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Assessment of Instant Catapult Steam Explosion
Treatment on Rice Straw for Isolation of High Quality
Cellulose
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Instant catapult steam explosion (ICSE) was applied to treat rice straw for
isolating high quality cellulose. After ICSE treatment under the condition
of maintaining the pressure at 2.0 MPa for 11 min, the hemicellulose
content decreased to 3.70% from the original 20.10%, and the content of
a-cellulose was 72.02%. The enormous explosion power density provided
by ICSE turned rice straw into cellulosic fibers with good accessibility, as
well as it protected the cellulose fibers from being over-hydrolyzed. All of
the straw cellulosic samples were analyzed by scanning electron
microscopy (SEM), Fourier transformation infrared spectrometry (FTIR),
and X-ray diffraction (XRD) to collectively examine the impact of ICSE
treatment on the structure and morphology of the cellulose components.
The recycled lignin was also analyzed by two-dimensional nuclear
magnification resonance spectrometry (2D NMR) to understand the
mechanisms underlying the ICSE treatment.
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INTRODUCTION

Rice straw presents good potential as a sustainable resource in the development of
natural polymer materials. This potential comes from the efficient isolation of cellulose
that is tightly encapsulated by hemicellulose and intercalated by lignin (Oun and Rhim
2016). Pretreatment is a key step to overcome such lignocellulosic biomass recalcitrance,
making it loose and digestible (Travaini et al. 2016). To date, several pretreatment
technologies have been developed, which can broadly be categorized into biological (Li et
al. 2016), physical (Karimi and Taherzadeh 2016), chemical, physicochemical methods
(Liang et al. 2016), and some combinations of these processes (Chen and Liu 2015).
Generally, the pretreatment step aims to remove the lignin and/or the hemicellulose,
simultaneously disrupting the architecture of the plant cell wall, and thus increasing the
surface area and cellulose accessibility (Rabemanolontsoa and Saka 2016; Xu et al. 2016;
Ramos-Suarez et al. 2017). Among those pretreatment methods, steam explosion is
designated a physico-chemical process: (a) the rapid pressure release causes mechanical
rupture on the texture of the straw; and (b) the steaming with high temperature and high
pressure leads to autohydrolyzing of hemicelluloses and partially depolymerizing of lignin
(Jacquet et al. 2015). Steam explosion has been extensively adopted as a pretreatment for
lignocellulosic material to improve its enzymatic digestibility or solvent accessibility
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(Zhang et al. 2017). Most reported steam explosion pretreatments are conducted in pressure
devices with a quick-opening ball valve or butterfly valve, and pressure release is not quick
enough because valves with diameters much smaller than that of pressurized vessels are
employed (Zhang et al. 2013; Kataria et al. 2017). The severity factor [logRo] is commonly
used to describe the combined effect of temperature and duration of the steaming process
(Zhang et al. 2017), which represents only the rigorousness of the chemical reaction during
steaming and not the intensity of the mechanical effect of explosion process. Yu et al.
(2012) reported a new explosion apparatus with catapult mode that is principally composed
of cylinders and pistons. During the explosion the piston bursts out of the cylinder, akin to
a vessel suddenly and very quickly fractured into two halves, after only 0.0875 s. Through
the theoretical explosion power density (EPD) analysis, it is obvious that the heat absorbed
by the materials is almost all transferred into mechanical rupture force in such a quick
depression process (Yu et al. 2012). Therefore, it was reasonably claimed to be “a real
explosion”. With such a catapult mode steam explosion devices, the chemical-mechanical
treatment is suspected to be a promising solution, because the structural integrity of natural
cellulose is of significant importance for its high value application. The assessment of ICSE
treatment on the composition and structure of lignocellulosic biomass, especially on the
structure of cellulose, is necessary to predict its potential application. The authors searched
the literature and did not find any published work dealing with the effect of ICSE treatment
on the quality of cellulose composition.

In this work, the effect of ICSE treatment on rice straw cellulose was studied
through both direct characterization of the cellulosic materials and the structural analysis
of the recycled hemicelluloses and lignin, according to the recyclable delignification and
bleaching procedures reported (Mu et al. 2014). Based on a detailed characterization of the
feedstock, inter-stage products, and final cellulose products, the mechanism of the ICSE
treatment on the main composition of rice straw biomass was clarified. This inference will
play a significant role to control the structure and properties of isolated cellulose from
lignocellulosic biomass to meet the requirements of different applications.

EXPERIMENTAL

Materials

Air-dried rice straw was cut into pieces with the size of 2 cm to 3 cm in length
before ICSE treatment. The feedstock was collected from the suburb of Deyang City in
Sichuan Province, China.

Methods
ICSE treatment and the following delignification and bleaching process

The procedure for the ICSE treatment and the following isolation of cellulose is
shown in Fig. 1. The ICSE experiments were conducted in a QBS-200B device with a 500-
mL chamber from Hebi Gentle Bioenergy Co., Ltd., Hebi, China. The rice straw samples
were treated with ICSE under 2.0 MPa, and different steaming times of 5, 7, 9, 11, and 13
min.

The recycled ICSE-treated rice straw was then delignified using water/N,N-
dimethyl formamide (DMF; 2:1, v:v) at 95 °C for 6 h with 0.3 wt% NaOH as the catalyst.
The ratio of the ICSE-treated straw (in dry weight) to delignification solvent was 1:30
(g/mL). The solubilized hemicelluloses were obtained by precipitation of the concentrated
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filtrates with three volumes of ethanol, and lignin was recovered by precipitation at pH 2.0
that was adjusted with HCI.

The delignified rice straw, called crude cellulose, was bleached in a three-necked
flask contained 2 wt% H»O, aqueous solution with a ratio of solid to liquid of 1:30 (g/mL)
under magnetic stirring for 4 h at 55 °C and a regulating pH of 11. The crude cellulose was
bleached two times to result in the bleached cellulose.

= Chipped rice straw

(1) ICSE treatment
(2) Hot water washing

! }

Steam exploded rice straw Aqueous solution

Delignification with Precipitated in 2
DMF/H,0 solvent volumes of ethanol
Crude cellulose Filtrate Hemicelluloses
Bleached with H,0, Precipitation of
aqueous solution lignin at pH 2
Rice straw cellulose Lignin

Fig. 1. Flowchart of the ICSE treatment and the following procedures for cellulose isolation

Chemical composition analysis

Acid-insoluble lignin contents in the feedstock, ICSE-treated rice straw, crude
cellulose, and bleached cellulose were determined according to the TAPPI T249 cm-85
(1985) standard method. The pentosanes in the original rice straw and the treated samples
were analyzed in response to TAPPI T223 cm-01 (2001). The viscosity-average degree of
polymerization (DP) of the bleached cellulose was estimated from their intrinsic viscosity
(In]) in cupri-ethylenediamine (CED) solution using the following Eq. 1 (Wang et al.
2009):

DP%® = 1.65 [n]/ mLg™ 1)

All of the compositional analyses were conducted in duplicate, and the results were
reported as mean values.

Scanning electron microscopy (SEM) analysis

The morphology of the original rice straw and ICSE-treated samples were
investigated by a scanning electron microscope (QUANPA200, Philips, Amsterdam,
Netherlands). The machine was operated at an acceleration voltage of 20 kV at a working
distance of 15 mm to identify the morphological properties of the samples. Before
investigation, the samples were sputter-coated with Au to enhance the electrical
conductivity.
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Fourier transform infrared (FTIR) analysis

The FTIR spectra of all the samples were recorded on a Nicolet 5700
spectrophotometer (Waltham, Massachusetts, USA) in the range of 4000 cm™ to 400 cm
with a resolution of 4 cm™* for 32 scans at 25 °C.

X-ray diffraction (XRD) analysis

X-ray diffraction (XRD) was performed to evaluate the crystalline structure of both
the untreated and ICSE-treated samples with a Philips by X’Pert PRO X-ray diffractometer
(Philips, Amsterdam, Netherlands) with a Cu Ko radiation, operating at 40 kV voltage and
30 mA current. The diffraction intensities of dried samples placed on a quartz substrate
were measured in the range of 5° to 40° 26 using a step size of 0.02° at a rate of 2°/min.
The crystallinity indexes (Crl) of the cellulose samples were calculated according to the
method described by Segal et al. (1959) using Eq. 2,

Crl (%) = (l200 - lam) / 1200 % 100 (2)

where loo2 is the maximum intensity of the (002) lattice diffraction peak and lam is the
intensity scattered by the amorphous part of the sample. The diffraction peak for the plane
(002) is located at a diffraction angle around 26 = 22° and the intensity scattered by the
amorphous part is measured as the lowest intensity at a diffraction angle around 20 = 18°.

2-Dimensional Nuclear Magnetic Resonance Spectroscopy (2D NMR)

The 2D NMR spectra were acquired on a Bruker Avance 111 400 MHz instrument
(Bruker, Karlsruhe, Germany) equipped with a cryogenically cooled 5-mm TCI gradient
probe. Briefly, approximately 40 mg of lignin samples were dissolved in 0.5 mL of
dimethyl sulphoxide (DMSO-d6), and heteronuclear single quantum coherence (HSQC)
experiments were measured using the standard Bruker’s “hsqcetgpsisp2.2” pulse program
(TopSpin 3.2, Karlsruhe, Germany).

RESULTS AND DISCUSSION

Composition Analysis of the Products During Treatment

Based on the previous optimized operation conditions of 2.5 MPa and 25 min
steaming time, using a pilot-scale equipment with a quick opening butterfly valve (the
operating pressure releases to atmosphere in 5 s) (Mu et al. 2014), the pressure and the
steaming duration were decreased to 2.0 MPa and 5 min to 13 min, respectively, in this
work. The composition analysis results after ICSE treatment with different steaming times
from 5 min to 13 min under 2.0 MPa are included in Table 1.

Table 1. Composition Analysis of the ICSE-treated Rice Straw *

Steaming Time (min) Hemicellulose (%) | Acid-insoluble Lignin (%) a-cellulose (%)
0 20.70 15.80 43.12
5 10.44 15.10 68.77
7 7.69 26.62 70.65
9 6.93 25.73 71.12
11 3.70 24.91 72.02
13 3.69 27.90 67.35
*The feedstock was analyzed to contain 20.7% hemicellulose and 15.8% acid-insoluble lignin

Gou et al. (2018). “Catapult steam explosion,” BioResources 13(2), 2328-2341. 2331



PEER-REVIEWED ARTICLE b | oresources.com

As shown in Table 1, with increased steaming time, the hemicellulose was mainly
broken down from the straw texture. The hemicellulose content decreased from 20.7% to
3.69 % with 13 min steaming due to the sufficient hydrolyzing during the high-pressure
steaming stage as reported by Zhang et al. (2017). During this process, the a-cellulose
content increased from 68.8% to 72.0% at first with increased steaming time from 5 min
to 11 min, then decreased to 67.4% after 13 min steaming. The acid-insoluble lignin content
did not experience as drastic of a change as hemicellulose. During the high-pressure
steaming process, autohydrolysis of the hemicellulose component was the main reaction,
and lignin-carbohydrate complexes were broken down. At the same time, the content of a-
cellulose was comparably increased. From the component analysis of the ICSE-treated rice
straw, the chemical function was clearly understood. The ICSE’s mechanical rupture effect
was further inspected through the delignification experiment and the morphology
observation. Table 2 summarizes the component analyses of the delignified samples.

Table 2. Component Analysis of the Crude Celluloses After Delignification

Steaming Time | Acid-insoluble Lignin Delignification Hemicellulose a-cellulose
(min) (%) (%) * (%) (%)

0 13.82 12.53 16.62 49.45

5 8.30 45.03 8.30 85.86

7 8.10 69.57 8.10 85.04

9 8.13 68.40 8.13 84.85

11 5.15 79.33 5.15 84.51

13 5.15 81.54 5.15 84.50
* Delignification efficiency was calculated according to: Delignification efficiency (%)=1-lignin
content after delignification / lignin content in the ICSE-treated rice straw *100/100

As shown in Table 2, the highest delignification reached 90.2% from the ICSE-
treated straw under the conditions of 2.0 MPa and 11 min steaming. However, under the
same delignification conditions, only 69.0% lignin was removed from the treated straw by
the pilot-scale equipment under 2.5 MPa and 25 min (Mu et al. 2014). The sudden
explosion of ICSE illustrated that the mechanical rupture effect was considerably
improved. The contents of hemicellulose and a-cellulose were reasonably increased
corresponding to the results shown in Table 1 due to the removal of lignin. To evaluate the
ICSE effect on the properties of the straw cellulose, the crude cellulose obtained after
delignification was bleached and the component analyses are summarized in Table 3.

Table 3. Component and DP Analyses of the Bleached Cellulose

Steaming Time Hemicellulose Acid-insoluble Lignin a-cellulose DP *
(min) (%) (%) (%)
0 12.64 9.52 55.14 745
5 8.54 4.78 83.82 564
7 7.68 3.54 83.84 550
9 4.24 3.97 83.39 487
11 1.85 2.83 82.13 457
13 1.74 2.42 78.92 442

* DP is degree of polymerization

The hemicellulose and lignin in the bleached cellulose were further decreased to
1.74% and 2.42%, respectively, from the ICSE-treated straw under the conditions of 2.0
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MPa and 11 min steaming. There were no obvious changes in the a-cellulose content for
all of the bleached cellulose samples. In previous literature concerning isolated cellulose
via pilot-scale steam explosion treatment (Mu et al. 2014), the DP of bleached cellulose
was 549, which was similar to the sample treated with ICSE under the conditions of 2.0
MPa and 7 min.

Morphological Changes After the ICSE Treatment

The SEM images (Figs. 2a through 2f) depict the surfaces of the rice straw before
and after ICSE treatment with different steaming times (5, 7, 9, 11, and 13 min,
respectively). The treated rice straw with ICSE was washed with hot water with a solid to
liquor ratio of 1:20 (g/mL) and dried prior to SEM analysis.

Fig. 2. SEM images of the rice straw before (a) and after ICSE treatment at 2.0 MPa with different
steaming time: 5 min (b), 7 min (c), 9 min (d), 11 min (e), and 13 min (f)

As shown in Fig. 2a, the morphology of rice straw exhibited large lumps that were
similar to previous reports (Swain and Krishnan 2015). With 3 min or 5 min steaming (Fig.
2b and 2c), the rice straw was not obviously ruptured. By increasing the steaming time to
9 min (Fig. 2d), most of the rice straws began to explode into strips, and when the steaming
time was extended to 11 min (Fig. 2e), the straw exploded into thin strips with small fibers
scattering. After 13 min steaming (Fig. 2f), the ICSE-treated straw was fibrillary in
morphology with clear broken fibers. These results agreed well with the chemical
component analyses, of which the a-cellulose content considerably decreased when the
steaming time was prolonged to 13 min during the ICSE process, as shown in Table 1.

FTIR Spectra of the ICSE Pretreated Rice Straw and Recycled
Hemicellulose

Infrared spectroscopy has been accepted as a useful method to study the
physicochemical structures and configurations of carbohydrates (Auxenfans et al. 2017).
Herein, the FTIR spectra of rice straw before and after ICSE pretreated with different
steaming times and the corresponding recycled hemicelluloses are illustrated in Fig. 3.
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Fig. 3. FTIR spectra of the rice straw before (RS) and after ICSE treatment with different
steaming times (5, 7, 9, 11, and 13 min)

Compared with the original rice straw (RS) in Fig. 3, the weak peak at 1733 cm™
that was ascribed to stretching of C=0 in hemicelluloses weakened and disappeared in the
ICSE-treated samples with increased steaming time. This is due to the reduction of
hemicellulose during steam explosion (Swain and Krishnan 2015). The absorptions
between 3000 cm™ and 4000 cm™ that were attributed to the stretching of hydroxyl groups,
were useful for understanding the formation of hydrogen bond in sugar and glycoside
molecules. The red shift associated with intermolecular hydrogen bonds could be observed
when -OH acts as both the hydrogen bond donor and acceptor (Kawamoto et al. 2014). The
10 cm blue shift (from 3411 cm™ to 3421 cm™) resulted from the weakening of hydrogen
bonds between the cellulose and hemicellulose (Dai and Fan 2011; Zhang et al. 2011).
However, the 10 cm™ red shift (from 3421 cm™ to 3411 cm™) when steaming time
increased from 5 min to 13 min was due to gradual removal of hemicellulose and formation
of a new stronger intermolecular hydrogen bonding system among cellulose (Yuan et al.
2013). The hemicellulose fractions were analyzed by FTIR spectra, as shown in Fig. 4.
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Fig. 4. The recycled hemicellulose fractions with ICSE treatment for different steaming times (5, 7,
9, 11, and 13 min
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As shown in Fig. 4, there was no notable difference among these samples. These
results provided further evidence that ICSE mainly effected breaking down the hydrogen
bonds between hemicellulose and cellulose in rice straw. The signal at 3406 cm™ was
associated with the stretching vibration of the hydroxide group. The peaks at 2922 cm™
and 2841 cm™ were attributed to C-H stretching. The adsorption at 1639 cm™* was probably
related to the bending mode of absorbed water, because the hemicellulosic polymer usually
has strong affinity to water (Zhang et al. 2015). The peaks at 1161 cm™, 1079 cm, and
1045 cm™ were assigned to the typical Arabia xylan. A weak sharp absorption band at 893
cm? was indicative of the p-configuration of the 1—4 glycosidic bond between
xylopyranose (Xylp) units of the xylan chains in hemicellulose (Bian et al. 2012). The
adsorption at 793 cm* was assigned to the C-C stretching of the sugar ring.

The 2D NMR Spectra of the Recycled Lignin

To further reveal the structural transformation of lignin during the ICSE treatment,
two recycled lignin samples were selected to be investigated by 2D-HSQC NMR spectra.
The side chain (6C/6H 50 to 90/2.5 to 6.0) and the aromatic (6C/6H 100 to 150/5.5 to 8.0)
regions of the HSQC spectra of the lignin samples are shown in Fig. 5. The main lignin
cross signals assigned in the HSQC spectra are listed in Table 4, and the main lignin
substructures present are shown in Fig. 6.
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Fig. 5. Side chains (6C/6H 50-90/2.5-6.0) and aromatic/unsaturated regions (6C/6H 100-150/6.0-
8.5) in the 2D HSQC NMR spectra of the recycled lignin with different ICSE treatment conditions:
(a, ") 2.0 MPa and 5 min; (b, b") 2.0 MPa for 13 min
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Table 4. Assignments of 3C-1H Correlation Signals in the 2D HSQC Spectra of
the Recycled Lignin

Label Oc/dn (ppm) Assignment
-OCH3 56.3/3.72 C-H in methoxyls
Ay 60.7/3.62 Cy-Hy in y hydroxylated 8-O-4" substructures (A)
Ay 63.4/3.67 Cy-Hy in y-acylated -O-4"substructures (A")
Aqs) 72.3/4.89 Ca-Ha in B-O-4" substructures (A) linked to a S-unit
S26 104.2/6.70 C2-H2 and Ce-Hs in etherified syringyl units (S)
Gz 111.1/6.92 C2-H: in guaiacyl units (G)
Gs 116.0/6.74 Cs-Hs in guaiacyl units (G)
Ges 119.3/6.75 Ce-He in guaiacyl units (G)
Hze 128.6/7.23 Ca26-H2,6 in p-hydroxyphenyl units (G)
PCA26 130.7/7.44 C2-Hz2 and Ce-Hs in p-coumarate (PCA)
PCA« 144.4/7.53 Co-Ha in p-coumarate (PCA)
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Fig. 6. Main classical substructures, involving different side-chain linkages, and aromatic units
identified by 2D NMR of rice straw lignin obtained from various steam explosion conditions:
(A) B-O-4" alkyl-aryl ethers; (A") B-O-4" alkyl-aryl ethers with acylated y-OH; (PCA) p-coumar-
ates; (H) p-hydroxyphenyl units; (G) guaiacyl unites; and (S) Syringyl units

The inter-unit linkages in the lignin g-ether (A, p-O-4") were identified due to the
presence of cross-peaks at 3C/6H 63.4/3.67 (Ay”). The cross-peaks of methoxy groups in
the lignin (-OCHas, 6C/6H 56.3/3.72) were clearly observed. However, the substructure
(Ay) and (Aa(S)) were not found in the HSQC spectrum of lignin isolated from rice straw
under 2.0 MPa pressure and 13 min steaming, due to the depolymerization of lignin
(Heikkinen et al. 2014).

The aromatic lignin units syringyl (S), guaiacyl (G), and p-hydroxyphenyl (H) units
showed prominent correlations at 6C/6H 104.2/6.70 (S2, 6), 111.1/6.92 (G2), 116.0/6.74
(G5), 119.3/6.75 (G6), and 128.6/7.23 (H2, 6), respectively. Therefore, the lignin was
guaiacyl-syringyl-p-hydroxyphenyl (GSH) type. The signals corresponding to p-coumarate
(PCA) and ferulate (FA) structures showed prominent correlations at 6C/6H 130.7/7.44
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(PCA2, 6), 144.4/7.53 (PCAa), which were typically identified in gramineous plant lignin
(del Rio et al. 2012; Lan et al. 2015; Rencoret et al. 2015).

X-ray Diffraction of the Rice Straw Samples Before and After ICSE
Treatment

X-ray diffraction (XRD) was further applied to understand the transformation of
the crystal structure of cellulose components in the rice straw during the ICSE process, as
shown in Fig. 7.
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Fig. 7a. X-ray diffraction spectra of the rice straw specimens before and after ICSE treatment with

different steaming times (5, 7, 9, 9, 11, and 13 min)
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Fig. 7b.The crystallinity index of the rice straw specimens before and after ICSE treatment with
different steaming times (5, 7, 9, 9, 11, and 13 min)

Cellulose has a well-pronounced crystalline structure due to hydrogen bonding and
Van der Waals’ interactions that exist between the adjacent cellulose molecules compared
to those amorphous components such as hemicellulose and lignin (Chirayi et al. 2014). As
shown in the XRD patterns (Fig. 7a), both the original and the ICSE-treated rice straw
samples exhibited typical cellulose I crystalline structure, according to the diffraction peaks
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around 15.1°, 22.8°, and 34.9°, corresponding to (101), (002), and (004) planes,
respectively (Matsumura et al. 2000). Compared with the original rice straw, the XRD
patterns of the ICSE-treated samples became sharper due to the increase of the degree of
crystallinity of cellulose isolated from rice straw.

Figure 7b shows the degree of crystallinity increased from 35% in the original rice
straw to 47% in the ICSE-treated sample, which was calculated based on the XRD analysis.
The increase in crystallinity of treated rice straw is due to the removal of amorphous
components during the ICSE process (Kim et al. 2013). It was reported that treatment in
some cases would increase the rice straw crystallinity due to the removal or reduction of
more easily available amorphous cellulose (Wang et al. 2009). Moreover, removal of the
amorphous components, lignin and hemicellulose, also contributed to the increase of the
crystallinity.

CONCLUSIONS

1. Instant catapult steam explosion provides an effective potential treatment to isolate high
quality cellulose from lignocellulose biomass. Such “real explosions” produce
enormous explosion power density, which resulted in good accessibility of the treated
straw biomass for further delignification.

2. The comparable moderate conditions (2.0 MPa and 11 min), compared with the valve
mode apparatus (2.5 MPa and 25 min), were a benefit for protecting the cellulose fibers
from being over hydrolyzed and caused some loss in the DP of cellulose.

3. The crystallinity of the cellulose component increased after ICSE treatment, which
mainly resulted from the efficient removal of amorphous hemicellulose.
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