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Microbial inhibitors including weak acids, furan derivatives and phenolic compounds are key problems
of cellulosic bio-fuels production by fermentation. Most of these inhibitors are sugars and lignin
degradation compounds, which are almost unavoidable during pretreatment processes. While, most of
the one stage pretreatment has been conducted at high severity factors of 3.5 or more to get high sugar
yield, with increase in severity factor, high concentration of microbial inhibitors were formed and
significantly affected downstream biofuel yield. Thus, a two-stage pretreatment of corn stalk,
hydrothermal followed by oxalic acid, under low severity factor and its enzymatic degradability was
investigated in this study to identify fermentable sugar production and corresponding microbial
inhibitors formation. Additionally, effect of equivalent severity factors of 2 to 3.5 and particle sizes of 1
to 35 mm were also studied systematically. Particle size of 15 mm was found as an optimum size at an
equivalent severity factor of 2.5. Sugars 61.99 + 0.03 g and inhibitors 5.12 + 0.01 g from 100 g of corn
stalk were obtained at the optimum particle size and pretreatment condition. The highest glucan
conversion and recovery at the optimum conditions were 92.95+ 0.08 and 78.42+ 0.07%, respectively.
Overall, the two-stage pretreatment process with the larger particle size and low equivalent severity
factor could be an alternative to reduce microbial inhibitors formation and excessive biomass
processing cost.
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INTRODUCTION

Worldwide concern of biofuels including ethanol, butanol
and biodiesel from cheap and abundant lignocellulosic
biomass is increased rapidly because of price volatility,
rising demand, environmental issues, energy security and

sustainability of limited fossil fuel (Vancov et al., 2012; Liu
et al., 2013; Saha et al., 2013). Lignocellulosic biomass,
such as corn stalk, has shown a great potential to
contribute alternative vehicular fuels demand due to its
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immediate availability and almost useless for other
purposes (Qureshi et al., 2007; Chundawat et al., 2011;
Cheng et al., 2012; Bondesson et al., 2013; Zhang et al.,
2014). Corn stalk is mainly composed of cellulose, hemi-
cellulose, and lignin, where cellulose fibers are
surrounded by hemi-cellulose and lignin matrix. Lignin is
the main barrier for bio-fuel production from corn stalk
(Alonso et al., 2013) because the lignin cannot be directly
consumed by fermenting microorganisms. Thus,
pretreatment is an essential step for disrupting the
complex lignin-cellulose-hemicellulose structure, which
can enhance fermentable sugar production during the
successive enzymatic hydrolysis process (Kumar et al.,
2009).

Over the years, several pretreatment processes such
as the physical (milling and grinding), the chemical
(hydrothermal, high pressure steam explosion, acid,
alkali, oxidizing agents, and organic solvents, ammonia
fiber explosion), the biological (fungi, actinomycetes, and
bacteria) as well as a combination of those pretreatment
approaches have been investigated on variety of
feedstocks (Taherzadeh and Karimi 2007; Zheng et al.,
2009a; Kumar et al., 2009; Zheng et al., 2009b; Yang et
al.,, 2013). Among them, chemical pretreatment process
is popular, while most researchers did not emphasize
physical pretreatment due to the high cost and low sugar
yield and biological pretreatment due to time intensive.
Specifically, dilute acid treatment is a common
pretreatment process, which produces more sugar by
disrupting the crystalline structure of cellulose, increasing
porosity and making enzymatic hydrolysis easier (Vancov
et al.,, 2012). In addition to acidic pretreatment, hydro-
thermal pretreatment is also considered as an eco-
friendly treatment process because the pretreatment
medium contains feedstock and water only that avoids
corrosion and acid sludge. The energy efficiency of these
pretreatment processes primarily depends on pretreat-
ment temperature and retention time. In general, one
stage pretreatment processes require high pretreatment
temperature and longer time to destroy lignin barrier and
enhance successive enzymatic hydrolysis. However, a
severe pretreatment condition, that is, high temperature
and long duration, leads to formation of sugar and lignin
degradation compounds. These sugar and lignin
degradation products including weak acids, furan
derivatives and phenolic compounds are toxic to most of
the common bio-fuel producing bacteria, which are used
during fermentation process (Tadesse and Luque, 2011;
Guo et al, 2012; Um and van Walsum, 2012). For
instance, inhibitors such as phenolic compounds, and
furan derivatives like furfural and hydroxymethylfurfural
(HMF) have remarkable impact on butanol production
(Qureshi et al., 2008; Guo et al., 2012; Baral et al., 2014).
Some inhibitor detoxification processes are available,
which require additional cost. In fact, up to 13% sugars
loss has been reported during the overliming process
(Palmqvist and Hahn-Hagerdal, 2000; Guo et al., 2012;
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NREL, 2011), which is the most common detoxification
method.

Thus, an effective pretreatment process is a necessity
which should provide high sugar yield and low sugar as
well as lignin degradation byproducts, that is, microbial
inhibitors. The pretreatment process should also be
inexpensive and less energy intensive (Qin et al., 2012;
Liu et al., 2013). It is obvious that the larger particle size
reduces extensive biomass preparation energy and
equipment cost as well as the microbial inhibitors can be
reduced under mild pretreatment conditions. However,
single chemical pretreatment may not destroy lignin
barrier of large particle size under the mild pretreatment
condition. Thus, a two-stage pretreatment process,
hydrothermal treatment followed by oxalic acid, was
investigated in this study. The former, that is,
hydrothermal pretreatment, was selected because of an
eco-friendly process. And, oxalic acid is selected
because it is known as a suitable pretreatment process
that can effectively reduced the extensive sugar and
lignin degradation compounds even under mild conditions
(Lee et al., 2011; Qin et al., 2012). Additionally, xylans,
which forms a barrier that restricts cellulases access to
cellulose (Kreuter, 1996), can be effectively removed by
using the mild oxalic acid pretreatment process (Lee et
al.,, 2011; Mtui, 2012). The foremost objective of current
study was to examine fermentable sugars and inhibitors
from corn stalk with variation in particle size and
pretreatment conditions. Additionally, best particle size
among selected particle sizes was identified based on
products and byproducts, which opens up future
extensive research possibilities to optimize particle size
and their mechanism study for high sugar yield and low
microbial inhibitors formation.

MATERIALS AND METHODS
Corn stalk collection and preparation

Corn stalk with moisture content of 30 to 37% was collected from
Xinfazhen village, Harbin, China (45.75°N, 126.63°E). The corn
stalk was reduced into different sizes including 1 mm (® 1 mm), 5
mm (5 x 5 x 3.5 mm), 10 mm (10 x 5 x 3.5 mm), 15 mm (15 x 5 x
3.5 mm), 25 mm (25 x 5 x 3.5 mm) and 35 mm (35 x 5 x 3.5 mm).
Each batch size was dried in oven at 45 = 1°C until the moisture
content reduced to 5 to 7%. Structural composition of each batch
size was analyzed after further reduction into required size, around
1 to 2 mm (Hames et al., 2008). Each batch size was separately
analyzed to reduce the error associated with sample size
preparation. And then, these different batches were stored at 4 +
1°C in separate sealed packets for further processes.

Two-stage pretreatment

Figure 1 illustrates a schematic of the two-stage pretreatment
process adopted in this research, where liquid hydrolysate was
extracted after each pretreatment stage to prevent formation of the
degradation compounds. Solid loading rate of 10% (10 g dry corn
stalk/100 ml of deionized water and/or oxalic acid) was used for
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Figure 1. Schematic of a two-stage pretreatment of corn stalk.

both stages of pretreatment, that is hydrothermal and oxalic acid
treatment for each of the selected particle size. The sample of each
size was prepared in iodometric flask with 250 ml capacity. The
pretreatment parameters including temperature, time and chemical
concentration (if applicable) were finalized after thorough analysis
of sugars yield and corresponding inhibitors formation reported in
the previous studies (Liu et al., 2013; Saha et al., 2013; Palmqvist
and Hahn-Hagerdal, 2000; Lee et al., 2011; Qin et al., 2012). The
hydrothermal pretreatment was performed in an autoclave at 125 +
1°C for 30 min at a pressure of about 0.23 MPa. The heating and
cooling times of the flasks were not considered as a pretreatment
time, even though it took about 23 min to reach the final
temperature of 125 + 1°C and about 45 min to cool to room
temperature of 25 + 1°C. After the hydrothermal pretreatment, liquid
hydrolysate was separated using cotton fabric filter and sample was
taken for analysis. The residual solid stalk was washed with tap
water and squeezed using the same filter. Then, the solid was oven
dried before oxalic acid pretreatment to maintain same solid loading
rate of 10% (w/v). Oxalic acid concentration 0.3 mol/l and the same
temperature and time as hydrothermal pretreatment were used for
further structural breakdown of the pretreated corn stalk. After
oxalic acid pretreatment, the liquid hydrolysate was taken for
analysis. The solid residue was washed with water until neutral pH
and oven dried at 105 + 1°C, which was further used for enzymatic
hydrolysis. Additionally, the structural composition of solid residue
was analyzed after each pretreatment and enzymatic hydrolysis. All
the samples and residue were stored at -20 + 1°C for further uses.

Furthermore, experiments were conducted to observe effect of
variation in retention time on particle size. The best particle size at a
pretreatment condition of 125 + 1°C and 30 min and two equal
range particle sizes, one above and one below the best size, were
considered. For these three selected particle sizes, apart from
pretreatment time of 30 min, other pretreatment durations of 10, 92
and 290 min for each pretreatment stage were also investigated. All
the other pretreatment conditions and methodology were identical
with the first experiment.

Enzymatic hydrolysis

The enzymatic digestibility tests of the pretreated corn stalk were

carried out using the National Renewable Energy Laboratory
(NREL) standard protocol (LAP-009) (Hames et al., 2008).
Cellulase used during enzymatic saccharification was purchased
from Imperial Jade Biotechnology Co., Ltd., China. The average
activity of the enzyme was 100 filter paper units per ml (FPU/mI).
The cellulase was loaded at 4.5 FPU/g glucan (Lin et al., 2011) and
hydrolysis was performed at 45 + 1°C, 100 rpm (Saha et al., 2013)
in a rotary shaker (FLY-2102C, Shanghai Shenxian Thermostatic
Equipment Factory, China). All the tests were run in triplicate. Liquid
samples were taken periodically for reducing sugar analysis. The
samples were filtered by eight layers of gauze and centrifuged at
8000 rpm for 10 min (Lin et al., 2011).

Analytical methods

The moisture content, extractive and composition of raw as well as
pretreated corn stalk was determined according to the laboratory
analysis protocol (LAP) of the NREL (Hames et al., 2008). Sugars
and microbial inhibitors such as acetic acid, formic acid, levulinic
acid, furfural and HMF of after each stage pretreatment and
enzymatic  saccharification were determined using high
performance liquid chromatography (HPLC), Shimadzu, Japan and
following NREL protocol. Aminex HPX-87P and Aminex HPX 87H
with refractive index detector (RID-10A) were used to determine
sugars and inhibitors concentration, respectively. The operating
conditions of HPLC were identical with NREL protocol and columns
guidelines. Oligomeric sugars in the hydrolysate were determined
according to LAP-014 of NREL (Hames et al., 2008). Additionally,
UV Spectrophotometer (Shimadzu, Japan) was used to determine
soluble lignin at a wavelength of 320 nm and following NREL
protocol (Hames et al., 2008)..

Calculation

The combined effect of temperature (T) and residence time (t) for
any pretreatment process can be expressed as severity factor (SF).
The standard expression of SF is reported elsewhere (Lloyd and
Wyman, 2005; Saha et al., 2013):



Table 1. Moisture content and extractives of corn stalk in the
present research.

Sample size Mass (g/100 g of raw corn stalk)
(mm) Moisture content Extractives*
1 5.21+0.09 15.54 £ 0.07
5 5.37 £ 0.07 15.17 £ 0.01
10 5.43+0.01 13.62 £0.02
15 5.37+0.01 12.39£0.03
25 5.68 + 0.03 13.02£0.01
35 5.48 + 0.01 12.99 £ 0.02

*Water (filtered with 0.2 ym), and ethyl alcohol (95% pure) were used
to remove extractives.
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For a constant pretreatment temperature, the combined effect of

temperature and time of a two-stage pretreatment process can be
expressed as:

T —100)( * t2
EquivalentSF = logyq [exp {—} {j dt + j dt}]
14.75 0 0

In which T is the pretreatment temperature in °C, t; is the
pretreatment time for first stage in min; that is, hydrothermal
pretreatment time, and t, is the pretreatment time for second stage
in min; that is, oxalic acid pretreatment time. The effect of variation
in pretreatment time was compared based on the equivalent SF of
the two-stage pretreatment process. Moreover, glucan and xylan
recovery after the two-stage pretreatment process and conversion
during enzymatic hydrolysis were determined. The equation for the
recovery and conversion along with correction factors are available
elsewhere (Qin et al., 2012). Finally, the total sugar was determined
by addition of glucose, xylose and arabinose yield after each stage.

RESULTS AND DISCUSSION
Composition of corn stalk

Main stem of corn stover, corn stalk, was used in this
study was dried for composition analysis and further
treatment. The moisture content of each particle size is
summarized in Table 1 along with the standard deviation.
The results were within the range of NREL guidelines,
that is, below 10%, for the composition analysis (Hames
et al., 2008). The non-structural materials from biomass,
also known as extractives, were removed prior to
analysis to prevent interference with later analytical
steps. Those were mainly water soluble and ethanol
soluble materials. The extractives of all selected particle
size batches are also presented in Table 1. The
emphasis was given to make homogeneous mixture of
collected corn stalks, even though there was about 13%
variation within particle size batches. Such variation may
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be due to corn variety because they were collected from
two different fields of Xinfazhen village, Harbin, China
(45.75°N, 126.63°E) at the same season. Previous
studies also found the extractives in a range of 11.2 to
24% based on raw corn stover (Qin et al., 2012; Liu et al.,
2013). Thus, the data summarized in Table 1 are
consistent with the previous studies. Table 2 illustrates an
overview of corn stalk composition. The main desirable
constituent is glucan followed by xylan, arabinan,
mannan and galactan. Lignin, the third major fraction on
weight basis after glucan and xylan, is undesirable
fraction for bio-fuel production. Slight variation mainly in
glucan, xylan and lignin was found in each size batch. It
might be due to heterogeneous mixture of corn variety
during batch size preparation; however, these data are
almost similar to previous study (Donghai et al., 2006),
where glucan, xylan, arabinan, mannan and galactan of
corn stalk were reported to be 36.5, 21.6, 3.2, 2.4 and
1.7%, respectively. Additionally, lignin, ash and acetate
content of corn stalk in this study were also consistent
when compared to the previous studies (Donghai et al.,
2006; Tamaki and Mazza, 2010; Lee et al., 2011).
Furthermore, the composition of corn stalk is also
comparable with corn stover (Bura et al., 2009; Aden and
Foust, 2009). NREL (2011) evaluated the compositions of
508 commercial corn stover samples collected from 47
sites. They found 32 g glucan, 19 g xylan, 18 ¢
extractives and 13 g lignin based on 100 g raw corn
stover. Compared to their study, glucan, xylan, and lignin
concentrations were found higher in this study. These
variations might be due to corn variety, region, weather,
soil type, and fertilization practices.

Composition of liquid hydrolysate
Hydrothermal treatment

Baral et al. (2014) reviewed pretreatment time and
temperature severely impacts on inhibitors formation. In
addition to these pretreatment conditions, particle size
also significantly impact on biomass processing cost, that
is, handling cost and milling cost. On the other hand,
single stage pretreatment at lower temperature and
shorter time might not be effective to destroy lignin
barrier. Thus, wide range of particle sizes, 1 to 35 mm,
and two-stage pretreatment at low SF were investigated
to reduce processing cost and microbial inhibitor
formation. Hydrothermal treatment was performed as a
first phase of the two-stage pretreatment to decompose
complex lignin barrier of corn stalk. This is generally
known as a cheaper, noncorrosive and environment
friendly treatment process. The sugar composition in the
liquid hydrolysate after hydrothermal pretreatment with
different particle sizes is summarized in Table 3, along
with standard deviation of the three observations. The
fermentable sugars on the hydrolysate components were
varied with respect to the particle size. The lowest and
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Table 2. Composition of corn stalk expressed as g/100 g of dry raw corn stalk.

Sample Glucan Xylan Galactan  Arabinan Mannan Lignin* Ash Acetate
size (mm) (9) (9) (9) (9) (9) (9) (@ (@
1 37.39£0.04 22.88+0.04 0.95+0.01 2.44+0.02 1.16+0.02 15.69+0.06 4.05%0.02 2.07£0.01
5 35.87 £0.02 22.47 £+0.01 0.88+0.00 2.34+0.01 1.10%0.02 15.41+0.03 4.33+0.02 2.04+0.01
10 34.71 £+0.02 22.32+0.07 0.93+0.00 2.32+0.03 1.14+0.02 18.01+0.07 4.45+0.02 2.06 +0.02
15 36.16 £t0.06 22.38 £0.02 0.91+0.01 2.15+0.03 1.13+0.02 17.05%+0.09 4.44+0.01 2.0310.01
25 35.32+0.03 23.08 £0.02 0.92+0.03 2.33+0.01 1.13+0.01 17.39+0.04 4.49+0.02 2.06 +0.06
35 35.34 £0.07 25.08 £0.09 0.73+0.01 3.17+0.02 0.98+0.02 16.72+0.03 4.50+0.01 2.08 £0.02

*It consists of both acid soluble and insoluble lignin.

Table 3. Sugar composition in liquid fraction after hydrothermal pretreatment (g/100 g of dry raw corn stalk) at

125°C and 30 min.

Sample size (mm) Glucose (g) GO () Xylose (g) XO (g) Arabinose (g) AO (g)
1 2.28+0.07 0.03+0.09 456+0.01 0.66+0.02 0.52+0.02 0.09 + 0.07
5 272+0.01 0.05+0.01 5.17+0.02 0.74+0.02 0.42+0.05 0.03 + 0.06
10 244 +0.07 0.39+0.07 3.80+0.01 1.00+0.01 0.54 £ 0.01 0.11+0.01
15 1.77+0.04 0.36+0.01 4.04+008 1.49+0.03 0.08+0.01 0.34 +0.06
25 154+0.01 092+0.01 245%+0.03 1.64+0.02 0.30%0.05 0.14 +0.03
35 1.67+0.01 051+x001 234+0.02 1.27+0.04 0.28 £ 0.01 0.241 =+ 0.02

GO = Glucose oligomers; XO = xylose oligomers; AO = arabinose oligomers.

Table 4. Sugar composition in liquid fraction after oxalic acid pretreatment (g/100 g of dry raw corn stalk) at 125°C and 30 min.

Sample size (mm) Glucose (g) GO (9) Xylose (g) XO (9) Arabinose (g) AO (g9)
1 4.45+0.01 0.92 £ 0.06 11.36 £ 0.05 1.82 £+ 0.07 1.29 £ 0.02 0.02 £ 0.06
5 453 +£0.01 0.01 +£0.03 12.05 +0.07 1.63+0.03 1.96 £ 0.06 0.02 +0.06
10 3.90 £ 0.08 1.11 + 0.03 12.12 + 0.03 1.00 £ 0.03 2.96 + 0.02 0.04 £0.03
15 5.16 £ 0.04 1.20 £ 0.03 13.74 £0.01 1.00 £ 0.04 2.65+£0.01 0.05%0.01
25 4.87 £ 0.06 0.16 £ 0.05 12.30 £ 0.08 0.70 £0.08 2.02+0.01 0.03£0.03
35 4.89 + 0.06 0.18 £ 0.01 12.02 £ 0.02 1.09 £ 0.03 2.54 +£0.02 0.03 + 0.03

GO = Glucose oligomers; XO = xylose oligomers; AO = arabinose oligomers.

highest glucose productions were obtained at the particle
sizes of 25 and 5 mm, respectively. Xylose was also
found highest in the particle size of 5 mm, while the
lowest was the 35 mm. Xylose oligomer was found more
than glucose and arabinose oligomer and increased with
the particle size except the particle size of 35 mm.
Glucose, xylose and arabinose oligomer were also varied
greatly with the particle size. These results suggest larger
particle size is reluctant to hydrolysis at lower SF and
smaller particle size (that is, 1 mm), and sugar might be
degraded into microbial inhibitors, including HMF and
furfural. High xylan degradation was observed during
hydrothermal pretreatment when compared to glucose. It
was hard to find a previous study on hydrothermal
pretreatment with variation in particle sizes; however, the
result was almost similar with steam explosion pretreat-

ment of corn stover at 200 + 1°C and 5 min (Liu et al.,
2013).

Oxalic acid treatment

The hydrothermal pretreatment has been initially applied
prior to acid hydrolysis of corn stalk. A major barrier of
hydrothermal treatment is low sugar yield (Donghai et al.,
2006). Therefore, a successive oxalic acid pretreatment
was performed to enhance the sugar yield from the
pretreated corn stalk. The results show that oxalic acid
had a higher hydrolysis efficiency in comparison to
sulfuric acid when applied under the same severity
conditions (Lee et al., 2011). Table 4 demonstrates the
monomeric and ologomeric sugar in liquid hydrolysate
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Table 5. Total inhibitors formation after hydrothermal and oxalic acid treatment (g/100g of dry raw corn stalk) at 125°C and 30 min.

S e si Weak acids Furan derivatives o
anzr[;rt;)slze Acetic acid Formic acid Levulinic acid Furfural HMF Solub(ls)llgnln
(9) (@ (9) (9) )
1 2.80+0.01 0.00+0.0 0.12+0.0 0.67 £0.01 0.03+0.0 0.72£0.03
5 2.99 + 0.05 0.00+0.0 0.10+0.01 0.58 £ 0.07 0.04 £0.0 0.51+0.01
10 3.21+0.04 0.29+0.01 0.08+0.0 0.41+£0.04 0.04 £ 0.0 0.43+£0.01
15 3.22+0.09 0.33+0.01 0.12+0.01 0.62 +0.03 0.04 £ 0.0 0.79 £ 0.03
25 3.26 £ 0.09 0.00+0.0 0.16 £0.01 0.45+0.04 0.03+0.0 0.62+0.01
35 3.01 +0.03 0.28+0.0 0.07 £ 0.0 0.41+0.0 0.00 £ 0.0 0.51+0.01

after oxalic acid treatment of the pretreated corn stalk,
along with standard deviation of three observations.
Xylose was a foremost constituent of the hydrolysate
followed by glucose and arabinose. Oxalic acid has been
reported as a better chemical for xylose yield (Qin et al.,
2012). With small variation, glucose and xylose
concentrations in the hydrolysate were increased with
particle size up to 15 mm and then decreased. Data
obtained in this research were comparable to the
previous literatures in which different pretreatment
conditions were used (Lee et al., 2011; Qin et al., 2012).
Overall, xylan was removed when oxalic acid was added
and this could enhance digestibility of cellulose during
enzymatic hydrolysis.

Inhibitor formation after biphasic pretreatment

Pretreatment parameters play vital roles in avoiding
degradation of hexose and pentose sugar as well as
lignin into undesirable byproducts. Most of the byproducts
are toxic to bio-fuel producing microbes. Weak acid furan
derivatives and acid soluble lignin were determined in this
research. Total of each inhibitor after hydrothermal and
consecutive oxalic acid treatment are shown in Table 5.
Unexpectedly, these inhibitors were higher at particle size
15 mm that also has higher sugar concentration. The
similar situation was found in previous study (Liu et al.,
2013). Low concentration of formic acid, levulinic acid
and furfural were found during analysis. Those inhibitors
were insignificant in some patrticle sizes (Table 5). Acetic
acid was formed due to degradation of hemicelluloses
and acetate, which was increased with particle size
except particle size of 35 mm. There were no regular
trends for HMF, furfural and acid soluble lignin. HMF and
furfural concentrations were below 1 g/l and consistent
with the previous study (Qin et al., 2012).

Enzymatic hydrolysis of pretreated corn stalk

Cellulase was used for enzymatic saccharification of
pretreated corn stalk. One of the objectives of this study

was to reduce enzyme loading rate. Low cellulase
loading rate of 4.5 FPU/g glucan was tested to observe
enzymatic degradability of pretreated corn stalk. In
general, low enzyme loading rate requires longer reten-
tion time to hydrolyze the pretreated biomass. Previous
study (Saha and Cotta, 2008) reported enzymatic
hydrolysis at 45°C was better than 50°C for longer
reaction time, thus, enzymatic hydrolysis was carried out
at 45°C in the current study. The major solid residue after
two-stage pretreatment was glucan. Figure 2 presents
glucan conversion with particle sizes and hydrolysis time.
When the pretreated corn stalk was hydrolyzed for 48 h
with 4.5 FPU/g glucan, the glucan dissolution was
approached to about 40% in the particle sizes of 15 and
35 mm.

During initial 24 h, glucan conversion was not
dependent on particle size. Nearly 65% of the glucan
from 15 mm particle size was converted to fermentable
glucose in 120 h when compared to about 40%
conversion from particle size of 1 mm at the same time.
These results indicated that glucan conversion increased
gradually with the time. It might be a result of low enzyme
concentration. The hydrolysis was slowed down after 192
h that may be due to remaining highly crystalline part of
corn stalk. The highest glucan conversion of 92.95% was
found at the particle size of 15 mm. This conversion was
better than the previous study of steam explosion corn
stover at SF 3.64 (Liu et al., 2013). However, only
58.15% glucan conversion was observed at the particle
size of 1 mm under the similar condition. Glucan
conversion was remarkably improved in this study even
at low enzyme loading rate in comparison to single
pretreatment with any methods and similar SF based on
review provided by Baral et al. (2014). This may be
because of better disruption of crystalline structure after
two-stage pretreatment. Previous study (Rollin et al.,
2011) also reported lignin and lignin-like compounds
were major obstacles of enzymatic degradability.

The results of enzymatic hydrolysis of pretreated corn
stalk make known that higher hydrolysis efficiency can be
achieved with larger particle sizes, which ultimately
enhance pretreatment performance. Previous research
has also reported improved enzymatic performance with
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Figure 3. Total sugar and inhibitor after the two-stage pretreatment (at equivalent SF 2.5)
and hydrolysis (at 4.5 FPU/g glucan for 216 h). The total sugar includes glucose, xylose
and arabinose. Additionally, total inhibitor consists of acetic acid, formic acid, levulinic
acid, furfural, HMF and soluble lignin. The present result is compared with previous study.
Their results are after steam explosion pretreatment (at SF of 3.64) and enzymatic
hydrolysis (60 FPU/g glucan for 168 h) of corn stover. They also considered similar sugar
composition but did not include levulinic acid and soluble lignin in total inhibitor.

increase of biomass particle size (Liu et al., 2013). It is hydrolysis in terms of total sugar and
clear that efficiency of enzymatic hydrolysis is strongly
influenced by surface area of particle. The overall
performance

presented in Figure 3. The results obtained in this
research were compared with the previous research of
including pretreatment and enzymatic steam explosion pretreatment at 200°C and 5 min followed
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Figure 4. Effect of equivalent SF on sugar and inhibitor. The total sugar includes glucose,
xylose and arabinose and total inhibitor includes acetic acid, formic acid, levulinic acid,

furfural, HMF and soluble lignin.

by enzymatic hydrolysis (60 FPU/g corn stover) (Liu et
al., 2013). In contrast to the previous study, this study
showed that total sugar yield was increased whereas
total inhibitor was decreased significantly; though the
trends were almost similar (Figure 3). In the present
study, total sugar yield showed an increasing trend with
particle size up to 15 mm and then decreased. Total
inhibitor yield was also followed the same trend. For 15
mm particle size total sugar and inhibitor yield were 61.99
and 5.12 from 100 g of corn stalk, respectively. A sugar
yield as low as 41.06 g/100 g of corn stalk was observed
at a particle size of 1 mm.

The total sugar in this research was also greater than
the previous researches with hydrothermal and acidic
pretreatment (Avci et al., 2013; Saha et al., 2013). The
overall analysis of this research and comparison with
previous studies suggests that two-stage pretreatment
with larger particle size (about 15 mm) will be one of the
promising alternatives in terms of pretreatment
performance and commercial bio-fuel production. Larger
particle sizes about 10 to 15 mm are energy efficient and
save time before pretreatment when compared to the
smaller ones.

Effect of severity factor on sugar and inhibitor yield

As discussed earlier, particle size of 15 mm was
observed as an optimum size at an equivalent SF of 2.5.

In order to investigate the effects of SF on sugar
production and microbial inhibitor formation, two other
equal range particle sizes of 5 and 25 mm were further
investigated along with 15 mm size. The results are
presented in the Figure 4. In the case of 5 mm particle
size, total sugar gradually increased up to equivalent SF
3.0 and then almost constant with increase in SF. In
contrast, total sugar for particle sizes 15 and 25 mm
increased rapidly with increase in equivalent SF up to 2.5
and then decreased sharply until SF reached to 3.0.
Finally, it became almost steady after the SF of 3.0. In
addition to sugar production, total inhibitors increased
with the increase in equivalent SF. Variation of total
inhibitors within particle sizes at a particular equivalent
SF were almost insignificant. These results suggest that
lower SF is not sufficient to destroy lignin barrier,
specifically for large particle size. Whereas at the higher
SF more sugar degradation products were formed. Zhang
et al. (2012) suggested that a smaller particle size was
beneficial to enzymatic hydrolysis.

On the other hand, Liu et al. (2013) found that smaller
particle sizes can cause high degradation of hemicel-
luloses and with increase in particle sizes the pretreat-
ment process can destroy the lignin barrier of outer
surface only. Delignification is beneficial for sugar
production, which can be improved with decreasing
particle size and increasing SF; however, high degra-
dation of hemicelluloses and lignin cause formation of
microbial inhibitors. Thus, proper SF and particle size is
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Figure 5. Effect of particle size on glucan and xylane recovery as well as HMF and furfural

yield

essential for the effective enzymatic hydrolysis. This
study also suggests that increase in surface area due to
large particle size does not necessarily improve
enzymatic hydrolysis. Two important facts were noted
from this study. First, the peak of total sugar shifted
towards the lower SF with increase in particle sizes.
Secondly, at higher equivalent SF total sugar production
was nearly equal and it was independent on patrticle size.
In the single stage pretreatments, higher SF is essential
to disrupt lignin barrier, which ultimately increase
inhibitors formation and energy cost. The heating cost
and sugar degradation products can be reduced using
two-stage pretreatment with a low SF. It also helps to
improve sugar concentration. However, proper economic
analysis is necessary to justify the overall results.

Effect of particle size and severity factor on yield and
recovery

Glucan and xylan recovery as well as HMF and furfural
yield with particle size are presented in Figure 5. The
glucan recovery followed a parabolic path with the
maximum recovery of 78% for 15 mm particle size that
was significantly higher when compared to other sizes.
HMF and furfural yield were also more at 15 mm particle
size. However, the differences were insignificant.
Importantly, the xylan recovery of 15 mm patrticle size
was lower when compared to other sizes. Loss of more
xylan might increase porosity on the pretreated biomass
and improve enzymatic hydrolysis. Thus, higher glucan
and lower xylan recovery of 15 mm particle size might be
one of the reasons of high sugar yield. Generally,
performance of pretreatment and enzymatic hydrolysis

was determined by glucose and xylose yield that ensure
optimum utilization of raw biomass. Figure 6 illustrates
glucose and xylose yields from the two-stage pretreat-
ment followed by enzymatic hydrolysis processes.
Glucose yield was increased with equivalent SF and
became steady after SF 3.0. The trend was consistent
with the previous study (Liu et al., 2013) and could be
improved by increasing enzyme loading rate. Particle size
of 15 mm had the highest glucose vyield followed by 25
and 5 mm.

Maximum glucose yield of 90% was obtained at SF 2.5.
It was found that glucose yields were more or less
invariant with particle sizes at higher SF (>3). Xylose
yield was also increased with particle size except 25 mm.
It reached the highest yield at SF2.5 and then decreased
slowly. This result was also consistent with previous
study (Qin et al., 2012). However, rapid declination was
observed after SF 2.5. It may be due to ineffective
pretreatment and degradation of xylose into inhibitors.
Optimum xylose vyield of 94% was observed at a particle
size and SF of 15 and 2.5 mm, respectively.

Overall mass balance

A schematic description of overall mass balance for
particle size of 15 mm is shown in Figure 7. This
description illustrates the pretreatment conditions and the
amounts of major products and byproducts before and
after the two-stage pretreatment as well as enzymatic
hydrolysis. The mass balance was prepared based on
the composition analysis of initial and recovered solid
residue as well as liquid hydrolysis after each stage. The
results showed that, when compared with the xylan, both
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pretreatments preserve most of the glucan. Specifically,
more Xxylan was lost during oxalic acid pretreatment.
Approximately 96% glucan and 78% xylan were
recovered during hydrothermal pretreatment. Additionally,
recovery of glucan and xylan were decreased to 81.89
and 23.68%, respectively, during successive oxalic acid
pretreatment. The higher loss in xylan during oxalic acid
pretreatment has enhanced the enzymatic hydrolysis.
Thus, only 4.5 FPU/g glucan can effectively hydrolyze the
remaining solid residue during enzymatic hydrolysis
process. About 85% of glucan was converted into
glucose during enzymatic hydrolysis. About 92% lignin
recovery was found during pretreatment process. It might
be due to low SF of 2.21 during each pretreatment stage.
Overall, the two-stage pretreatment and enzymatic
hydrolysis produced 34.85 g of glucose, 23.98 g of xylose
and 3.12 g of arabinose from 100 g oven dry (about 5%
moisture content) corn stover. In addition to sugar,
inhibitors including 3.22 g acetic acid, 0.33 g formic acid,
0.12 g levulinic acid, 0.44 g soluble lignin, 0.57 g furfural
and 0.04 g HMF were also formed during the two-stage
pretreatment process.

The total sugar (~62 wt%) found in this study was
higher than average total sugar of the previous studies
with hydrothermal pretreatment (~50 wt%) (Feng et al.,
2014; Lloyd and Wyman, 2005; Mosier et al., 2005); and
with oxalic acid pretreatment (~52 wt%) (Feng et al.,
2014; Mtui, 2012; Qin et al., 2012). Additionally, total
microbial inhibitors of ~5 g/l found in this study was lower
than average total inhibitors of ~8 g/l reported in the
previous single stage pretreatments (Feng et al., 2014;

Qin et al., 2012). Thus, the two-stage pretreatment,
hydrothermal followed by oxalic acid, collectively could
destroy lignin barrier at low SF and with less degradation
of sugars and lignin itself into microbial inhibitors. As a
result, this pretreatment process could produce more
fermentable sugars with low microbial inhibitors concen-
tration. While, low SF used in this study could also save
some cost of heating and cooling agents additional equip-
ment and water requirement might be few challenges
when compared to single stage pretreatment. Never-
theless, the two-stage pretreatment used in this study
was advantageous in terms of sugar yield and microbial
inhibitors formation when compared to similar single
stage pretreatments.

Conclusion

Overall sugar production with two-stage pretreatment
was dependent on both particle size and severity factor,
whereas microbial inhibitors formation was specifically
dependent on severity factor only. The total sugar of
41.07 to 61.99 g and inhibitor of 4.23 to 5.12 g were
observed from 100 g raw corn stalk when particle sizes
varied from 1 to 35 mm and at an equivalent severity
factor of 2.5, while this pretreatment resulted more than
two times xylose fraction in liquid hydrolysate when
compared to glucose. Results show that choice of particle
size and corresponding equivalent severity factor could
be very crucial to obtain optimum sugar. The optimum
performance of the two-stage pretreatment process was
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