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a  b  s  t  r  a  c  t

The  aim  of  this  study  was  to  evaluate  comparatively  the  effects  of  different  pretreatments  including  steam
explosion,  acid,  and  alkali,  alone or in combination,  on  the  structural  properties  and  thermal  stability  of
corn  stalk.  All of the  treated  treatments  decreased  the contents  of hemicellulose  and  lignin  and  thereby
increased  the  content  of  cellulose  in  corn  stalks.  But the  combined  treatments  with  alkali  and  steam
explosion  under  0.4–0.6  MPa  were  better  as compared  with  other  treatments  based  on  the removals
eywords:
orn stalk
epolymerization
ellulose
hermal stability

of  hemicellulose  and  lignin,  and  about  71.58–79.59%  of hemicellulose  and  64.32–71.83%  of  lignin were
removed.  Treatment  with  steam  explosion  coupled  with  acid or alkali  changed  the  bonding  distribution
and  surface  morphology  and  increased  the  crystallinity  and  thermal  stability  of corn  stalks,  and  the
degradation  temperature  reached  over  350 ◦C.  These  results  suggest  that  steam  explosion  coupled  with
alkali is a better  method  for the  depolymerization  of  corn  stalk  polymer.
rystalline

. Introduction

Lignocellulose mainly consists of cellulose, hemicelluloses and
ignin which are bonded together by covalent bonding, vari-
us intermolecular bridges, and van der Waals forces forming a
omplex polymer (Bian, Peng, Xu, & Sun, 2010; Egüés, Sanchez,
ondragon, & Labidi, 2012). Therefore, for effective utilization

f cellulose for conversion into high valued products, lignocellu-
ose must be depolymerized to change or destroy the connection
etween constitutional units and thereby to increase the rate and
onversion effect of enzymatic hydrolysis for subsequent prepara-
ion of cellulosic ethanol and other chemicals (Gullón, Romaní, Vila,
arrote, & Parajó, 2012; Ruiz, Rodríguez-Jasso, Fernandes, Vicente,

 Teixeira, 2013). Recently, many pretreatment methods such as
cid, alkali, steam explosion, liquid hot water, ammonia fiber explo-

ion, and biological processes have been used for depolymerization
f lignocellulose (Kaushik & Singh, 2011; Karagöz, Rocha, Özkan, &
ngelidaki, 2012). But no single pretreatment method was found
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to meet these requirements. Among these pretreatment methods,
steam explosion, dilute acid, dilute alkali, and oxidative agent have
been widely employed (McIntosh & Vancov, 2011; Peng, Peng,
Xu, & Sun, 2012). Steam explosion is characterized by little to no
use of chemical reagents, efficient separation of cellulose, reduced
environmental pollution, and relatively high energy consumption
(Ranjan & Moholkar, 2013; Oliveira et al., 2013). Acid pretreat-
ment is more efficient in hemicellulose solubilization but high
temperature, equipment corrosion, and formation of many inhibi-
ting by-products, whereas alkaline pretreatment is more effective
in removal of lignin but high cost of alkali and environmental
pollution (Talebnia, Karakashev, & Angelidaki, 2010). Based on
the advantages and drawbacks of each pretreatment method, the
use of two or more methods together may  be a more effective
alternative.

In this work, two different schemes were conducted to process
corn stalks. (1) Corn stalks were pretreated by acid or alkali. (2)
Corn stalks were pretreated by steam explosion under different
pressure followed by acid or alkali. The change of structural feature
and thermal stability of corn stalks before and after pretreatment
were comparatively investigated using Fourier-transform infrared
spectroscopy (FT-IR), X-ray diffraction (XRD), Scanning electron

microscope (SEM), and Derivative thermo-gravimetric (DTG) anal-
ysis techniques. The data from this study may be used as the
foundation to further optimize the method for straw pretreatment
and to improve the efficiency of enzymatic hydrolysis.
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. Materials and methods

.1. Materials

The corn stalk sample used in this study was obtained from
inchuan, China. The sample was harvested at the dough stage
f maturity. The plant was separated into ears, leaves and stalks.
he stalks were dried at 105 ◦C for 16 h, ground in a rotary mill
nd passed through of 80 mesh in size which was used as the raw
aterial in this study.

.2. Pretreatment

.2.1. Steam explosion
The steam explosion was carried out in a zipper-clave auto-

lave. For pretreatment, 10 g of corn stalk with soaking in water at
olid–liquid ratio of 1:20 (wt/vol) was introduced, which was  then
eated to targeted pressure (0.4 MPa, 0.6 MPa, and 0.8 MPa) using
team, respectively. Pretreatment time (1 h) started to count upon
he desired pressure inside the zipper-clave autoclave was reached.
fter the pretreatment was completed, the steam was release sud-
enly, the pretreated sample was collected and cool down, it was
ried at 105 ◦C for 16 h and the samples were screened into powders
0 mesh in size for further experiments (Chundawat, Venkatesh, &
ale, 2007; Pedersen & Meyer, 2009).

.2.2. Acid and alkali
The raw material was treated with 5% (wt/wt) NaOH or 5%

wt/wt) H2SO4, The concentrations of NaOH and H2SO4 were deter-
ined according to the results from our previous study. (Sun, Ma,
a,  & Chang, 2013; Zhou, Ma,  Xie, & Cai, 2011). The assays were per-

ormed on a rotary thermostat heating shaker series DHSZ-300 with
n agitation of 150 rpm at 60 ◦C for 24 h. The solid–liquid ratio was
:20 (wt/vol). After treatment, the mixture was filtrated by Buch-
er funnel and the solid product was washed to neutral by distilled
ater, and then stored in sealed plastic bags at 4 ◦C. The total sugar

ield (TSY) in the liquid phase fraction was quantified by ultravio-
et spectrophotometer (UVS) according to 3,5-dinitrosalicylic acid
DNS) colorimetric method (Qi, Gou, Han, & Yan, 2004).

The amounts of glucose, xylose, and arabinose in the liquid
raction were determined using a HPLC method with a refrac-
ion index detector (Shimadzu, Japan) and an Aminex® HPX-87H
on Exclusion column at 65 ◦C. Sulfuric acid (0.005 M)  at flow rate
f 0.6 mL/min was used as mobile phase, all samples were fil-
ered through 0.22 �m filters prior to analysis, and then 20 �L of
ample was injected. The complete sample elution was  accom-
lished within 20 min. The concentrations of oligosaccharides
ere also obtained by HPLC determination of monosaccharides
resent in liquors previously subjected to quantitative post-
ydrolysis. The increase in the concentrations of monosaccharides
aused by post-hydrolysis provided a measure of the oligosaccha-
ides concentration (Vegas, Alonso, Domínguez, & Parajó, 2004).
he contents of degradation products [mainly furfural and 5-
ydroxymethyl furfural (5-HMF)] and by-products of phenolic
cid [mainly ferulic acid (FA) and p-coumaric acid (P-CA)] were
etermined by a HPLC method using a diode array detector (Shi-
adzu, Japan) and an InertSustain® C18 column at 40 ◦C. Acetic

cid (0.5 wt%) and methanol ratio of 9:1 (vol/vol) at flow rate of
 mL/min was used as mobile phase, the detection wavelength was
80 nm and the injection volume was 20 �L.
.2.3. Combination of steam explosion and acid or alkali
The corn stalk sample was first treated with steam explosion and

ollowed by 5% (wt/wt) NaOH or 5% (wt/wt) H2SO4. The treatment
ondition was the same as described above.
ymers 117 (2015) 486–493 487

2.3. Enzymatic hydrolysis

The residue of pretreated corn stalk was enzymatically h
ydrolyzed as follows. The reaction conditions were 50 ◦C, pH 4.8
(0.05 M sodium citrate buffer), 150 rpm in a shake flask. The solid-
to-liquid ratio is 1:10. The commercial enzyme Celluclast 1.5 L with
a filter paper activity of 74 FPU/mL and Novozym 188 with a �-
glucosidase activity of 154 IU/g, were employed for the enzymatic
hydrolysis experiments (Adney & Baker, 1996). The cellulase load-
ing was set at 20 FPU/g dry matter of the Celluclast 1.5 L, which
was supplemented with 15 IU/g of Novozym 188 �-glucosidase,
the values were determined according to the results from the fun-
damental research. An aliquot of 0.5 mL  hydrolyzate was taken
at different time intervals (6 h, 12 h, 24 h, 36 h, 48 h, 60 h, 72 h)
before the enzymatic hydrolysis test was completed. Upon com-
pletion, the entire enzymatic hydrolysis sample was  ended by
boiling the hydrolyzate for 10 min. After cooling with cold water
the hydrolyzate was filtered through a 0.22 �m filter. The HPLC
method was used for monosaccharide and oligomers determina-
tion. The 3,5-dinitrosalicylic acid (DNS) colorimetric method was
used for total sugar determination.

2.4. Composition analysis of corn stalk

All the treated and untreated samples were milled into 0.2 mm
(80 mesh) particles using the DFT-40 cutting mill. The contents of
cellulose, hemicellulose, and lignin in the treated and untreated
corn stalks were analyzed according to the procedures of the Van
Soest method (Goering & Van Soest, 1970). The optimum pretreat-
ment was  determined based on the relatively high ratio of cellulose
and lignin contents.

2.5. Derivative thermo-gravimetric analysis

The pyrolysis of biomass components was carried out in a
Derivative Thermal Gravimetric (DTG) Analysis (Setaram, France).
To mitigate the difference of heat and mass transfer, the sample
weight was kept at ≈8 mg.  The tested corn stalk was heated up to
600 ◦C at a constant heating rate of 5 ◦C/min. Purified nitrogen at
a flow rate of 20 mL/min was used as the carrier gas to provide an
inert atmosphere for pyrolysis.

2.6. FT-IR analysis

The corn stalk powder samples were prepared with potas-
sium bromide (KBr) pellet method. Infrared spectra were measured
with a FT-IR 8400S at room temperature. Each spectrum was col-
lected with a resolution of 4 cm−1 with 32 scans from the 4000
to 500 cm−1 region. Three replicated spectra were collected for
every sample. The background spectrum was obtained against the
air.

2.7. X-ray diffraction and crystallinity measurement

The crystallinity of the untreated and treated samples was
examined by XRD technique using Cu K� radiation (� = 1.54 Å),
equipped with computerized data collection and analytical tools.
The scattering angle range was  5–60◦ and a rate of 4◦ min−1.

2.8. Surface morphology observation
Morphological characterization of corn stalk particles was per-
formed on images acquired using a SEM method. The samples were
coated with platinum or gold of 10 nm thicknesses to make the
samples conductive.
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Fig. 1. Infrared spectra of corn stalk before and after treatment with different m

. Results and discussion

.1. FT-IR spectroscopic analysis

The distributions of functional group of corn stalk after treat-
ent with steam explosion, acid, and alkaline, alone or in

ombination, are showed in Fig. 1. Absorption bands at 3360 cm−1

nd 2890 cm−1 were attributed to OH stretching of hydrogen
onds and C H stretching within the methylene of cellulose,
espectively. These absorption peaks in the untreated corn stalk
ere similar to that in the treated sample, indicating that most

f the crystalline cellulose in corn stalk was not disrupted by the
ested pretreatment. These results were in agreement with the
nvestigations of Kumar and Wyman  (2009) who reported that
he crystalline cellulose in corn stover was not disrupted by acid
ydrolysis. Furthermore, the prominent bands at 1250–900 cm−1

ere typically related to the structural features of cellulose and
emicelluloses. The vibrations of these bands overlapped the C O
tretching vibrations at 1254 cm−1, C O H stretching of primary

nd secondary alcohols at 1056 cm−1, C O C glycosidic bond
tretching and C O C ring skeletal vibration at 1160–1100 cm−1

Moharram & Mahmoud, 2008), the adsorption peaks of these
ands were enhanced after treatment with steam explosion, acid,
ds. (A) Acid and alkali; (B) steam explosion + acid; (C) steam explosion + alkali.

and alkaline, alone or in combination. This suggested that the cel-
lulose content in pretreated solid residue increased because the
hemicelluloses fraction in corn stalk was removed by hydrolytic
reaction. These results were in agreement with the changes of
chemical composition of corn stalk after treatment (see Table 1).
This was further supported by the fact that the adsorption peaks
at 1730 and 1250 cm−1 were detectable in the untreated corn stalk
and these have been proposed to be associated with the alkyl ester
of the acetyl group in hemicelluloses. Furthermore, the ester link-
age C O with an absorption peak at 1720 cm−1 was usually defined
as the acetyl group in hemicelluloses structure and/or the linkage
between hemicelluloses and lignin (Chundawat et al., 2007). Both of
these bands were absent in pretreated solid residue as a result of the
removal of hemicelluloses from corn stalk. Interestingly, the band
at 895–830 cm−1 was dominated by the �-(1 → 4)—glycosidic bond
(C1 O C4), which was cleaved by treatment with a combination of
steam explosion and dilute acid or alkali-catalyzed reaction.

The distribution of lignin-associated bands was also investi-
gated. The bands at 1600–1510 cm−1 belonged to aromatic skeletal

stretching. The bands at 2852, 1460 and 1425 cm−1 were attributed
to absorption of C H deformation within the methoxyl groups of
lignin (Hsu, Guo, Chen, & Hwang, 2010). These peaks were disap-
peared in FT-IR of corn stalks after treatment with the combined
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Table  1
The solid–liquid phase compositions in corn stalk before and after treatment with different methods.

Component content Corn stalk 5% H2SO4 5% NaOH Steam explosion + 5% H2SO4 (MPa) Steam explosion + 5% NaOH (MPa)

0.4 0.6 0.8 0.4 0.6 0.8

Solid phase fraction (%)
Cellulose 31.54 60.51 76.15 50.16 54.51 65.16 80.41 79.84 70.91
Hemicellulose 29.10 7.02 6.86 14.61 11.13 11.15 8.27 5.94 4.61
Lignin 38.12 32.21 16.52 34.57 33.79 23.01 10.74 13.6 23.87

Liquid phase fraction (mg/mL)
TSYa / 6.83 1.86 5.78 5.42 4.96 2.14 1.89 2.19
Glucose / 0.73 0.36 0.16 0.08 0.11 0.65 0.55 0.73
Xylose / 3.79 0.98 3.49 3.15 3.27 1.19 1.05 1.23
Arabinose / 0.70 0.09 0.64 0.47 0.43 0.12 0.10 0.06
Oligosaccharides (XOS + GOS + AOS)b / 1.54 0.38 1.41 1.67 1.10 0.14 0.15 0.11
Acetic  acid / 1.14 0.51 1.12 1.08 0.81 0.86 1.37 0.72
Furfural / 0.069 0.077 0.059 0.065 0.047 0.120 0.086 0.054
5-HMFc / 0.013 0.026 0.0028 0.0041 0.0016 0.044 0.031 0.011
Phenolic acid (FA + P-CA)d / 0.0612 0.428 0.051 0.088 0.068 0.863 0.357 0.245

a TSY: total sugar yield.
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b XOS: xylooligosaccharides, GOS: glucooligosaccharides, AOS: arabinooligosacch
c 5-HMF: 5-hydroxymethyl furfural.
d FA: ferulic acid, P-CA: P-coumaric acid.

rocess of steam explosion and acid or alkaline (see Fig. 1B and C).
ut based on the efficient removal of lignin, the depolymerization
ffect of steam explosion and alkali was better than that of steam
xplosion and acid, suggesting that the release of acid-soluble lignin
n pretreated solid residue occurred. Moreover, the adsorption
eak due to aromatic hydroxyl groups was observed at 1300 cm−1.
his peak might be generated by cleavage of ether bonds within
he lignin. These results implied that the partial lignin was
emoved.

.2. Characterization of the pretreated solid and liquid fraction

The chemical compositions in corn stalk before and after treat-
ent with the different methods is given in Table 1. The untreated

orn stalks were composed of 31.54% cellulose, 29.10% hemicel-
ulose, and 38.12% lignin. It was found that the cellulose yields
f 60.51% and 76.15% were achieved when corn stalks were pre-
reated with H2SO4 and NaOH at 60 ◦C for 24 h, respectively. It may
e attributed to the removal of lignin, hemicellulose and other sol-
ble substance because the contents of hemicellulose and lignin

n the treated stalk were lower than those in raw material. These
esults were in agreement with the investigation from FT-IR (see
ig. 1).

Table 1 showed that most of hemicellulose and lignin could be
emoved while treating corn stalk with a combination of steam
xplosion and acid or alkali. For example, 84.16% of hemicellulose
nd 71.83% of lignin in corn stalk were removed after treatment
ith 0.8 MPa  steam explosion + alkali and 0.4 MPa  steam explo-

ion + alkali, respectively. Similarly, the collaborative approach of
team explosion and H2SO4 could also remove hemicellulose and
ignin and thereby resulted in the increase of cellulose content
n corn stalk. These results suggest that steam explosion coupled

ith acid or alkali resulted in a certain depolymerization to the
olecular structure of corn stalk, but considering the removal

f hemicellulose and lignin, the depolymerization effect of steam
xplosion and alkali is better than that of steam explosion and acid.
hang, Fu and Chen (2012) reported that treatment corn stalk with
team explosion improved the conversion efficiency of lignocellu-
ose to xylose. Generally, an increase in cellulose content and/or

 decrease in hemicellulose and lignin contents could improve

he catalytic efficiency of cellulase for lignocellulosic materials.
dditionally, during pretreatment, corn stalk degrades into sug-
rs and other chemicals (mainly acetic acid, furfural, 5-HMF, and
henolic acid). Acetic acid was produced during degradation of
s.

hemicellulose and lignin (Qin, Liu, Li, Dale, & Yuan, 2012), it was
generated in the hydrolysis of acetyl groups in hemicellulose. The
partial glucose could be transformed into 5-HMF under acidic or
alkaline condition. However, the amounts of 5-HMF were very
low (0.001–0.04 mg/mL) in liquid phase fraction in this research.
Two pentoses (xylose and arabinose) could be transformed into
furfural. Table 1 showed that the maximum concentration of fur-
fural was  0.12 mg/mL. The by-products of phenolic acid (mainly
FA and P-AC) were detected in the liquid phase fraction of corn
stalk after treatment using steam explosion coupled with acid
or alkali. These organic compounds were mainly degraded from
the lignin-carbohydrate-complex (LCC) and lignin. Therefore, pre-
treatment influence can be partly evaluated by composition of the
liquid phase fraction, mainly composed of glucose, xylose, arabi-
nose, degradation production and by-products. As listed in Table 1,
monosaccharide took the main part of recovered sugars in the liquid
phase fraction. With the increase of treating bursting pressure, the
pentose (mainly xylose and arabinose) and acetic acid, normally
generated from hemicellulose degradation, were detected. The
result showed that total sugar content changed from 1.86 mg/mL
to 6.83 mg/mL  with different pretreatment methods. This offers a
good account for the removal of hemicellulose with the combina-
tion of steam explosion and acid/alkali.

The concentration of the total solubilized sugars (both oligomers
and monomers) from biomass is an important indicator of the
suitability of a pretreatment process. Table 1 depicts the com-
parison of steam explosion coupled with acid or alkali hydrolysis
of corn stalk for production of the total solubilized sugars, it
shows data concerning the conversion of lignocellulose into their
respective monomers and oligomers (mainly xylooligosaccharides
(XOS), glucooligosaccharides (GOS) and arabinooligosaccharides
(AOS). It was  found that a difference in amount of oligomers
and monomers produced through steam explosion coupled with
acid or alkali pretreatment was  described comparatively. The
result indicates the effect of steam explosion + acid pretreatment
in contrast to steam explosion + alkali under the same experiment
conditions (0.4–0.8 MPa). As observed, there were obtained the
higher quantities of monomers (1.4–5.2 mg/mL) than oligomers
(0.1–1.6 mg/mL) in steam explosion coupled with acid or alkali
pretreatment process, however, the difference was much bigger

in steam explosion + acid pretreatment, which was obtained the
higher concentration of oligomers (1.1–1.6 mg/mL) than that of
steam explosion + acid pretreatment (0.1–0.3 mg/mL). The com-
bined methods with steam explosion + acid are more effective than
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Table 2
The enzyme hydrolysis of the treated sample under different conditions.

Treatment method Total sugar and glucose contents in the enzymatic hydrolysisa (mg/mL)

6 h 12 h 24 h 36 h 48 h 60 h 72 h

5% H2SO4 8.69 (2.34) 10.21 (3.12) 13.00 (3.34) 15.07 (4.19) 16.44 (4.09) 17.44 (4.28) 17.89 (3.96)
5%  NaOH 16.64 (5.28) 24.14 (7.02) 28.66 (7.66) 31.38 (8.15) 41.11 (9.77) 38.49 (7.77) 39.27 (9.14)
0.4  MPa  steam explosion + 5% H2SO4 7.29 (2.32) 9.92 (3.31) 11.60 (3.57) 17.37 (3.86) 17.46 (4.35) 19.60 (4.61) 17.33 (4.65)
0.6  MPa  steam explosion + 5% H2SO4 8.12 (2.11) 9.30 (3.10) 11.85 (3.64) 14.65 (3.65) 17.21 (4.22) 17.78 (4.14) 15.82 (3.54)
0.8  MPa  steam explosion + 5% H2SO4 7.05 (1.90) 9.14 (2.72) 10.21 (3.12) 16.88 (3.50) 19.93 (3.78) 18.11 (3.85) 16.31 (3.82)
0.4  MPa  steam explosion + 5% NaOH 16.54 (5.69) 22.94 (7.54) 28.17 (8.31) 32.45 (9.76) 42.67 (10.22) 39.52 (10.31) 39.31 (9.39)
0.6  MPa  steam explosion + 5% NaOH 17.29 (5.09) 16.43 (6.93) 28.00 (7.87) 35.83 (9.56) 40.20 (10.82) 37.25 (9.58) 38.37 (9.46)
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0.8  MPa  steam explosion + 5% NaOH 16.71 (5.42) 19.85 (6.80) 27.6

a The value in brackets express glucose content in enzymatic hydrolysis process 

team explosion + alkali hydrolysis for production of the total sol-
bilized sugars.

.3. Effect of pretreatment on enzyme hydrolysis

The enzyme hydrolysis of the treated sample under different
onditions is summarized in Table 2. The result showed that enzy-
atic hydrolysis sugar contents were improved by steam explosion

oupled with acid or alkali pretreatments. The higher total sugar
ontents (16–40 mg/mL) was obtained in the alkali or steam explo-
ion + alkali treatment samples compared with the acid treatment
amples for the enzymatic hydrolysis within 72 h. The lower total
ugar contents of the treated sample by H2SO4 or steam explo-
ion + acid can be observed from 7 mg/mL  to 17 mg/mL  with the
nzymatic hydrolysis time from 6 h to 72 h. It is because proper
emicellulose and lignin were removed under alkali/acid pretreat-
ent condition, and also the physicochemical properties of corn

talk was interrupted. Additionally, increasing the pretreatment
ressure resulted in a higher removal rate of hemicellulose and

ignin since this released more sugar from the conversion of hemi-
ellulose and cellulose.

.4. X-ray diffraction analysis
The X-ray diffraction patterns of the treated and untreated corn
talks are depicted in Fig. 2. The intensities of the amorphous region
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ig. 2. X-ray diffraction pattern of untreated and treated corn stalk: (a) corn stalk;
b) acid; (c) alkali.
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L).

at 2� = 18◦ and the crystalline region at 2� = 22◦ were used to cal-
culate the crystallinity index (CrI) (Kim & Holtzapple, 2006).

CrI = [intensity at 2� = 22◦ − intensity at 2� = 18◦]
[intensity at 2� = 22◦]

(1)

As shown in Fig. 2, the diffraction peak of the untreated corn
stalk at (0 0 2) was  wide and round. However, this peak became
sharper and narrower when the tested material was  treated with
acid or alkaline. In addition, a shoulder peak at (1 0 1) and a weak
peak at (0 4 0) appeared when corn stalks were treated with acid
and alkaline. These peaks are assigned to the cellulose phase, sug-
gesting the removal of most of lignin and hemicellulose from corn
stalk. By a calculation of Eq. (1), CrI values of corn stalk after
treatment with H2SO4 and NaOH increased to 63.5% and 67.0% as
compared with 51.8% of the untreated stalk, respectively. The rea-
son might be that the amorphous hemicellulose was  hydrolyzed
while crystalline structure was change thus increasing of crys-
tallinity index in biomass. Moreover, the swelling ability of alkali
to the amorphous region of lignocellulose was  relatively strong
as compared to that of acid and resulted in the increase of the
dissolution rate of lignin and hemicellulose. Zheng et al. (2012)
reported that the crystallinity, porosity and inner surface area of
corn stalk were increased when the ordered rearrangement and the
secondary crystallization were proceeding in the non-crystallized
portion and the imperfect part of cellulose crystal structure.

3.5. The thermal stability analysis

DTG curve was  usually used to reflect the degradation of
biomass. Generally, the decomposition reaction of lignocellulose is
divided into three processes including (1) dehydration and drying
stage in 25–250 ◦C, (2) the pyrolysis stage in 250–500 ◦C, and (3) the
depth of the pyrolysis stage in 500–600 ◦C. In this paper, the pyrol-
ysis characteristics and DTG curves of corn stalk before and after
treatment with the tested methods are given in Table 3 and Fig. 3,
respectively. As can be noted, the DTG curves contain a strong peak,
which is attributed to the primary pyrolysis. This result is consistent
with that of other studies on biomass materials (Jiang, Nowakowski,
& Bridgwater, 2010). Physical and chemical pretreatment had lit-
tle effect on the shape of DTG curves. The maximum weight loss
rate and pyrolysis temperature of corn stalks after treatment with
steam explosion, acid, and alkaline, alone or in combination, were
higher than those of the untreated material.

When temperature was  lower than 250 ◦C, the weight loss of
corn stalk was  mainly attributed to the removal of absorbed water
and crystal water, the dehydration peak and drying curves were
disappeared with the combined pretreatment using acid or alkali

and steam explosion (Fig. 3B and C). This was  also supported by the
fact that the heat absorption and weight loss rate of dehydration
and drying stage were changed in untreated and treated corn stalks
(see Table 3).
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Table  3
Pyrolysis characteristics of corn stalk before and after treatment with different methods.

Treatment method dehydration and drying stage Pyrolysis stage

Heat
absorption (J/g)

Weight loss
rate (%)

Heat
absorption (J/g)

Weight loss rate of
stage 1 (%)

Weight loss rate of
stage 2 (%)

Pyrolysis
temperature (◦C)

Untreated 113.37 29.62 241.94 35.11 6.44 332.11
5%  H2SO4 53.26 0.21 195.90 71.80 10.06 365.56
5%  NaOH 92.18 3.14 205.69 70.86 10.24 357.05
0.4  MPa steam explosion + 5% H2SO4 52.16 1.63 118.94 73.55 – 348.82
0.6  MPa steam explosion + 5% H2SO4 50.66 2.16 161.85 69.21 8.18 354.35
0.8  MPa steam explosion + 5% H2SO4 55.41 0.74 87.47 69.28 – 339.14

225.0
192.5
114.7

o
A
c
w
t
h
d
a

0.4  MPa steam explosion + 5% NaOH 75.56 2.08 

0.6  MPa steam explosion + 5% NaOH 62.63 2.15 

0.8  MPa steam explosion + 5% NaOH 72.17 1.58

With the increase of temperature (>250 ◦C), the DTG profiles
f the treated and untreated displayed a significant difference.
lthough the shapes of DTG curve did not exhibited a signifi-
ant change under different pretreatment condition, the peaks of
eight loss shifted towards the high temperature region. Because
reatment corn stalk with acid or alkali could remove most of
emicelluloses and some lignin, the temperature of the maximum
egradation rate shifted from 332 ◦C to 365 and 357 ◦C at 5 ◦C/min
nd the maximum weight loss rate from 41.5% to 81.8% and 81.0%,
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Fig. 3. DTG curves of corn stalk before and after treatment with different methods
9 89.31 – 356.08
1 66.62 10.58 357.89
9 69.99 – 354.59

respectively. These results on the lateral shift to higher temper-
atures for the maximum region of weight loss are in agreement
with those from other investigators on polypropylene, oil shale and
their mixture (Deng, Zhang, & Wang, 2008). It also could be con-
cluded that lower weight loss rate of dehydration stage and lower

heat absorption of pyrolysis stage were obtained when corn stalks
were treated with steam explosion coupled with acid or alkali as
compared to those of acid or alkaline treatment alone. The main
reason of this was related to partial removal of hemicelluloses and
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ig. 4. SEM images of corn stalk before and after treatment with different methods
xplosion + acid; (F) 0.8 MPa  steam explosion + acid; (G) 0.4 MPa  steam explosion + 

ignin from the corn stalk and higher crystallinity of cellulose. These
ere consistent with the results obtained from XRD and FT-IR mea-

urements (see Figs. 1 and 2).
In thermal analysis, the pyrolysis of hemicelluloses and cellu-

ose in the untreated and treated corn stalks occurred quickly at
bout 225–325 ◦C, which is attributed to thermal depolymerisa-
ion of hemicelluloses or pectin. The major decomposition peak
t about 300–430 ◦C was attributed to cellulose decomposition.
owever, lignin was more difficult to decompose, as its weight

oss happened in a wide temperature range from 250 to 500 ◦C
Chen, Yu, Zhang, & Lu, 2011; Kaushik & Singh, 2011). Addition-
lly, Fig. 3 showed that the pyrolysis temperature and thermal
tability of corn stalk were enhanced after treatment with the
ombined method of steam explosion and acid or alkaline due
o the removal of most of hemicellulose and lignin. These results
uggest that dilute acid and dilute alkali lead to a certain depoly-
erization to the molecular of corn stalk, but the depolymerization

ffect of dilute alkali is better than that of dilute acid in terms of
elignification.

.6. Scanning electron microscopy

SEM micrographs of the untreated and treated rice straw fibers

ere shown in Fig. 4. The untreated sample showed an even and

mooth flat surface, indicating a rigid and highly ordered surface
tructure (see Fig. 4A). However, the nature surface was  broken
nto some large fragments and appeared porous structure and rift
ntreated; (B) acid; (C) alkali; (D) 0.4 MPa steam explosion + acid; (E) 0.6 MPa  steam
 (H) 0.6 MPa  steam explosion + alkali; (I) 0.8 MPa  steam explosion + alkali.

after treatment with alkaline or acid (see Fig. 4B and C). When corn
stalks were treated with acid and steam explosion under differ-
ent pressure, the treated sample had a rugged, rough, loose, and
broken surface (see Fig. 4D–F). It was  clearly found that morpholo-
gies of the treated corn stalks under different conditions were also
obviously different. For example, the surface of raw samples by
0.8 MPa  steam explosion + alkali looked more roughness than that
by 0.4 MPa  or 0.6 MPa  steam explosion + alkali (see Fig. 4G–I). The
reason is that lignin and hemicellulose of interwoven wrapped cel-
lulose crystalline structure was  broken and weakened the mutually
binding force between holocellulose and lignin by the pretreatment
with different burst pressure in acid–alkali. This would obviously
favor the catalyst contacting the inner linkage, hence accelerating
the biodegradation process.

4. Conclusions

Treatment with steam explosion and alkali could remove most
of hemicellulose (84.16%) and lignin (71.83%) in corn stalk as com-
pared to those of the untreated stalk. The surface morphology
become loose and the thermal stability increased when corn stalks
were depolymerized with steam explosion and acid or alkali. These
results suggested that steam explosion coupled with acid or alkali

could lead to a depolymerization of the molecular structure of corn
stalk, but in consideration of removal of hemicellulose and lignin,
the depolymerization effect of steam explosion and alkali was bet-
ter than that of steam explosion and acid.
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