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Structure and Saccharification of Corn Stover Pretreated
with Sulfur Trioxide Micro-Thermal Explosion and Dilute
Alkali (STEX-DA)

Zhijiang Dong,®S Fenghe Li,”*3 Huai Wang,? Shengsong Deng,? and Risheng Yao #*

Due to its different organizational structures, dense hard husk, and loose
soft core, corn stover (CS) is more resistant to transformation into
monosaccharides for biofuel production in comparison to rice straw or
wheat straw. In this paper, before pretreatment with sulfur trioxide micro-
thermal explosion and dilute alkali (STEX-DA), CS was cut into 2 cm to 3
cm lengths in the transverse direction and cross opening in the vertical
direction. During the process of STEX-DA, the structures of cores of corn
stover (CS-C) and husks of corn stover (CS-H) were separately studied
via scanning electron microscopy (SEM), X-ray diffraction (XRD), and
Fourier transform infrared spectroscopy (FT-IR) analysis. Furthermore,
the components content and reducing sugars yield were calculated. The
results showed that the CS-C achieved 66.7% of lignin removal rate, and
the reducing sugars yield (calculated by original dry weight of straw) was
70.8%, while the CS-H displayed values of 64.7% and 55.3%,
respectively. This result indicated that STEX-DA pretreatment could
facilitate corn stover usage as a renewable energy source.
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INTRODUCTION

Throughout the world, corn stover (CS) is an abundant renewable resource, and
its annual output is about 250 million tons (Slade et al. 2014). CS can be used as raw
material for biofuel production; however, it is necessary to pretreat CS to improve its
utilization efficiency. The current CS pretreatments include steam blasting, hydrothermal
treatment, and the thermocompression collaborative alkali method (Dogaris et al. 2009).

The steam explosion method normally pretreats the CS in harsh conditions, such
as 205 °C/1.6 MPa, and CS has a conversion rate of 89% via 70 h of hydrolysis with 60
FPU/g of glucan cellulose supplementing with 15 CBU of B-glucosidase (Chen et al.
2014). The hydrothermal treatment of CS is conducted at 195 °C for 6 min after being
pre-soaking in water at 80 °C for 6 min, and the CS saccharification rate achieved is 85.2%
at 25 FPU/g enzyme loading for 72 h (Kaparaju and Felby 2010). Although there is a
highly apparent enzyme saccharification rate, it is obtained only by high enzyme loading
and long-term enzymatic hydrolysis (Sun and Cheng 2002; Taherzadeh and Karimi 2008).
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To improve the efficiency of enzymatic saccharification and lignin stripping,
pretreatment is combined with dilute alkali, such as in the thermocompression
collaborative dilute alkali method. In this condition, the lignin is stripped to 41% by 10
wt.% alkali at 140 °C for 30 min, and the final saccharification rate reaches 85% with
cellulase (20 FPU/g dry biomass) and B-glucosidase (10 1U/g dry biomass) loading for 48
h (Li et al. 2012a).

However, all of these pretreatments involve high temperature and/or high pressure,
with low production efficiency and high energy consumption. Moreover, the high
cellulose and hemicellulose loss rate (nearly 40%) (Li et al. 2012a) causes the treatment
liquid to have high viscosity. As a result, it is difficult to use membrane separation, and
this enhances the risk of waste and pollution.

The sulfur trioxide micro-thermal explosion with dilute alkali (STEX-DA)
method is an environmentally friendly pretreatment method that is carried out at
atmospheric pressure and room temperature conditions (Yao et al. 2011). STEX-DA can
be used to pretreat the rough surface of rice straw and the waxy layer surface of wheat
straw (Li et al. 2012b; Yao and Li 2013; Wang et al. 2016).

The treatment causes rapid thermal expansion with great heat release due to the
reaction of SOs gas (5 g/kg to 10 g/kg of dry straw) with water molecules, thus
destroying the dense structure of straw. After the dilute alkali (2 wt% sodium hydroxide)
pretreatment at 60 °C for 3 h, the lignin stripping reaches about 80%, and the total loss of
cellulose and hemicellulose is less than 20%. At the same time, the enzymatic hydrolysis
rate of rice or wheat straw increases more than 90% as a consequence of the direct
STEX-DA pretreatment condition, without crushing-disposal. The low-viscosity black
liquor obtained after the pretreatment can be easily separated by membrane systems. This
approach avoids subsequent environmental pollution problems.

The pretreatment for CS is very difficult due to its dense hard shell and loose soft
core. This paper explored the utilization of STEX-DA for CS pretreatment as a way to
enhance the bioavailability (enzyme saccharification rate). The structure and appearance
of CS-C and CS-H were investigated via elemental analysis, scanning electron
microscopy (SEM), X-ray diffraction (XRD), and Fourier transform infrared
spectroscopy (FT-IR) to elucidate its principle and practical application value.

EXPERIMENTAL

Materials

Corn stover (CS), provided by local farmers in Fuyang, China, was chopped and
stored in a dry environment for 1 to 2 months. The chemical composition of the raw CS
was 32.2% cellulose, 22.8% hemicellulose, 19.0% lignin, 1.03% ash, and 17.2% water-
soluble substances. Cellulose, hemicellulose, and lignin were purchased from Shanghai
Macklin Biochemical Co. Ltd. (Shanghai, China). Cellulase enzyme (Aladdin®, Lot
K1301016, Shanghai, China) had an activity of 88.16 filter paper unit (FPU)/g, as
determined by a standard method (Sluiter et al. 2008).
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(@) sample 1 sample 2 sample 3 sample 4 sample §
a
Crosscut
cutted by transversal, Crosscut the sample 1 cut sample 2 to about | Separate sample 3 into Crush sample 4 to
about 2-3cm. by longitudinal c¢m of length CS-H and CS-C about Imm
b) husks of corn stover (CS-H)

cores of corn stover(CS-C)

Fig. 1. (&) The CS was diced in the transversal or longitudinal direction. (b) The CS sectional view of real products and mode pattern was separated
into cores and husks.
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Fig. 2. Scheme for pretreating of CS, CS-C, and CS-H

STEX with Dilute Alkali Pretreatment

The stored CS was cut into long fragments between 2 cm to 3 cm long (Fig. 1a, sample
1), and separated into CS-C and CS-H, as shown in Fig. 1b. They were stored in a transparent
polyethylene self-contained bags for one week to ensure that the moisture content was as
consistent as possible.

In a 500-mL beaker with ground-in glass stopper, approximately 0.15 g of sulfur
trioxide gas was produced by chemical reaction of 0.9 g of P2Os and 18 mL of 98% H,SO4 at
50 °C, and then 15 g of CS was quickly added and held over the upper portion of the beaker. In
the beaker, CS and SOs were allowed to react for 3 h at 50 °C (Yao et al. 2011). The lignin in
CS was stripped at 60 °C for 3 h by 2% (w/v) NaOH (solid-liquid ratio of 1:15), and the
mechanical stirring was selected at 150 rpm. Untreated waters (solid-liquid ratio of 1:15, only
treated by water), and dilute alkali (solid-liquid ratio of 1:15, only treated by 2% NaOH)
samples were used for comparison. The specific process is shown in Fig. 2.

Reducing Sugars Yield of CS

Enzymatic hydrolysis of different substrates was carried out at a substrate consistency
of 2%. Cellulase (15 FPU/g or 30 FPU/g dry biomass) was added with 50 mL of 0.05 M
sodium citrate buffer (pH 4.8) and 0.02% sodium azide, and hydrolysis took place at 50 °C in
a conical flask (100 mL) placed in an incubator shaker at 150 rpm. Samples were taken by
pipette from the flask, inactivated under 100 °C for 10 min immediately, and centrifuged at
8000 rpm for 10 min before the supernatant was collected. The reaction was monitored by
periodically sampling and measuring the release of soluble reducing sugars by the 3,5-
dinitrosalicylic acid (DNS) assay using D-glucose as a standard. The reducing sugars yield
(calculated by the original dry weight of CS) was calculated as follows,

RE

Yes = P—Sx100% (1)
where RE is the reducing sugars after enzyme hydrolysis, and PS is the dry-weight CS before
pretreatment.
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Analytical Methods
Composition analysis of CS

This procedure was performed by two steps of acid hydrolysis procedure as described
by Sluiter et al. (2008). Briefly, the sample was mixed with 72% sulfuric acid for 1 h at 30 °C.
The acid concentration was diluted to 4% with deionized water, and the sample was heated at
121 °C for 1 h in an autoclave. After the two-step hydrolysis, the sample was filtered by
vacuum using filter crucibles. Residues were analyzed for acid-insoluble lignin (AISL) and ash
contents by drying at 105 °C for 24 h followed by drying at 575 °C for 4 h. The filtrate was
analyzed for acid-soluble lignin (ASL) by recording absorbance at 310 nm and for sugar
concentrations by HPLC (Aminex HPX-87P, Bio-Rad, Hercules, CA) (Sluiter et al. 2008;
Zhang et al. 2011; Kim et al. 2016).

For surface morphology observation by SEM, a Hitachi S-4800 SEM instrument
(Tokyo, Japan) operating at 20 kV accelerated voltage was used to examine morphology and
size of different CS-C and CS-H samples for comparison of the effect of pretreatment. The
samples were coated with a thin layer of gold before the test.

For FT-IR experiments, the dried plant biomass samples were mixed with KBr of
spectroscopic grade and formed into pellets at a pressure of 1 MPa. The pellets were about 10
mm in diameter and 1 mm in thickness. FT-IR spectra were recorded from 3800 cm™ to 500
cm™? with a resolution of 4 cm™ on a Thermo Scientific Nicolet 6700 Fourier transform
infrared spectrometer (Nicolet 67, Madison, W1, USA).

The elemental analysis of C, H, N, S was accomplished by combustion analysis (Vario
EL Cube, Hanau, Germany). During this process, each sample (0.02 to 50 mg) was treated with
high temperature combustion or pyrolysis, the elements were converted into gas phase, and
then the gases were separated and detected by Thermal Conductivity Detector (TCD) (Sahu et
al. 2011).

For crystallinity analysis by x-ray diffraction (XRD), measurements were performed on
a Bruker D8 Advance Diffractometer (X’Pert PRO MPO, Almelo, Netherlands) using Cu Ka
radiation (k = 0.1541 nm) at 40 kV and 40 mA. Samples were scanned in the 26 range from 5°
to 50°. The crystallinity index (Crl) of samples was calculated by Eq. 2,

Crl = Mxm% 2

200

where Crl is crystallinity index, o0 represents both crystalline and amorphous material, and
lam represents amorphous material only (Segal et al. 1959).

All experiments were carried out three times, and the given values are the mean values
+ standard deviation (SD).

RESULTS AND DISCUSSION

Yield and Compositions after Pretreatment of STEX-DA

CS was only cut as shown in sample 1 to process the subsequent STEX-DA
pretreatment. The results of lignin content and lignin removal rate were 12.8% and 44.0%,
respectively, which was lower than that of the recently reported lignin-stripping rate (40.9% to
71.6%) (Saha et al. 2016; Tang et al. 2017). CS had a large cross-sectional diameter and dense
hard shell, which hindered the penetration of gas and dilute alkali solution. By increasing the
longitudinal cross cutting or reducing the size, it was found that adding the longitudinal slicing
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made CS have a high lignin removal rate of 57.0%, as shown for sample 2 in Table 1la. The
pretreatment effect was judged to be ideal under these conditions.

A possible reason for this could be that, without the slicing, the outside wax layer of CS
blocked the direct SO3 diffusion from husk surface to the inner core of CS. Therefore, the only
way of SOs3 diffusion occurred was via the two cut ends of CS. After the crosscut operation for
the CS, the increased surface area provided more pathways for SO3 diffusion, which improved
the depth and efficiency of micro-thermal explosion.

At the same time, by comparing samples 3 and 4, there was not a significant change in
the aspect of the lignin removal rate after pretreatment, with the cores and husks separating.
There was also no meaningful difference in the amount of the composition as shown in Table
la (samples 2 and 3) with further cutting pretreatment. On the whole, CS only needed to be
exposed to get a better lignin stripping effect as much as possible, in which CS did not need to
separate CS-C and CS-H, as well as further cutting or crushing from the original CS.

Table 1a. Compositions (%w/w) of Insoluble Solids from Different Cutting Stalk
Samples after Pretreatment

Yield* o Lignin
Ng;nrgelreof (% HOl(%;OCSJ/Iw)O s¢€ (J‘/(: %C/'\?V) Others (%) removal rate
P wiw) (%)

1 83.26 75.15+1.49 | 12.76 +£0.30 12.09+1.79 44.00
2 72.13 77.82+1.04 | 11.32+0.36 10.86 +1.40 56.96
3 67.12 79.08+1.08 | 10.82+0.83 10.1+1.91 62.42
4 70.23 80.75+0.47 | 10.62+0.62 8.63 +0.15 59.94
5 60.54 84.99 £ 1.77 8.08 + 0.90 6.93 + 0.87 74.21

1- CS was cut by transversal, and the length was about 2 cm to 3 cm

2- Crosscut the sample 1 by longitudinal like Fig. 1, and the length changeless

3- Further cut sample 2 to about 1 cm of length

4- Separate sample 3 into cores and husks

5- Crush sample 4 to about 0.1 cm of the diameter by grinder

#- Calculated by the original dry weight of CS

Table 1b. Compositions (%w/w) of Insoluble Solids from Different Pretreatment of CS-

C (about 2 cm to 3 cm) Pretreated by Different Pretreatment Ways
(A: origin CS-C; B: CS-C after water pretreatment; C: CS-C after dilute alkali
pretreatment; and D: CS-C after STEX-DA pretreatment)

ield# ; i Lignin
Number (0\/2 '3\'/(/1\/\/) HOI(?) /OC\E/}VI/I:VI)O s€ ((!‘/0' %C/'\?v) Others (%) ;gtrgo(:)//z:)l
A - 75.31+1.86 15.66 £ 0.44 9.03+1.42 --
B 77.75 77.01+2.68 14.43 £ 0.54 8.56 + 3.22 28.36
C 70.65 80.13+1.03 9.52+0.44 10.35+1.47 57.05
D 73.17 81.53+0.76 7.12+£0.32 11.35+£1.08 66.73
#. Calculated by the original dry weight of CS-C
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Table 1c. Compositions (%w/w) of Insoluble Solids from Pretreatment of CS-H (about
2 cm to 3 cm) Pretreated by Different Ways: E: origin CS-H; F: CS-H after waters
pretreatment; G: CS-H after dilute alkali pretreatment; and H: CS-H after STEX-DA

pretreatment

Number Yield* Holo-cellulose Lignin Others remLci)?/Q:nrate
(% wiw) (% wiw) (% wiw) (%) (%)
E 73.55 +0.67 20.41 +0.61 6.04 + 0.06
F 83.97 73.98 £1.09 18.56 + 0.79 7.46 +1.88 23.64
G 66.09 77.09+0.11 13.40+0.42 9.51 +0.53 56.61
H 71.52 78.31+2.20 10.07+0.29 | 11.62+2.49 64.71
#- Calculated by the original dry weight of CS

To further investigate the effect of the STEX-DA pretreatment method for different
composition lignocellulosic biomasses, the CS was separated into CS-C and CS-H and
pretreated according to Fig. 2. As shown in Tables 1b and 1c, original CS-C and CS-H were
different not only in morphology, but also in the main components. CS-H (20.41%) had a
higher lignin content compared to CS-C (15.66%) and low holo-cellulose after pretreatment.
But they had almost the same relative lignin removal ratio of the CS-H and CS-C whether the
DA pretreatment (about 56%) or STEX-DA pretreatment (about 65%) was used. However, it
was clear that the STEX-DA pretreatment was about 9% higher than DA in lignin-stripping
rate. From Table 4, it can be seen that the lignin peeling effect was greater than that of the
alkali pretreatment method that has been reported. The higher rate of individual stripping is
mainly due to lower yield caused by high temperatures.

Surface Morphology Observation by Scanning Electron Microscopy (SEM)

Figure 3 shows the SEM micrographs of the original CS, the pretreated CS after STEX,
and the pretreated CS after STEX-DA, respectively. The original CS-H had the original
compact structure such as epidermis and vascular bundles, as well as parenchyma sticking to
the bundle surface (Fig. 3a-1 and Fig. 3b-1) . The microfibril surface of the origin CS-H was
relatively smooth, which was not suitable for subsequent enzyme treatment. After STEX
pretreatment, different degrees of holes and cracks appeared inside or outside the surface of
CS-H (Fig. 3a-2 and Fig. 3b-2), which promoted the subsequent infiltration of lye and
ultimately increased the lignin-stripping rate. STEX-DA pretreatment increased concavity on
the CS-H (Fig. 3a-3 and Fig. 3b-3). When the lignocellulosic material was soaked in the
alkaline solution, the pores exhibited swelling. The bonds between lignin and the carbohydrate
polymers were broken to solubilize partial free lignin via the pretreatment.

CS-C maintained integral plant cell wall structure (Fig. 3c-1 and Fig. 3d-1), and cell
adhesion together formed a honeycomb structure. As shown in Fig. 3c-2 and Fig. 3d-2, the
STEX pretreatment led to some cell wall slitting and collapse. These structural changes
implied that the binding between the cell walls was damaged, which increased the exposure of
lignin. It can be clearly seen that there was erosion (Fig. 3c-3 and Fig. 3d-3) on the CS-C,
which was different with CS-H. The cell wall of CS-C contained less lignin to form hard net
structure, which make easier to destroy the steady structure by STEX-DA pretreatment.

The main result was that new channels and holes appeared after STEX pretreatment,
which could increase the contact rate between lignin and alkali to enhance the lignin removal

Dong et al. (2018). “Pretreated corn stover,” BioResources 13(3), 5271-5288. 5277



PEER-REVIEWED ARTICLE b | oresources.com

rate. These holes and cracks can be mainly attributed to rapid thermal expansion with the vast
heat releasing from the reaction of SOz gas (5 g/kg to 10 g/kg of CS) with water molecules.
Thus, these structural changes facilitated the destruction of the CS dense structure, which also
presented direct evidence of a chemical reaction.

Fig. 3. SEM micrographs of CS-C and CS-H surface with different pretreatment methods:
(a) Outer surface of the CS-H; (b) Inner surface of the CS-H; (c) Longitudinal section of CS-C;
(d) transversal of CS-C; (1) Origin; (2) STEX pretreatment; (3) STEX-DA pretreatment

FT-IR Spectra Analysis

The 3800 cm™ to 2000 cm™ region (Fig. 4a) contained two main bands in the range
around 2908 cm™ and 3363 cm™. The assignments of these bands are presented in Table 2,
including seven peaks at 3567 cm™, 3423 cm™, 3342 cm™, 3278 cm?, 3106 cm?, 2921 cm?,
and 2851 cm™, which are consistent with the coverage of Popescu et al. (2007). The CS-C and
CS-H existed in corresponding functional groups.

The 2000 cm™ to 500 cm™ IR spectra of different pretreatment of CS-C and CS-H are
shown in Fig. 4b and Fig. 4c. The typical functional groups and the IR signal with the possible
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compounds are listed in Table 1 as a reference (Popescu et al. 2007). It could be observed that
the different pretreatments for CS most likely consisted of organosilicon compounds, aromatics,
ketones, alcohol, etc. Wang et al. reported that C-SO (772 cm™) and C-O-S (800 cm™ to 820
cm™) formed at the wheat straw treated by sulfur trioxide at 60 °C for 1 h, and they inferred a
reasonable pretreatment mechanism where the chemical bonds will be washed by alkali liquor
(2016). The pretreatment samples mentioned above were finally pretreated by dilute alkali or
water washing, so the final FT-IR spectra were nearly identical. The main difference is that the
CS-C has a peak at 1736 cm™, which may be attributed to unconjugated ketone carbonyls
groups or conjugated acids/esters (Wayman and Chua 1979).

Table 2. The Main Functional Groups of the CS-C and CS-H Samples

Wav(i;ylr)nber Functional groups cs-C | CS-H
3580-3550 Free OH(6) and OH(2), weakly absorbed water
3460-3405 O(2)H. . .0(6) intramolecular hydrogen bonds
3460-3405 O(2)H. . .0(6) intramolecular hydrogen bonds
1 3375-3340 O(3)H. . .0O(5) intramolecular hydrogen bonds in 3363 | 3363
3310-3230 cellulose
O(B)H. . .O(3) intermolecular hydrogen bonds in
cellulose
Symmetric CH stretching in aromatic methoxyl
2938-2920 groups and in methyl and methylene groups of side
chains
2 2840-2835 Asymmetric CH stretching in aromatic methoxyl 2908 | 2908
groups and in methyl and methylene groups of side
chains
3 1740-1720 C¥40 stretch in unconjugated ketones 1736 ND
4 1650-1640 Water associated with lignin or cellulose 1613 | 1657
5 1610-1590 Cv4C stretching of the aromatic ring (S) 1560 | 1596
1515-1505 CY4C stretching of the aromatic ring (G) 1517 | 1499
6 1470-1455 C—H asymmetric deformation in —OCHs, 1466 | 1460
CHz in pyran ring symmetric scissoring
7 1430-1422 C—H asymmetric deformation in —OCH 1434 | 1420
8 1375-1365 CH bending in cellulose | and cellulose Il and 1380 | 1377
hemicellulose
9 1335-1320 C1—0 vibrations in S derivatives, 1330 ND
CH in-plane bending in cellulose | and cellulose Il
10 1315 CH2 wagging in cellulose | and cellulose 11 ND 1316
11 1268 Guaiacyl ring breathing, C-0O linkage in guaiacyl 1259 | 1259
aromatic methoxyl groups
12 1205-1200 OH in-plane bending in cellulose | and cellulose Il 1208 | 1209
13 1166 Si-O-Si telescoping vibration peak 1166 | 1159
14 1128-1110 Aromatic C—H in-plane deformation (typical for S
units), C%0 stretch 11211112
15 1060-1015 C-0 valence vibration mainly from C(3)-O(3)H 1054 | 1048
16 898 Si-O-Si telescoping vibration peak 908 901
ND: not detected
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Fig. 4. FT-IR of (a) different CS materials in the wavenumber range from 2000 cm-1to 3800 cm-, (b)
CS-C materials in the wavenumber range from 500 cm*to 2000 cm?, and (c) CS-H materials in the
wavenumber range from 500 cm-to 2000 cm-t. The samples within the panels are labeled as follows:
A, original CS-C; B, CS-C after waters pretreatment; C, CS-C after dilute alkali pretreatment; D, CS-C
after STEX-DA pretreatment; E, original CS-H; F, CS-H after waters pretreatment; G, CS-H after dilute
alkali pretreatment; H, CS-H after STEX-DA pretreatment.

Table 3. The Carbon, Hydrogen, and Sulfur Contents of Different CS-C and CS-H
Samples

Number S (%) C (%) H (%) ClHa CryS(EZ')"”'ty
A 0.079 43.37 5.459 7.64 45.67
B 0.090 44.73 5.678 8.85 46.79
C 0.044 39.32 5.054 6.62 62.62
D 0.051 40.00 5.936 6.74 59.62
E 0.063 44.09 5.458 8.04 58.30
F 0.035 45.24 5.484 8.40 55.55
G 0.027 41.30 5.388 7.66 70.24
H 0.029 41.43 5.395 7.68 68.87
Cellulose® 0.073 43.77 4,961 6.97 82.41
Hemicellulose® 0.056 42.41 6.276 6.59 /
Lignin® 3.018 47.76 6.431 9.62 /
a -The ratio of C(%)/H(%); b- bought from MACKLIN®
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Elemental Analysis

Although similar in composition and functional groups, the elemental analysis results in
Table 3 show some differences of the carbon and hydrogen content between the cellulose and
lignin. The ratio of C%/H% was calculated to show that lignocellulose contained different
structures of cellulose and hemicellulose, which could be calculated as cellulose (6.97),
hemicellulose (6.59), and lignin (9.62), as shown in Table 3. The C/H ratio values of the
cellulose and hemicellulose compounds were less than 7, while the ratio of lignin was greater
than 9. By the means of element composition analysis to reflect the changes of lignin content.
At the same time, it was a better method to demonstrate the necessity of pretreatment, due to
the lower C/H ratio and the higher calorific value for the energy fuel. Additionally, there was
no sulfur in the holocellulose from the STEX-DA pretreatment. This result indicated that there
was no inhibiting matter (such as sulfide or sulfuric acid) following fermentation via STEX-
DA pretreatment.

Crystallinity of Pretreated CS

Among the various structural features affecting biomass enzymatic digestibility,
cellulose crystallinity influences scarification kinetics and yields. To gain insight into the
possible crystallinity affecting the CS biomass hydrolysis, the structure of native and pretreated
CS was examined by XRD, as shown in Fig. 5a and Fig. 5b, respectively. The peaks at 20 = 15°
and 16.5° merged into a broad band, which was consistent with the literature data. The most
prominent peak was 26 = 22.16°, and it was used in the evaluations. This peak was assigned to
the (200) plane, while 26 = 18° was assigned to the (Am) plane.

(@) 1200 -
Figure 5a (CS-C)
1000 -+

800 1

600 ~

Intensity

400 +

200 ~

0 _
0 10 20 30 40 50
2 Theta

Fig. 5a. XRD of (a) CS-C, (b) CS-H. The samples within the panels are labeled as follows: A, original
CS-C; B, CS-C after waters pretreatment; C, CS-C after dilute alkali pretreatment; D, CS-C after STEX-
DA pretreatment; E, original CS-H; F, CS-H after waters pretreatment; G, CS-H after dilute alkali
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pretreatment; H, CS-H after STEX-DA pretreatment.
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Fig. 5b. XRD of (a) CS-C, (b) CS-H. The samples within the panels are labeled as follows: A, original
CS-C; B, CS-C after waters pretreatment; C, CS-C after dilute alkali pretreatment; D, CS-C after STEX-
DA pretreatment; E, original CS-H; F, CS-H after waters pretreatment; G, CS-H after dilute alkali
pretreatment; H, CS-H after STEX-DA pretreatment.

The crystallinity values calculated by the empirical formula are listed in Table 3. CS-C
and CS-H had the same changes after the pretreatment, in which dilute alkali treatment
(62.6%/70.2%) was greater than STEX-DA (59.6%/68.9%), and original corn stalks was the
lowest (46.8%/55.6%). With continued pretreatment, the degree of crystallinity greatly
increased after dilute alkali treatment or STEX-DA pretreatment. The main reason is that the
percentage of cellulose in the product increases after the removal of lignin and hemicellulose
by the alkaline treatment with lye (Kim and Lee 2005; Bak et al. 2009a; Bak et al. 2009b).
However, CS had a certain reduction after STEX-DA pretreatment compared to dilute alkali
treatment. One reason was that that SO3 could react with the crystal water of CS to form micro-
thermal explosions and transform into sulfuric acid. The other reason was that the micro-
thermal explosions could destroy the crystallinity of cellulose from CS. While the degree of
these impacts was less than the alkaline washing operation, they eventually led to a slight
decline in crystallinity.

Reducing Sugars Yield of Pretreated CS

Reducing sugars yields (calculated by equation Yrs) of pretreated CS are shown in Fig.
6a and Fig. 6b, which were used to represent the utilization of CS. The saccharification curve
of the original CS was not listed, mainly due to the presence of a large amount of hydrolyzed
reducing sugar, which prevented the comparison of different pretreatment effects. Water
pretreatment of CS-C and CS-H was used as a blank control to reflect the effect of DA
pretreatment and STEX-DA pretreatment for reducing sugars yield.
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Fig. 6. Reducing sugars yield profiles for different pretreatment CS-C and CS-H at an enzyme loading
of 15FPU (a) and 30 FPU(b) per gram substrate The samples within the panels are labeled as follows:
B, CS-C after waters pretreatment; C, CS-C after dilute alkali pretreatment; D, CS-C after STEX-DA
pretreatment; F, CS-H after waters pretreatment; G, CS-H after dilute alkali pretreatment; H, CS-H after
STEX-DA pretreatment.

Reducing sugars yield were greatly increased after pretreatment, especially STEX-DA
pretreatment, which had the highest curve. The reasons were that the CS treated by STEX
could react with the lignin to increase the removal rate by following alkali treatment, and the
micro-thermal explosion could generate some holes or concavities to facilitate the penetration
of cellulase and enhance the enzymatic hydrolysis efficiency. At the same time, whichever
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cellulase loading, CS-C has a higher reducing sugars yield than CS-H, since its low lignin
content, low crystallinity, and loose structure are conducive to enzymatic hydrolysis (Li et al.
2014; Meng and Ragauskas 2014). From Table 4, it can be seen that corncobs and cornhusks
had higher levels of total sugar conversion than the lye pretreatment method that has been
reported, and have an absolute advantage in conversion rate, which can reach a more stable
value in 24 h.

To evaluate cellulose loading on the enzymatic scarification, a doubled amount of
cellulase loading (30 FPU/g) was tested for comparison. As shown in Fig. 6a and Fig. 6b, the
initial rate of hydrolysis (after 24 h) was about 1.7-fold faster than those groups with 15 FPU/g
cellulase; higher lignin and large crystallinity inhibited the efficiency of enzymatic hydrolysis.
By increasing the amount of enzyme, the rate of change was obviously increased in 24 h. In
addition, after loading double the amount of cellulase, the reducing sugars yield for CS-H was
60.3%, which was 1.5 times greater than the result from using 15 FPU/g cellulase, while CS-C
was only 1.2 times greater. This result indicated that CS-H had a stronger dependency on the
enzyme loading compared to CS-C.

Table 4. Operating Conditions of Alkali Pretreatment and its Effectiveness

Size of Alkali Pretreatment | Lignin Amount | Saccharifica- | Yield of | References
raw concentration | temperature | stripping | of tion time total
material and species | and time rate enzyme sugar
2mm 40%, 120 °C, 34.8% 20FPU | 48h 32.5% | Chenetal.
Ca(OH): 4h 2009
2mm 2%, 120 °C, 73.9% 20FPU | 48h 47.6% | Chenetal.
NaOH 0.5h 2009
0.425t0 2 | 10%, 140 °C, 41% 20FPU | 48h 78.2% | Lietal.
mm NaOH 0.5h and 2012a
101U
0.2t00.4 | 1.5%, 80 °C, 54.8% 15FPU | 48h 66.9% | Ouyang et
mm NaOH 1lh and al. 2010
301U
2to3cm | 2%, 60 °C, 66.7% 30FPU | 24h 71.2% | **
Cs-C NaOH 3h
2to3cm | 2%, 60 °C, 64.7% 30FPU | 24h 60.3% | **
CS-H NaOH 3h

** - The results reported in this article

CONCLUSIONS

1. Pretreatment of corn stover with sulfur trioxide micro-thermal explosion and dilute alkali
(STEX-DA) was achieved at atmospheric pressure and room temperature conditions.

2. STEX-DA pretreatment removed 57.0% of lignin in corn stover, and the length of the corn
stover was about 2 cm to 3 cm without crushing.

3. The structures of husks and cores of CS were different after pretreatment, as determined by
SEM, FT-IR, and XRD.

4. Corn stover was separated into CS-H and CS-C, which had the same lignin removal rate
(about 65%), but the reducing sugars yield of CS-C was much higher than that of CS-H.
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5. CS-H had a stronger dependency on the enzyme loading than CS-C.
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