 120 e 15%
—A-20% —a20%

100 —v— 25% | 25%
—+—30% 100 : 300/2
80 i 80< ’4\4’/“\ﬂ
| — ¥ ¥ ¥ v
60+ 60

33\§§\ N

Glucose g/L
Glucose g/L

1

0 T 0 T g T ’
0 12 48 0 12 24 36 48
Tlme (h) Time (h)
Cc o d e 10%
20% 60- e 15%
60+ 25% - 20%
3% T %
50 50 — o
) 40
2 ® 5
o —
S 301 g 301
© <
= it
w
20+ 20
104 104
0 T T v T 0 - -+ + +
0 12 24 36 48 0 12 24 36 48
Time (h) Time (h)

Fig. 5 Fermentation profile of pretreated corn stover with washing (a and ¢) and without washing treatment
(b and d) at different solid loadings (%, w/w)

compared to unwashed stover, water-washed material was more suitable for fermentation
stage.

Conclusion

High solid operation was a significant way to elevate the final ethanol concentration. For
water-washed stover, when we used 30% solid instead of familiar 10% to 15% solid
concentration, the final ethanol yield nearly did not decrease, and a proportional increase of
final ethanol concentration was obtained. For instance, the final ethanol concentration
increased by 195% when solid concentration was raised from 10% (w/w) to 30% (w/w). In
present work, high solid concentration up to 30% (w/w) seemed feasible when water-
washed stover was used as substrate in the process of bioethanol production. While solid
concentration reached 30% (w/w), corresponding glucose concentration reached 103.3 g/l,
then a final ethanol concentration up to 49.5 g/l was obtained. The glucose yield in the
enzymatic hydrolysis process and ethanol yield in the fermentation reached 72.5% and
94.0%, respectively. And the overall yield reached 0.151 g ethanol/g raw stover based on
the composition of the material. To the best of our knowledge, this result is higher than any
other previous report under such a high solid concentration.
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In our research, in the shake-flask system, not only mass and heat transfer problem was
solved by fed-batch mode but also enough amount of cellulases was provided for enzymatic
hydrolysis reaction. So, contrary to the results of Jergensen et al. [19], the glucose yield did
not linearly decrease with the increasing solid concentration. This implicated that the
amount and efficiency of enzyme was also an important issue to be considered except the
mixing problem.

In this work, for the water-washed pretreated material, about 2:3 acetic acid and furfural
was washed-out during pre-wash step. Thus, the fermentation of hydrolysate at 30% solid
level resulted in an ethanol yield up to 94.0%. On the other hand, with unwashed stover, the
ethanol yield in the fermentation process profoundly decreased to 68% at 20% solid loading
when the acetic acid and furfural concentration were only 3.3 g/l and 145 mg/l,
respectively. These indicated that normal industrial S. cerevisiae strain for ethanol
production based on starch was too sensitive to the degradation from pretreatment of
lignocellulosic biomass, so breeding strains resisting to those toxic degradation by
traditional or modern molecular method becomes inevitable and urgent.

Though we had succeeded in achieving high cellulose conversion and ethanol yield
under high solid level in shake-flask scale, it still has a long way to go in large-scale
industrial bioethanol production. Further researches on developing high efficiency and
power-saving reactor and strain with inhibitor-tolerance are needed for the factory-scale
bioethanol process.
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