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This study reported a new solution of lignocellulose feedstock storage based on the distributed pretreat-
ment concept. The dry dilute sulfuric acid pretreatment (DDAP) was conducted on corn stover feedstock,
instead of ammonia fiber explosion pretreatment. Then the dry dilute acid pretreated corn stover was
stored for three months during summer season with high temperature and humidity. No negative aspects

were found on the physical property, composition, hydrolysis yield and ethanol fermentability of the long
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term stored pretreated corn stover, plus the additional merits including no chemicals recovery operation,
anti-microbial contaminant environment from stronger acid and inhibitor contents, as well as the mild
and slow hydrolysis in the storage. The new pretreatment method expanded the distributed pretreat-
ment concept of feedstock storage with potential for practical application.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Long time preservation of lignocellulose biomass without
microbial contamination and dry matter loss is crucially important
for developing supply chain of feedstock to large scale biofuels
production (Eranki et al., 2011; Jin et al., 2013; Liu et al., 2013).
Commonly practiced storage methods include dry storage and
wet storage. Dry storage is to store the dried (moisture content less
than 10%) lignocellulose bales outdoors, but considerable drying
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cost, solid matter loss, and fire risk were the negative aspects of
dry storage (Liu et al., 2013). Wet storage is to store the newly
collected and moist lignocellulose biomass similar to ensiling
method of animal forage (Cui et al., 2012; Digman et al., 2010),
in which endogenous microflora such as lactic acid bacteria con-
sume oxygen and generate organic acids to create an anaerobic
and acidic environment to prevent further microbial growth and
facilitate long term storage (Pakarinene et al., 2011). However, bale
wrapping and disassembling, as well as mixing of bacteria broth or
alkali or acidic chemicals with solid lignocellulose are the technical
barriers for large scale applications of wet storage, besides the
soluble sugars loss.
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Different from the regular storage methods, Dale and his
colleagues used biorefinery techniques to store lignocellulose feed-
stock. One option is to store the liquefied hydrolysate after ligno-
cellulose pretreatment and enzymatic hydrolysis (Jin et al,
2013), but this method is under the risk of microbial contamina-
tion especially in summer seasons and tropical areas. The second
option is to store the pretreated lignocellulose feedstock by dis-
tributing pretreatment operations near collection locations,
instead of storage in the central biorefinery plants (Eranki et al.,
2011; Bals and Dale, 2012). Ammonia fiber expansion (AFEX)
pretreatment was applied to the distributed storage by taking
advantage of pretreated feedstock on anti-contamination and den-
sification. This distributing storage provided a practical solution for
long term storage of lignocellulose.

In this study, we applied a different pretreatment method, the
dry dilute sulfuric acid pretreatment (DDAP), into the distributed
pretreatment concept for lignocellulose feedstock storage (Zhang
et al,, 2011; He et al,, 2014). A three months’ storage of the dry
dilute sulfuric acid pretreated corn stover was conducted during
the summer season of Shanghai, a typical southern city of China
with high temperature and humidity. The changes in physical
property, composition, enzymatic hydrolysis yield and ethanol fer-
mentability were evaluated during long term storage. The positive
result with additional merits supported the new distributed
storage method based on dry dilute sulfuric acid pretreatment.
This study expanded distributed pretreatment concept for feed-
stock storage with improved application potentials.

2. Methods
2.1. Raw materials

Corn stover was obtained from Dancheng County, Henan Pro-
vince, China, in fall 2013. Corn stover was water-washed to remove
the field dirts, air-dried, and milled using a beater pulverizer to
pass through the 10-mm diameter apertures. The milled corn
stover was sealed in plastic bags and stored at room temperature
until used.

2.2. Strains and enzymes

Ethanol fermenting strain Saccharomyces cerevisiae DQ1 (stored
in China General Microbial Collection Center, Beijing, China, with
registration number CGMCC 2528) was used for ethanol produc-
tion during SSF. The fungus strain Amorphotheca resinae ZN1
(CGMCC 7452) was used for degrading inhibitors from dry dilute
sulfuric acid pretreatment of corn stover (Zhang et al., 2010a).

The cellulase enzyme Youtell #6 was purchased from Hunan
Youtell Biochemical Co., Yueyang, Hunan, China. The filter paper
activity of Youtell #6 was 135 FPU/g determined using the NREL
protocol LAP-006 (Adney and Baker, 1996), the cellobiase activity
was 344 CBU/g, and the protein content was 90 mg per gram of
cellulase reagent determined by Bradford method.

Sulfuric acid with a purity of 95.0-98.0% (w/w) used in the pre-
treatment was purchased from Shanghai Lingfeng Chemical
Reagent, Shanghai, China; Standard samples of acetic acid was pur-
chased from Sinopharm Chemical Reagents, Shanghai, China. Fur-
fural and 5-hydroxymethylfurfural (HMF) were purchased from
J&K Scientific, Beijing, China.

2.3. Dry dilute sulfuric acid pretreatment and biodetoxification
operations

Corn stover was pretreated using dry dilute sulfuric acid pre-
treatment (DDAP) according to Zhang et al. (2011) and He et al.
(2014). Briefly, corn stover and dilute sulfuric acid solution were

co-currently fed into the 20 L pretreatment reactor at a solid/liquid
ratio of 2:1 (w/w) and helically stirred at 50 rpm. The operation was
kept at 175 °C for 5 min with sulfuric acid of 2.5 g per 100 g solid
lignocellulose. The solids content of the pretreated material was
about 50% (w/w) with pH 2.0 and no wastewater was generated.

The pretreated corn stover material was detoxified via solid
state biodetoxification according to Zhang et al. (2010a) by hydrol-
ysis and fermentation operations. Briefly, the pretreated corn
stover was neutralized with 20% (w/w) Ca(OH), to pH of 5-6,
and then inoculated with A. resinae ZN1 spores. Biodetoxification
lasted for 48 h at 28 °C with sterilized aeration at 1.0 vvm and peri-
odical mixing by helical impeller agitation every 12 h. The solids
content of biodetoxified corn stover was still around 50% (w/w).
Corn stover composition after biodetoxification showed no obvious
change with the freshly pretreated feedstock.

2.4. Enzymatic hydrolysis and ethanol fermentability tests

The stored corn stover material was assayed in two aspects: (1)
enzymatically hydrolysis evaluation on its hydrolysis perfor-
mance; (2) simultaneous saccharification and ethanol fermenta-
tion (SSF) evaluation on its fermentability performance.

Enzymatic hydrolysis assay of the pretreated corn stover feed-
stock was carried out according to the protocol of NREL LAP-009
(Brown and Torget, 1996). 0.5 g of the pretreated corn stover
(dry base) and 10 mL of deionized water were loaded into a
100 mL flask to prepare the slurry in 0.1 M citrate buffer containing
2.5% (w/w) solids and pH was finely adjusted to 4.8 by adding 5 M
NaOH solution. 0.08 mL of cycloheximide (10 mg/mL in deionized
water) was added to avoid the microbial contamination. 20 FPU/g
DM (dry pretreated corn stover matter) of cellulase was added
and the hydrolysis lasted for 72 h at 50°C and 150 rpm in a
water-bath shaking incubator.

Ethanol fermentability assay was carried out in a 5 L helical rib-
bon stirrer agitated bioreactor as described in Zhang et al. (2010a).
Briefly, the pretreated and biodetoxified corn stover was loaded
into the bioreactor to reach 25% (w/w) solids content. 15 FPU/g
DM of cellulase enzyme was added and the pre-hydrolysis was car-
ried out for 12 h at 50 °C, then the temperature was reduced to
37 °C and the seed cells of S. cerevisiae DQ1 were inoculated into
the bioreactor at 10% inoculation ratio (v/v) to start the simultane-
ous saccharification and fermentation step (SSF). Samples were
taken periodically for analysis of ethanol and glucose.

2.5. Long term storage of pretreated corn stover feedstock

Freshly pretreated corn stover was fed into commonly used dis-
posable polyvinylchloride (PVC) bags with only loosely closure
without thermal sealing of the open ends. Each bag contained
approximately 2 kg of pretreated corn stover then placed on ter-
race of the 13th floor of the research building #18, Xuhui campus,
East China University of Science and Technology, Shanghai, China.
The storage started on June 16, 2014 and ended on September 15,
2014 (91 days). Every two bags were withdrawn at the 15th day
(July 1, 2014), 29th day (July 15, 2014), 59th day (August 14,
2014), and 91st day (September 15, 2014), respectively, for compo-
sition, hydrolysis and ethanol fermentation assays. The fresh pre-
treated corn stover immediately after pretreatment was taken as
the control of storage.

2.6. Analysis

The bulk density of corn stover was tested using the methods
discussed in Hoover et al. (2014). A 261 mL container was used
(instead of the 100 mL container). The bulk density was calculated
based on the dry matter of the corn stover.
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Cellulose and hemicellulose contents of the corn stover were
analyzed using a two-step sulfuric acid hydrolysis method (Sluiter
etal., 2008a). Oligomers of glucan and xylan were measured accord-
ing to a one-step sulfuric acid hydrolysis method (Sluiter et al.,
2008Db). Glucose, xylose, ethanol, acetic acid, furfural and HMF were
analyzed on HPLC (LC-20AD pump, RI detector RID-10A, Shimadzu,
Kyoto, Japan) with Bio-Rad Aminex HPX-87H column at 65 °C and
0.6 mL/min of 5 mM H,SO,4 as the mobile phase.

3. Results and discussion

3.1. Physical property and compositional changes of pretreated corn
stover

The long term storage test of the dilute sulfuric acid pretreated
corn stover was conducted for three months from June 16 to
September 15 in 2014 in the summer season of Shanghai, a city
located in south China with high temperature and humidity. The
open weather information to the public in the database in Shang-
hai Meteorological Service (www.smb.gov.cn) indicated that the
air temperature was ranged from 21 to 36 °C, and the rainy days
accounted for almost half of the storage period (45 days of the total
91 days) (Fig. 1). The weather condition certainly did not prefer the
storage of carbohydrate material in the open environment for
curbing microbial propagations.

No observable microbial contaminations were found after three
months storage via agar petri dish culture and the stable carbohy-
drate composition in the pretreated corn stover was maintained
(Fig. 2). The cellulose changed from 37.86%, 37.36%, 38.99%,
37.74%, to 39.88% and the hemicellulose was from 4.70%, 6.37%,
4.55%, 4.30%, to 3.20% at 0, 15, 29, 59, and 91 days, respectively
(Table 1). The cellulose content was stable while the hemicellulose
content exhibited a slight decrease. Soluble components including
glucose, xylose, 5-hydroxymethylfurfural (HMF) and oligomer
sugars were also constant, while furfural decreased from 0.41¢g
to 0.12 g per 100 g of pretreated corn stover (DM) (Table 1), largely
due to the volatility of furfural in the loosely sealed plastic bags.
Acetic acid increased from 1.15 to 1.67 g per 100 g DM due to the
slow degradation of residual hemicellulose in the pretreated corn
stover by the existence of dilute sulfuric acid. The slight decrease
of both xylan content and acetic acid were also supported by the
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Fig. 1. Weather conditions during the long term storage of dry dilute sulfuric acid
pretreated corn stover from June to September in 2014, in Shanghai, China.
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Fig. 2. Changes of structural compositions and hydrolysis yield of dry dilute sulfuric
acid pretreated corn stover during long term storage. Conditions: 2.5% (w/w) solids
loading, pH 4.8, 20 FPU/g DM, 50 °C, 150 rpm in the shaking water-bath incubator
for 72 h.

improved hydrolysis yield of corn stover after long time storage
with the slow but firmly disruption of lignocellulose structure
(Fig. 2). Both the decrease of furfural and the increase of acetic acid
were not negative factors on hydrolysis and fermentability of pre-
treated corn stover feedstock.

The dry dilute sulfuric acid pretreatment method used in this
study provided unique merits for feedstock storage: no wastewater
was generated and the water content of the loosely packed pre-
treated corn stover was 50% (w/w) (Zhang et al., 2011; He et al,,
2014). The bulk density increased from 114 kg/m?> of the raw corn
stover to 190 kg/m® of the freshly pretreated corn stover (based on
the dry matter of corn stover), and maintained about 200 kg/m?
during the storage period (Table 1) with the possibility of further
increase by compacting methods before transportation to the cen-
tralized bioconversion plants. The bulk density was increased
because the lignocellulose structure of corn stover was broken
and polysaccharide components were transformed into soluble
compounds such as the xylose, glucose, and small phenolic mole-
cules (see Table 1).

3.2. Enzymatic hydrolysis and ethanol fermentation assays of long
term stored corn stover

Enzymatic hydrolysis assay showed that the hydrolysis yield of
the pretreated corn stover increased with increasing storage time
and finally approximately 14% increment was obtained (from
77.42% to 91.42%) after three months’ storage (Fig. 2). This unex-
pected positive result indicates that a mild dilute acid pretreat-
ment still continued and a slow hydrolysis of hemicellulose
proceeded during the storage (supported by acetic acid increased
in Table 1), which facilitated the consequent enzymatic hydrolysis
and ethanol fermentation.

Ethanol fermentability assay was conducted in a 5L helical
ribbon agitated bioreactor with 25% (w/w) of pretreated corn
stover solids loading after degrading the inhibitory compounds
generated during dry dilute acid pretreatment via biodetoxifica-
tion. The ethanol titer and yield using the feedstock with different
storage time were essentially the same (Fig. 3). A small increase of
ethanol titer was observed after long time storage (from 42.60 g/L
at the beginning to 46.25, 47.51, and 46.89 g/L at 29, 59, and
91 days, respectively, with the yield from 69.52% to 73.43%,
78.08%, and 72.65%, correspondingly). The result indicates that at
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Table 1

Variation of physical properties and soluble components of dry dilute sulfuric acid pretreated corn stover in long term storage.

Storage time (day)  Bulk density (kg/m®)  Water content (%)

Sugars (g/100 g DM)

Inhibitors (g/100 g DM)

Glucose Xylose O-Glu* 0-Xyl° Acetic acid  Furfural HMF

Raw CS 114 3.80 0 0 0 0 0 0
Pretreated CS

0 190 57.08 1.30£0.01 13.55+£0.07 1.03+0.06 4.53+0.36 1.15+0.06 0.41+0.03 0.14+0.01
15 200 54.33 142+001 1296+0.23 226+0.72 4.05+064 136+0.01 0.34+0.01 0.12+0.06
29 203 53.92 1.56+0.02 1291+026 194+1.12 4.63+0.58 1.51+0.05 026+0.01 0.18+0.01
59 209 51.61 1.60+0.0 1243+0.06 1.00£021 3.57+045 1.53+0.08 0.19+0.01 0.18+0.03
91 208 52.02 1.51+£006 1259%0.28 1.19+0.13 3.67+020 1.67+0.14 0.12+0.02 0.14+0.00

Corn stover was pretreated for 5 min at 175 °C using 2.5% sulfuric acid at 50 rpm agitation rate. Unit here was defined as grams components in 100 g dry corn stover.

2 0-Glu represents the oligomer of glucan.
b 0-Xyl represents the oligomer of xylan.

90

Glucose -0 -9-15 —-A-29 --59 —+91 days

Ethanol

=0 —-15 A-29 -6-59 —+91 days

80
70
60
50
40
30

Glucose and ethanol (g/L)

20
10

0 6 12

18 24 30 36 42 48 54 60 66 72
Time (h)

Fig. 3. Ethanol fermentability evaluation of dry dilute sulfuric acid pretreated corn
stover during long term storage. Conditions: 25% solids loading, cellulase dosage of
15 FPU/g DM, 150 rpm, 10% (v/v) inoculum ratio; 50 °C, pH 4.8 at prehydrolysis
step; 37 °C, pH 5.5 at SSF step.

least there was no negative effect of long term storage in the exper-
imental range on ethanol fermentability of feedstock.

The present storage method of lignocellulose is a variation of
distributed storage by replacing the ammonia fiber expansion
(AFEX) pretreatment with the dry dilute sulfuric acid pretreatment,
giving the further evidence to support the decentralized pretreat-
ment concept (Eranki et al.,, 2011; Bals and Dale, 2012). The dry
dilute acid pretreatment based storage method is unique on zero
wastewater generation, dense feedstock packing, and cheap equip-
ment and operation cost. Therefore, additional merits were added
to the distributed storage method based on distributed dilute sulfu-
ric acid pretreatment. First, no chemicals recycling step needed
compared with the liquid ammonia recycling in AFEX pretreatment,
while the cheap and aqueous dilute sulfuric acid was neutralized to
calcium sulfate solid and disposed. Then, lower pH at 2 and relative
higher inhibitor concentration generated an ideal environment to
prevent almost all possible microbial contamination, while the
inhibitors were easily and environmental friendly removed by
the consequent biodetoxification (Zhang et al., 2010b), comparing
the moderate pH, less inhibitors and rich nitrogen in AFEX feed-
stock. The acidic condition provided a weak but firm hydrolysis of
hemicellulose and enhanced the consequent enzymatic hydrolysis
and fermentability of long time stored feedstock.

4. Conclusion

A three months’ storage of the dry dilute sulfuric acid pretreated
corn stover was tested in the summer season of Shanghai. The com-
positions of the retreated corn stover after long term storage were
stable and a slight increase in hydrolysis yield and ethanol
fermentability were obtained. This study expanded the range of
the distributed pretreatment concept for feedstock storage with
additional merits including no chemicals recovery operation, anti-
microbial contaminant environment from stronger acid and inhibi-
tor content, as well as the mild and slow hydrolysis in the storage.
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