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A B S T R A C T

Three main components of lignocellulose (cellulose, hemicellulose, and lignin isolated from sugarcane bagasse
(SCB)) as well as holocellulose and SCB were modified with maleic acid by mechanical activation (MA)-assisted
solid phase reaction (MASPR) technology. The order of reactivity was found to be lignin > hemicellulose >
cellulose. The amorphous structure of lignin and hemicellulose mainly attributed to their better reactivity, and
the modified lignin could reach a maximum degree of esterification (DE) of 93.45%. MA improved the acces-
sibility and reactivity of cellulose, as the DE of modified cellulose gradually increased with milling time and
reached the maximum value of 57.30% at 120 min, which had significant effect on structure changes and DE of
modified holocellulose and SCB. MA enhanced the esterification of all three components in lignocellulose with
relatively high substituent distribution in them, and maleated SCB with a maximum DE of 64.17% was suc-
cessfully prepared by this simple, green, and effective MASPR technology.

1. Introduction

Sugarcane, a main sugar crop, is widely cultivated in tropical and
subtropical regions. Sugarcane bagasse (SCB) is the fibrous residue of
cane stalks left over after the crushing and extraction of the juice from
sugarcane (Pandey, Soccol, Nigam, & Soccol, 2000). Therefore, SCB is
an abundant, inexpensive and readily available source of lignocellulosic
biomass (Zhang & Wu, 2014), which can be considered as an almost
inexhaustible source of raw material for the preparation of en-
vironmentally friendly and biocompatible products (Leibbrandt,
Knoetze, & Görgens, 2011; Nakasone, Ikematsu, & Kobayashi, 2016;
Sakdaronnarong et al., 2016). In order to improve the properties of
lignocellulose, including dimensional stability, resistance to fungal at-
tack, and mechanical properties, chemical modification with di-
carboxylic acids or anhydrides is an effective and promising approach
to satisfy the above mentioned demands (Doczekalska, Bartkowiak, &
Zakrzewski, 2014; Hundhausen, Kloeser, & Mai, 2015; Iwamoto & Itoh,
2005; Vaidya et al., 2016).

Lignocellulose mainly consists of cellulose (∼50%), hemicellulose
(∼25%), and lignin (∼25%), which associate with each other to form a
supermolecular structure by hydrogen bonds and some other covalent
bonds. Cellulose is a linear natural polymer of anhydroglucose units
linked by β-1,4-glycosidic bonds. The three hydroxyl groups with

different acidity/reactivity in anhydroglucose units form strong inter-
and intramolecular hydrogen bonds, leading to the formation of highly-
ordered and stable crystal structure of cellulose (Sun, Sun, Zhao, & Sun,
2004). Hemicellulose, branches with short lateral chains that usually
composed of easy hydrolyzable polymers (including xylose, arabinose,
galactose, glucose, and mannose), is an amorphous polymer and has a
lower molecular weight than cellulose (Hendriks & Zeeman, 2009; Ren
et al., 2007). Lignin is composed of three phenyl propane units called p-
hydroxyl phenyl propane (H), guaiacyl (G), and syringyl (S) units,
which are connected in a disorderly manner with CeC and CeO bonds
and form a three-dimensional network. Lignin also contains a lot of
functional groups, such as aliphatic hydroxyls, phenolic hydroxyls,
carboxyls, carbonyls, and methoxyls (Kai et al., 2016). Lignocellulose
can be chemically modified by the substitution reactions of the hy-
droxyl groups in cellulose, hemicelluloses, and lignin. However, these
three main components in lignocellulose have characteristic chemical
and crystal structures, contributing to different reactivity of their hy-
droxyl groups.

Generally, chemical modification of cellulosic materials is per-
formed in organic solvents in either heterogeneous or homogeneous
reaction system (Boufi & Belgacem, 2006; Chen, Chen, Liu, & Sun,
2013; Crépy, Miri, Joly, Martin, & Lefebvre, 2011; Freire et al., 2008).
In these reactions, it is necessary to separate and properly dispose or
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recycle the used organic solvents due to toxic, corrosive nature and
unpleasant odour of the effluents. In addition, the products need ex-
traction and purification steps. These treatments decrease the economic
feasibility of the whole process (Vaidya et al., 2016). Recent years, solid
phase reaction (SPR) has been attracting more and more attentions for
the advantages of nonuse of organic solvent, high selectivity and effi-
ciency, and simple operation of reaction and purification processes.
However, mass transfer and heat transfer in SPR system are very poor,
especially the reactants with stable and compact structure. Therefore,
SPR is difficult to carry out under common reaction conditions, and
assisted means is necessary to improve the contacting state between
reactants and promote the reactivity of the solid materials with stable
and recalcitrant structure. In our laboratory, we have applied me-
chanical activation (MA) to enhance the chemical modification of
natural polymers by SPR, and this technology is defined as MA-assisted
SPR (MASPR) (Zhang, Gan, Hu et al., 2014; Zhang, Gan, Luo et al.,
2014). For the chemical modification of cellulosic materials by MASPR,
the general problem is to accomplish as a sufficient penetration of the
chemical agents into cellulosic materials. Cellulose, hemicelluloses, and
lignin possess their special chemical and crystal structures, so it is in-
teresting and significant to investigate the reaction characteristics of
these three main components in lignocellulose.

For these reasons, the present work was to comparatively study the
reactivity of monocomponents and multicomponents in SCB, including
cellulose, hemicellulose, lignin, holocellulose (cellulose + hemi-
cellulose), and lignocellulose (SCB itself), with maleic acid as ester-
ifying agent by MASPR. Moreover, in order to comprehensively study
the strengthening mechanism of MA for enhancing the reactivity of
cellulosic materials during the process of MASPR, these materials were
also treated by MA without any chemical reagent to accurately measure
the structure changes induced by MA. The degree of esterification (DE)
of different components was determined by measuring the content of
carboxylic groups (CCOOH), and Fourier transform infrared spectroscopy
(FTIR), solid state CP/MAS 13C NMR, X-ray diffractometry (XRD), and
scanning electron microscopy (SEM) were applied to measure the
changes in chemical, crystal, and morphological structures after MA
treatment and MASPR modification. It is expected that these data can
efficiently analyze the reactivity of different components in lig-
nocellulose and understand the substituent distribution in esterified
lignocellulose prepared by MASPR.

2. Materials and methods

2.1. Materials

SCB was used as lignocellulose material and was obtained from a
local sugar factory (Nanning, China), which was sieved through a
standard sieve of 60 mesh size (250 μm). It contained 44.04% cellulose,
30.77% hemicellulose, 22.80% lignin, and 2.39% ash and others. All
chemical reagents were obtained commercially and were analytical
grade without further purification.

2.2. Isolation of different components from SCB

Cellulose, hemicellulose, lignin, and holocellulose were isolated
from SCB. Cellulose, hemicellulose, and holocellulose were prepared
according to the reported procedure (Rowell et al., 1994; Vaidya et al.,
2014). Lignin was prepared following the method of Xiao, Sun, & Sun
(2001). All these samples were dried in an oven at 105 °C for 12 h
before use.

2.3. Esterification of different samples by MASPR

Esterification of cellulose, hemicellulose, lignin, holocellulose, and
SCB was performed by MASPR procedure in a customized stirring ball
mill (Zhao et al., 2016). A fixed amount of milling balls (300 mL, 5 mm
diameter) was first put in a jacketed stainless steel tank (1200 mL).
Then, dry sample (10 g) was mixed with 75% w/w esterifying agent
(maleic acid) and 10% w/w catalyst (sodium hypophosphite). The
mixture was put into the tank and was subjected to dry milling at a
fixed stirring speed of 300 rpm, and the reaction temperature was fixed
at 80 °C by circulating the thermostatic water in the jacket of tank.
When the mixture was milled for desired reaction time (milling time),
the balls were removed from the resulting sample by a sieve. The crude
product was purified by a repeated washing-filtration process with
deionized water (maleated hemicellulose was washed by alcohol) until
the filtrate was neutral to remove unreacted reagents, and the filtrate
was collected for analysis by high performance liquid chromatography
(HPLC, LC-6AD, SHIMADZU, Japan). The filter cake was vacuum-dried
at 55 °C for 48 h, and then the resulting product was obtained. The flow
diagram of the esterification of different samples by MASPR is illu-
strated in Fig. 1.

2.4. MA treatment

MA treatment of the samples was operated in the same way as in
MASPR, except for the non-addition of chemical reagents (maleic acid,
sodium hypophosphite). The resulting sample was oven-dried at 55 °C
for 12 h and then sealed for characterization.

2.5. Determination of DE

DE of the chemical modified samples was calculated by measuring
the CCOOH in them, and DE value was the ratio of the measured CCOOH

value to the theoretical maximum CCOOH value. The CCOOH of modified
cellulose, hemicellulose, holocellulose, and SCB was measured by the
acid-base titration method as follows (Gurgel, Júnior, Gil, & Gil, 2008):
0.1 g of the sample was precisely weighed and was mixed with 100 mL
of 0.01 mol L−1 NaOH solution in a 250 mL conical flask. The solution
was stirred at a constant temperature of 30 °C for 1 h, and then was
filtered. Finally, 25 mL of filtrate was titrated with 0.01 mol L−1 stan-
dard HCl solution. The CCOOH of modified lignin was measured by the
potentiometric titration method as follows (Gosselink et al., 2004):
1.0 g of the sample was accurately weighed and then was added in
10 mL NaOH solution. After stirred for 1 h, the pH was adjusted to 12
with NaOH solution. After another 2 h stirring, the solution was

Fig. 1. Flow diagram of the esterification of different samples
by MASPR.
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potentiometrically titrated with 0.1 mol L−1 standard HCl solution.

2.6. Characterization

FTIR spectra were recorded on a FTIR-8400S Spectrometer
(SHIMADZU, Japan) at a resolution of 4 cm−1 in a frequency range
from 400 to 4000 cm−1. XRD measurement was carried out on a D/
MAX2500 V diffractometer (Rigaku, Japan) using Cu Kα radiation
(λ = 0.154 nm) at 40 kV and 30 mA, with a step size of 0.02° and a
recorded range from 5° to 50°. SEM observation was operated using an
S-3400N scanning electron microscope (Hitachi, Japan) at an accel-
erating voltage of 5 kV and a working distance of 6.5 mm, and the
samples were fixed on a sample holder using double-sided tape and
coated with a thin layer of gold to improve the conductivity. Solid state
CP/MAS (cross-polarisation, magic angle spinning) 13C NMR spectra of
the samples were accumulated on an AVANCE AV 400 (Bruker,
Germany) operating at 13C 100.62 MHz. Each 90° proton preparation
pulse of 2.1 μs was followed by a cross polarisation time of 1.0 ms,
contact time of 1.5 s, and a pulse delay of 2.0 s. All chemical shifts were
reported in parts per million (ppm).

3. Results and discussion

3.1. Comparison of the chemical reactivity of different components in SCB

All of the three components of lignocellulose are rich in hydroxyl
groups, which can react with other reagents to modify their perfor-
mances. For this purpose, it is significant to evaluate the active and
recalcitrant components in lignocellulose under a certain reaction
condition. Herein, the chemical reactivity of different components of
SCB in MASPR system was determined by comparing the CCOOH and DE
values, and the results are presented in Fig. 2.

For lignin isolated from SCB, a CCOOH value of 2.155 mmol g−1 was
obtained at the reaction time of 30 min and a maximum CCOOH value of
3.712 mmol g−1 was achieved at the reaction time of 90 min. Lignin is
confirmed to be composed of three phenyl propane monolignols units
which are polymerized via radical coupling reactions to form a complex
three-dimensional molecular architecture that contains a great variety
of bonds (Laurichesse & Avérous, 2014; Upton & Kasko, 2016), and the
theoretical maximum CCOOH of maleated lignin is 3.961 mmol g−1, for
1.2 hydroxyl groups per C9 unit (Kirk, 1975). The maximum DE of
modified lignin could reach 93.45%, evidently indicating that lignin
was the most reactive component in SCB. For hemicellulose isolated
from SCB, the CCOOH of maleated hemicellulose rapidly reached
1.917 mmol g−1 at the reaction time of 30 min, but it almost did not
increase as prolonging the reaction time. As an increment of reaction
time to 90 min, the CCOOH slowly increased to the maximum value of
2.291 mmol g−1. Hemicellulose is heteropolysaccharides in the plant
cell wall, and xylose was the predominant sugar component. While
mannose and glucose were small amounts, and rhamnose, arabinose,
and galactose were minor sugar constituents (Sun, Fang, Tomkinson,
Geng, & Liu, 2001; Sun, Sun, Sun, & Su, 2004). Therefore, hemicellulose

is mainly consisted of pentose sugar units for 2 hydroxyl groups per C5

unit, and the theoretical maximum CCOOH of maleated hemicellulose is
6.097 mmol g−1. Although the maximum DE of modified hemicellulose
was only 37.57% at 90 min, it is the second reactive component in SCB
as the DE quickly reached a higher value of 31.45% at initial 30 min. To
analyze why the reactivity of hemicellulose decreased as increasing the
reaction time, the filtrate collected from washing purification process of
maleated hemicellulose was measured by HPLC, and a large number of
oligosaccharides and monosaccharides were detected, showing that the
stability of single hemicellulose component was poor and the poly-
saccharides backbones were easily decomposed, especially under in-
tense mechanical milling. As a result, the chemical modification of
hemicellulose was difficult to go smoothly. Cellulose is considered as a
recalcitrant component in lignocellulose, and it hardly react with che-
mical reagents without activation pretreatment because of its highly-
ordered and stable crystalline structure ascribed to strong inter- and
intramolecular hydrogen bonds. Rowell et al. (1994) reported that the
reactivity of cellulose isolated from pine was almost zero as reacted
with acetic anhydride, mainly ascribing to low accessibility of hydroxyl
groups in cellulose. Undoubtedly, esterification of cellulose is im-
possible took place under common solid state reaction conditions. For
the esterification of cellulose by MASPR, intense milling could effec-
tively destroy its recalcitrant structure and enhance the contact be-
tween esterifying agents and the hydroxyl groups of cellulose. Ob-
viously, the CCOOH of maleated cellulose gradually increased with
increasing the milling time, from 1.386 mmol g−1 (30 min) to
3.770 mmol g−1 (120 min). Cellulose is polydisperse linear polymer of
β-1,4-D-glucose for 3 hydroxyl groups per C6 unit (Yang, Zhang, & Xu,
2015), and the theoretical maximum CCOOH of maleated cellulose is
6.579 mmol g−1. Therefore, the maximum DE of modified cellulose
could reach 57.30%, due to the improved reactivity of cellulose by MA.

In order to further investigate the reactivity of different components
of SCB, multicomponents (holocellulose and lignocellulose) were also
esterified by MASPR. Holocellulose, prepared from SCB by the removal
of lignin, is a combined component consisted of cellulose and hemi-
cellulose, and the theoretical maximum CCOOH of maleated holocellu-
lose is 6.381 mmol g−1. Normally, the CCOOH of maleated holocellulose
should equal to the sum of those of maleated cellulose and hemi-
cellulose. It seems that the esterification of holocellulose approximately
reflected the combined results of esterified cellulose and hemicellulose.
Nevertheless, these two components were cross-linked with each other,
and the structure of holocellulose was more stable than that of single
component. At the initial reaction stage, the DE of maleated holo-
cellulose was lower than both of maleated cellulose and hemicellulose,
ascribing to that the stable structure of holocellulose was not effectively
destroyed by less milling time. As sequentially increasing the milling
time, the DE of maleated holocellulose gradually increased, which ex-
ceeded the sum of those of maleated cellulose and hemicellulose, im-
plying that cross-linked structure could protect hemicellulose from
hydrolysis and thus improved the esterification of holocellulose. After
120 min of esterification, the CCOOH and DE of maleated holocellulose
could reach 3.193 mmol g−1 and 50.04%, respectively. SCB

Fig. 2. Effect of reaction time on CCOOH and DE values of
different modified samples.

T. Gan et al. Carbohydrate Polymers 181 (2018) 633–641

635



represented the whole structure of lignocellulose, and the esterification
of SCB revealed the comprehensive results of esterified lignin, hemi-
cellulose, and cellulose. These three monocomponents in SCB associate
with each other to form a highly-ordered cellulose-hemicellulose-lignin
supermolecular structure by hydrogen bonds and some other covalent
bonds, so the esterification of SCB was not a simple superposition of
that of three components. Not only the reactivity of each component
but also the native structure of lignocellulose affected the esterification
of SCB. After 120 min of esterification, the CCOOH and DE of maleated
SCB could reach 3.416 mmol g−1 and 64.17%, respectively.
Consequently, the order of reactivity was determined to be lignin >
hemicellulose > cellulose, indicating that increasing the reactivity of
cellulose was the main critical process to enhance the chemical mod-
ification of lignocellulose. The assistance of MA significantly improved
the reactivity of every component of SCB in solid phase reaction system
without the use of solvents, and the unreacted esterifying agent and
catalyst could be recycled by water or ethanol washing and the corre-
sponding recovery processes. Therefore, modification of lignocellulosic
biomass by MASPR technology can effectively prevent loss of materials
and pollution to environment, and it would be particularly beneficial
for industrialization.

3.2. Chemical structure by FTIR analysis

The titrimetric results were confirmed by FTIR analysis, which
could also further examine the functional groups and chemical struc-
ture of the samples before and after MA treatment and MASPR mod-
ification. FTIR spectra of original, MA treated, and MASPR modified
samples are illustrated in Fig. 3.

As shown in Fig. 3a, the spectrum of original lignin shows char-
acteristic peaks at 1598, 1511, 1460, and 1422 cm−1, corresponding to
aromatic skeleton vibrations (Zhou, Chang, Wu, Yang, & Qiu, 2015),
which confirmed that this isolated component was lignin. Lignin con-
tains phenolic hydroxyls with higher reactivity (Zhao et al., 2017),
contributing to that lignin was easier to react with esterifying agent
than hemicellulose and cellulose, which only contain aliphatic hydro-
xyls. After 120 min of MA treatment, a peak at 1698 cm−1 corre-
sponding to carbonyl group became stronger, which may be due to the
oxidation of phenolic hydroxyl groups and the generation of aldehyde,
ketone, or carboxyl groups. In addition, an absorption peak of
stretching vibration of aromatic and aliphatic eOH groups shifted from
3421 cm−1 to a higher wavenumber of 3436 cm−1, indicating that MA
increased the hydrogen bond energy and thus enhanced the reactivity
of lignin. Obviously, the spectrum of MASPR modified lignin shows a
new peak at 1717 cm−1, which was the overlapping characteristic ab-
sorption peaks of carboxyl and ester carbonyl groups, confirming the
successful esterification of lignin.

FTIR spectra of different hemicellulose samples are presented in
Fig. 3b. In the spectrum of original hemicellulose, the characteristic
signature frequencies of hemicellulose are shown at 3426, 2917, 1375,
and 1044 cm−1 (Vaidya et al., 2016), corresponding to OeH stretching
vibration, CeH stretching vibration, CeH bending, and CeO ether vi-
bration of xylopyranose, respectively. The peak at 896 cm−1 is assigned
to CeH out-of-plane in position ring stretching originated from β-glu-
cosidic linkages between the sugar units, corroborating that the xylose
residues forming the backbone of the macromolecule are linked by β-
form bonds (Xu et al., 2008). After MA treatment, the peak of OeH
stretching vibration (hydroxyl groups) shifted from 3422 to 3432 cm−1,
indicating the increase of internal energy and reactivity of hemi-
cellulose induced by MA. Esterification of hemicellulose was confirmed
by the new peaks at 1730, 1583, and 823 cm−1, attributed to stretching
vibration of carbonyl in ester groups, C]O stretching of carboxyl
groups, and ]CeH stretching in maleate groups, respectively.

Fig. 3c presents the spectra of different cellulose samples. Fig. 3c-1
shows the characteristic peaks of original cellulose at 3417, 2896, 1430,
1380, 1261, 1167, and 1057 cm−1, corresponding to stretching

vibration of eOH groups, CeH stretching vibration, CH2 bending, CeH
bending, OH in-plane bending of cellulose, CeO antisymmetric bridge
stretching, and CeOeC pyranose ring skeletal vibration, respectively
(Sun, Xu, Sun, Xiao, & Sun, 2005). No new absorption peak appearing
in the spectrum of MA-treated sample indicates that MA did not change
the chemical structure of cellulose, but MA could increase the internal
energy of cellulose and weaken the stability of hydrogen bond as the
peak of OeH stretching vibration shifted from 3417 to 3427 cm−1. The
difficulty of native cellulose to contact and react with chemical reagents
was mainly ascribed to its stable hydrogen bonds and highly-ordered
crystal structure, so MA could effectively enhance its accessibility and
reactivity. With the assistance of MA in SPR system, maleated cellulose
was successful produced, which was proved by the peaks at 1731 and
823 cm−1 attributed to the characteristics of carbonyl in ester groups
and ]CeH in maleated groups, respectively. Evidently, FTIR analysis
confirmed that all these three monocomponents had been successfully
esterified by MASPR.

Furthermore, the same method was also used to measure the che-
mical structure of holocellulose and SCB, and the results are illustrated
in Fig. 3d and e, respectively. FTIR spectra of holocellulose show the
characteristic adsorption peaks of cellulose and hemicellulose, and that
of SCB shows the characteristic adsorption peaks of cellulose, lignin,
and hemicellulose. There was a little difference between spectrum of
holocellulose and that of hemicellulose: a peak at 1735 cm−1, attrib-
uted to the acetyl, uronic, and ferulic ester groups of the poly-
saccharides in hemicellulose (Sun, Sun, Sun et al., 2004; Sun, Sun, Zhao
et al., 2004), was shown in the spectrum of holocellulose but was not
shown in that of hemicellulose. This phenomenon may be due to that
these water-soluble polysaccharides was easily hydrolyzed and was not
collected while isolated the hemicellulose monocomponent, but hemi-
cellulose combined with cellulose could inhibit the hydrolysis of these
polysaccharides, so they could present in holocellulose. Effect of MA
treatment on holocellulose and SCB was the same as on three mono-
components for the increase of internal energy and enhancement of
reactivity. Undoubtedly, holocellulose and SCB were esterified by
MASPR as new peaks generated at around 1730 and 823 cm−1, corre-
sponding to stretching vibration of carbonyl in ester groups and ]CeH
stretching in maleate groups, respectively.

3.3. Chemical structure by solid state CP/MAS 13C NMR analysis

Solid state CP/MAS 13C NMR is the most effective of the few
methods for the characterization of lignocellulosic materials, as it can
directly provide detailed information on solid samples to further vali-
date the FTIR results (Liu et al., 2007; Love et al., 1998). The changes in
chemical structure of lignin, hemicellulose, cellulose, holocellulose, and
SCB before and after MA treatment and MASPR modification were in-
vestigated by solid state CP/MAS 13C NMR, and the spectra are pre-
sented in Fig. 4.

For the spectrum of original lignin shown in Fig. 4a-1, the peaks at
100–155 and 20–90 ppm correspond to the signals from aromatic
carbon and aliphatic carbon, respectively (Fox & McDonald, 2010). The
characteristic signals at 165–180 and 33.7 ppm correspond to carbonyl
units and methylene bridges between aromatic nuclei, respectively. The
intensity of these two signals increased after MA treatment, indicating
that the oxidation of lignin by demethylation and depolymerization/
repolymerization could be induced by MA (Zhao et al., 2016). In the
spectrum of MASPR modified lignin, intensity of the signals at 165–180
and 135.2 ppm assigned to C]O and C]C increased, indicating that
maleic acid had been grafted onto lignin.

Fig. 4b shows the CP/MAS 13C NMR spectra of original as well as
MA treated and MASPR modified hemicellulose samples. The main 1,4-
linked β-D-Xylp units in hemicellulose were obviously confirmed by
strong signals at 105.7, 70.0–85.0, and 64.4 ppm, which are assigned to
C-1, C-4,3,2, and C-5 positions of the β-D-Xylp units, respectively
(Beramendi-Orosco, Castro-Diaz, Snape, Vane, & Large, 2004; Sun, Sun,
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Sun et al., 2004; Sun, Sun, Zhao et al., 2004). There was not any change
in the spectrum of MA treated hemicellulose, implying that MA did not
affect the structure of hemicellulose. In the spectrum of modified
hemicellulose, the signals appeared at 169.2 and 136.8 ppm corre-
sponding to C]O and C]C carbon atoms in maleate groups, respec-
tively, demonstrating the esterification of hemicellulose with maleic
acid by MASPR. Moreover, a distinguishing peak appeared at 83.4 ppm
indicated that the hydroxyl groups in C-3,2 position had reacted with
esterifying agent.

CP/MAS 13C NMR analysis of different cellulose samples are pre-
sented in Fig. 4c. For the spectrum of original cellulose, all major sig-
nals of the carbon atoms of carbohydrate moiety are distributed in the
region between 55 and 110 ppm. The signals at 105.6, 89.5, 83.3, 75.5,
73.4, 65.9, and 63.5 ppm are assigned to C-1, C-4 of crystalline

cellulose, C-4 of amorphous cellulose, C-2,3, C-5, C-6 of crystalline
cellulose, and C-6 of amorphous cellulose, respectively (Tang et al.,
2013; Vaidya et al., 2016). The spectrum of MA treated cellulose ob-
viously changed as the disappearance of 89.5 and 65.9 ppm for crys-
talline cellulose and the broadening of 83.3 and 63.5 ppm for amor-
phous cellulose, indicating that MA destroyed the crystal structure and
the amorphous region increased, which helped to improve the acces-
sibility and reactivity of cellulose. Although cellulose possesses the
lowest reactivity in lignocellulose, the strengthening effect of MA was
effective to enhance the esterification of cellulose, and the dependency
of cellulose on MA was stronger than that of lignin and hemicellulose.
As presented in Fig. 4c-3, the spectrum of MASPR modified cellulose
showed new signals at 167.3 and 137.7 ppm attributed to the presence
of C]O and C]C carbon atoms in maleate groups, respectively,

Fig. 3. FTIR spectra of different samples: (a) lignin, (b) hemicellulose, (c) cellulose, (d) holocellulose, (e) SCB, and 1, 2, 3 represent original, MA treated (120 min), MASPR modified
(120 min), respectively.
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confirming the maleylation of cellulose.
CP/MAS 13C NMR analysis of different holocellulose and SCB

samples were also carried out and the results are presented in Fig. 4d
and e. 13C NMR spectrum of holocellulose showed all the signals in the
monocomponents of cellulose and hemicellulose. In addition, the sig-
nals at 174.0 and 22.3 ppm attributed to the acetyl, uronic, and ferulic
ester groups of the polysaccharides and inherent acetylation of native
hemicellulose appeared in the spectrum of holocellulose but do not in
that of hemicellulose, indicating the easy hydrolysis of these con-
stituents, which is well consistent with FTIR result. Similarly, the
spectrum of SCB presented the total signals of cellulose, lignin, and
hemicellulose. MA treatment could destroy the crystal structure of both
holocellulose and SCB, and thus enhanced their reactivity. The increase

in intensity of the signals at 173.8 and 135.7 ppm assigned to C]O and
C]C in the spectra of modified samples confirmed the maleylation of
holocellulose and SCB by MASPR.

3.4. Morphology observation by SEM analysis

The morphological changes in the samples before and after MA
treatment and MASPR modification are shown in Fig. 5. The surface of
original lignin and hemicellulose was rough and porous, coated with
many irregular particles, confirming their better accessibility and re-
activity. After MA treatment and MASPR modification, the surface
structure of lignin and hemicellulose was not obviously changed,
mainly the changes in distribution of porosity. Different from lignin and

Fig. 4. CP/MAS 13C NMR spectra of different samples: (a) lignin, (b) hemicellulose, (c) cellulose, (d) holocellulose, (e) SCB, and 1, 2, 3 represent original, MA treated (120 min), MASPR
modified (120 min), respectively.
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hemicellulose, the original cellulose, holocellulose, and SCB consist of
fiber bundles with compact and smooth surfaces. After MA treatment
and MASPR modification, these three samples were greatly destroyed
and the fiber bundles were split and fractured to produce small particles
with irregular and rough surfaces. For the destruction of compact
structure and increase of amorphous structure and specific surface area,
the reagents could easily contact and react with the hydroxyl groups,
which thus increased the accessibility and reactivity of cellulose, ho-
locellulose, and SCB. Consequently, the destruction of the stable
structure of crystalline materials by MA played an important role for
enhancing the chemical modification in solid phase reaction system.

3.5. Crystal structure by XRD analysis

For crystalline solid materials, XRD analysis is a reliable indicator
for measuring the transformation of its structure. As lignin and hemi-
cellulose are mainly amorphous polymers in plant biomass (Ren et al.,
2007; Tran et al., 2016), only three crystalline samples (cellulose, ho-
locellulose, and SCB) were characterized by XRD analysis, and the re-
sults are presented in Fig. 6.

The crystalline region in holocellulose and SCB is mainly attributed
to the containing of cellulose, so XRD patterns of all these three samples
are similar. The four characteristic peaks at 2θ= 15.1°, 16.2°, 22.2°,
and 34.7° corresponded to 101, 10-1, 002, and 040 diffraction planes of
the cellulose I crystalline form, respectively (Liao, Huang, Hu, Zhang, &
Tan, 2011). The intensity of diffraction peaks of MA treated samples
was weaker than that of original ones, and the diffraction peaks became
broadening. These reveal that MA significantly destroyed the stable
hydrogen bonds in these samples and caused the fracture of macro-
molecular chains, the destruction of crystalline structure, the variation
of crystallite size, and the increase of amorphous region (Zhang, Gan,
Luo et al., 2014), which agree well with the results of above analyses.
Compared with the patterns of MA treated samples, the diffraction in-
tensities of MASPR modified samples were stronger, resulting from the
weakening of direct mechanical milling on the crystalline materials in
the presence of esterifying agent and catalysis and new crystallization

of grafted side chains. Evidently, the breaking of crystal structure of
cellulose by MA provided significant effect on improving the reactivity
of cellulose, holocellulose, and SCB.

4. Conclusions

The comparative investigation for chemical modification of the
main components isolated from SCB by MASPR showed that the order
of reactivity was lignin > hemicellulose > cellulose. The highest re-
activity of lignin mainly attributed to the containing of phenolic hy-
droxyls and its amorphous structure. The maleylation of lignin and
hemicellulose rapidly reached high DE in initial reaction stage, and the
maximum DE values were obtained to be 94.45% and 37.57% at
90 min. Modified hemicellulose did not gain a higher DE as increasing
the reaction time due to that the stability of single hemicellulose
component was poor and the polysaccharides backbones were easily
decomposed. Cellulose is a recalcitrant component in lignocellulose
with poor reactivity because of its stable crystalline structure. MA could
effectively destroy the inter- and intramolecular hydrogen bonds,
compact fibrous structure, and crystalline structure of cellulose and
thus improved its accessibility and reactivity, as the DE of modified
cellulose gradually increased with milling time and reached the max-
imum value of 57.30% at 120 min. As the most important component of
lignocellulose, the structure changes and esterification of cellulose had
significant effect on those of holocellulose and SCB. MA enhanced the
esterification of all three components in lignocellulose with relatively
high substituent distribution in them, and maleated SCB with a max-
imum DE of 64.17% was successfully produced by MASPR technology.
MASPR could be considered as a simple, environmentally friendly, and
effective method for chemical modification of lignocellulose.
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