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Different Lignocellulosic Residues Prepared by the Ethanosolv
Process and Bleaching Treatment with Hydrogen Peroxide

Suchat Pongchaiphol, Thanchanok Preechakun, Marisa Raita,* Verawat Champreda,
and Navadol Laosiripojana

Cite This: ACS Omega 2021, 6, 22791-22802 I: I Read Online

ACCESS | il Metrics & More | Article Recommendations
Efficiency of ethanosolv and bleaching process
Lignocellulosic residues DCellulose OHemicellulose Cellulose-chitosan-based materials
BLignin AHemicellulose removal
® Lignin removal ©Cellulose purity
100 100
[ 'Y . Chitosan
- Ethanosolv 90 ; A 90

°

°
° s o

70
60 60
50 50
20 20§ =  SEM/FTIR/XRD/TGA
0 0 = Thickness/Porosity

= Absorbency test

0

Biomass source

== - Bleaching
process

—>

Composition (%)

Recovery (%) or Removal (%) or Purity (%)

ABSTRACT: Cellulose-based composites are promising biomaterials with potent applications in absorbents, cosmetics, and
healthcare industries. In this study, the cellulose fractions from various agricultural residues, including bagasse (BG), rice straw (RS),
corncob (CC), and palm fiber (PF), were prepared by the organosolv process using 70% v/v ethanol, followed by bleaching and
forming with chitosan powder. Organosolv treatment at 180 °C of BG, RS, and PF and at 190 °C of CC for 60 min using H,SO, as
the catalyst was optimal for high cellulose recovery (87.9—98.9%) with efficient removals of the hemicellulose (59.3—86.0%) and
lignin (61.1—73.7%). High cellulose purity in the solids (76.9—86.8%) was obtained after bleaching with 4% v/v H,0, compared
with that of 84.9% for commercial cellulose. The isolated celluloses were incubated with 2% w/v chitosan solution in acetic acid for
the formation of the hydrogen-bonding interaction between the cellulose fiber and chitosan. The pieces of evidence of the obtained
sheet materials were characterized by scanning electron microscopy, Fourier-transform infrared spectroscopy, X-ray diffraction
analysis, and thermogravimetric analysis. All cellulose—chitosan materials absorbed water fraction in the range of 54.3—94.2 g/m’.
Efficient oil absorption was observed for cellulose—chitosan sheets prepared from PF (96.3 g/m?*) and CC (81.1 g/m?*). This work
demonstrated the preparation of potent biobased absorbents with a promising application in waste treatment and healthcare
industries.

1. INTRODUCTION the form of a complex lignocellulosic structure.” Several
Cellulose is a polymeric highly crystalline structure composed chemical and thermochemical pretreatment methods, for
of linear chains of polysaccharide of D-glucose monomers example, liquid hot water, diluted acid alkaline, and organosolv
which are linked together by f-1,4-glycosidic bonds. It is an processes, are interestingly attractive for separating the

abundant natural polymer with advantageous properties
including its biodegradability and recyclability which make
cellulose an eco-friendly material with various applications.
Lignocellulosic plant biomass is the main source of cellulose
which can be further converted into fuels, chemicals, and Received:  June 15, 2021
materials. The annual production of lignocellulosic residues Accepted: July 30, 2021
from forestry and agricultural residues worldwide was 181.5 Published: Angust 23, 2021
billion tons." Cellulose content in agricultural wastes is in the

range of 35—50%, while the rest comprises hemicellulose (20—

35%) and lignin (10—20%), which are associated together in

cellulose fraction from various lignocellulosic materials® with

variation in specificity toward the removal of noncellulose
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Table 1. Chemical Compositions of Different Lignocellulosic Biomasses on a Dry Weight Basis

composition (%)

lignocellulosic biomass cellulose hemicellulose
BG 293 + 0.1 19.7 £ 0.5
RS 37.5+ 0.0 209 + 1.7
CcC 37.5 + 0.3 324 + 1.1
PF 27.0 £ 2.2 24.5 + 0.6

lignin ash Extractives
272 + 49 74 + 0.0 164 + 4.2
249 + 1.7 62 + 02 10.6 + 0.6
21.6 + 0.0 2.0 + 0.0 6.6 + 0.4
38.1 + 5.7 3.5+03 6.9 + 0.8

components using different mechanisms. This results in the
enrichment of the cellulose fraction with a higher susceptibility
to subsequent enzymatic processing.4

Organosolv is an efficient process which uses organic
solvents, mostly alcohols (methanol, ethanol, ethylene glycol,
and glycerol) and organic acids (acetic acid and formic acid),
for the pretreatment of lignocellulosic materials.” This method
offers high efficiency on lignin solubilization, resulting in the
preparation of a cellulose fraction with high purity. The solvent
can be simply recovered and recycled using distillation
methods.® Among various solvents, ethanol is the most widely
used solvent in organosolv, and the process, called ethanosolv,
is advantageous due to its high delignification efficiency with
the nontoxic nature and easy recovery of ethanol.’ The isolated
lignin from the organosolv process offers high purity with a
trace sugar contamination, a good solubility in many organic
solvents, and low molecular weight. Organosolv lignin can be
used as starting materials or additives in many applications
such as preparation of phenolic compounds,” polymeric
materials (phenolic powder resins, polyurethane, and epoxy
resins),” and carbon fiber.” The process usually operates with
25—75% v/v ethanol under the temperature range of 140—220
°C for 30—240 min.”*'" However, the suitable operating
conditions with the balance on economic feasibility of the
ethanosolv process need to be optimized for individual
biomass and the setup of operating machines. The enriched
cellulose fraction is further bleached using various chemicals,
for example, chlorine-based (NaClO and ClO,) and the more-
eco-friendly peroxide-based agents such as H,O,."" This leads
to the removal of the residual lignin to obtain cellulose fibers
with high brightness. The obtained cellulose fibers are
odorless, tasteless, insoluble in water, and organic solvents
with conserved inter-/intramolecular hydrogen bonds and van
der Waals forces in the structure, which can be used for various
applications.

The cellulose-based material is a promising three-dimen-
sional network of structural polymer containing numerous
hydrophilic hydroxyl groups, making it potent for water
absorption by trapping water inside the structure.'” The
cellulose-based absorbents are used in various applications
such as smart materials, waste treatment, healthcare and
hygienic products, agricultural materials, and textiles.'” Other
natural polymers, such as chitosan which is obtained from the
partial deacetylation of chitin isolated from crustaceans and
insects, also possess absorbent property by interacting with its
amine groups.”” Chitin also possesses antimicrobial activity,
biocompatibility, and biodegradability properties desirable for
application in medical fields. Interestingly, the polymeric
material formed between cellulose and chitosan has been
shown to improve the performance on absorption due to the
increasing capability to absorb water and the stability of its
structure. * It was then applied in various fields such as tissue
engineerin%, drug delivery, wound dressing, and metal
absorbent.""?

22792

In this work, the preparation of cellulose fibers from
different potent agricultural wastes including bagasse (BG),
rice straw (RS), corncob (CC), and palm fiber (PF) using an
ethanosolv process was studied. The pretreated cellulose-
enriched fractions were bleached by hydrogen peroxide and
formed with chitosan. The cellulose—chitosan materials or
sheets were characterized for absorption property and physical
characteristics by different techniques [scanning electron
microscopy (SEM), Fourier-transform infrared (FTIR) spec-
troscopy, X-ray diffraction (XRD) analysis, and thermogravi-
metric analysis (TGA)] compared to the composite material
obtained from commercial cellulose and chitosan. This work
provides insights into the property of the cellulose—chitosan-
based materials and potential for further industrial applications.

2. RESULTS AND DISCUSSION

2.1. Ethanosolv Pretreatment of Different Lignocel-
lulosic Biomasses. All raw materials used in this study
showed good homogeneity as preliminarily observed from their
physical appearance (Figure 2) prior to the chemical
composition analysis. This resulted from the biomass physi-
cally processed and sieved to a specific size range. According to
the chemical composition analysis, RS and CC contained the
highest cellulose content of higher than 37.5%, followed by BG
(29.3%) and PF (27.0%), respectively. The hemicellulose and
lignin contents were in the ranges of 19.7—32.4 and 21.6—
38.1% (w/w) on a dry weight basis, respectively, as listed in
Table 1. The minor ash content and the extractive fraction
containing starch, wax, syrup, organic acids, and the soluble
protein were in ranges of 2.0—7.4 and 6.6—16.4% (w/w),
respectively.

In the organosolv pretreatment, the use of ethanol as an
organic solvent in the presence of an acid catalyst showed
major effects on the solubilization of hemicellulose and lignin
from the biomass due to cleavages of internal ether bond in
lignin and the intermolecular lignin—hemicellulose bond."®
The efliciency of the organosolv process depends on the type
of solvents, the operating conditions, and the nature of the raw
materials.'® However, the reaction temperature represented
one of the most influencing factors on the ethanosolv
pretreatment of biomass reported by previous studies.'”"®
Therefore, the fractionation of cellulose fractions from various
lignocellulosic residues in this work focused on studying the
effect of the reaction temperature on fixing the other reaction
parameters in the organosolv process. The effects of reaction
temperature in the range of 160—190 °C were studied in the
ethanosolv pretreatment of various biomasses using 70%
aqueous ethanol for 60 min with an addition of 1% w/w
H,SO, as an acid catalyst. The process efficiency in terms of
pulp yield, cellulose recovery, along with the hemicellulose and
lignin removals in ethanosolv pretreatment is shown in Figure
1. Increasing the temperature from 160 to 190 °C showed
increasing trends of hemicellulose and lignin solubilization into
the solvent phase along with the lower pulp yield in the range
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Figure 1. Effects of organosolv pretreatment at different temperatures
on the chemical composition of different raw materials: (A) BG, (B)
RS, (C) CC, and (D) PF. The reaction contained 10% (w/v) biomass
in a ratio of 70% aqueous ethanol with 1% w/w H,SO, with stirring at
400 rpm for 60 min.

of 64.2—40.2% on the weight basis, leading to the enrichment
of cellulose in the solid fractions. Partial removals of the
noncellulosic components were in the range of 35.6—87.0% for
hemicellulose and 49.4—73.7% for lignin for all the studied raw
materials. The highest cellulose recoveries of 91.6 and 87.9%

were achieved for BG and RS, respectively, at 180 °C, while
the highest recoveries of 99.0 and 98.7% were obtained for CC
and PF at 170 °C, respectively. The reaction temperature at
190 °C gave the highest removal efficiencies on hemicellulose
and lignin with 66.6—87.0 and 61.1—73.7%, respectively, for
different raw materials. The trends observed on the effect of
reaction temperature agree well with those reported in the
previous work, suggesting that the increase of temperature led
to the increasing removal of the noncellulosic components. For
example, the previous study reported that the ethanosolv
pretreatment of corn straw using the mixture of 75% aqueous
ethanol in the presence of an acid catalyst and H,0, as an
oxidizing agent in the temperature range of 100—160 °C led to
increasing hemicellulose and lignin removals in the ranges of
38.5—100.0 and 68.0—99.6%, respectively."’

Among delignification from different lignocellulosic residues
under the experimental condition, the higher lignin removal
efficiencies with 73.7 and 73.4% were observed from CC and
RS compared to other pretreated biomass of BG and PF with
67.8 and 61.1%, respectively, after the ethanosolv process at
190 °C. According to the high cellulose recovery with high
removal efficiencies of hemicellulose and lignin, the solid
fractions obtained at 180 °C for BG, RS, and PF and 190 °C
for CC were considered optimal conditions and used for the
preparation of the cellulose fractions in subsequent experi-
ments.

2.2, Bleaching of the Cellulose Pulps. After the
ethanosolv pretreatment, the solid pulps isolated from different
biomasses under the respective optimal conditions were
bleached using H,0, under alkaline conditions to further
remove the residual lignin and associated hemicellulose.
Hydrogen peroxide (H,0,) is commonly used as an oxidative
agent in the paper industry. The alkaline hydrogen peroxide
(AHP) process led to efficient delignification by cleaving the
lignin structure, which also resulted in the partial removal of
hemicellulose associated with lignin.”>*' Remarkable increases
in the whiteness of the pulps were observed for all
lignocellulosic biomass after the bleaching step (Figure 2).
This bleaching agent under alkaline conditions resulted in the
generation of oxidative radicals, especially perhydroxyl anion
(HOO™), which led to the oxidation of the quinone structure
in lignin to low-molecular aliphatic compounds and the
chromophore structure of lignin at carbonyl groups involved in
the color change. 2223 Additionally, H,O, affected the
interruption of the conjugated double bonds in the lignin
structure, which resulted in altering the dark brown color of
lignin to colorless.”* Removal of lignin by bleaching led to the
enrichment of the cellulose fraction and increased brightness,
as shown in Figure 3. The bleached pulps showed a high
cellulose purity (76.9—86.8%) compared to the raw materials
(27.0-37.5%). The hemicellulose and lignin contents were
decreased to 1.1—4.2 and 1.0—2.2%, respectively, equivalent to
the total hemicellulose and lignin removal of 79.9—95.8 and
91.8—97.1%, respectively, compared to the raw materials. The
purity of cellulose achieved was similar to that of the
commercial grade cellulose (84.9%), which contained the
hemicellulose and lignin fraction with 12.2 and 2.8%,
respectively. The results on cellulose purity and removal of
hemicellulose and lignin in our study were correlated to several
previous works using H,0, as a green agent both in the
bleaching and pretreatment process.” This led to the
increasing efficiency of the lignin and hemicellulose removal
and safety compared to the use of toxic chlorine-based
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Figure 2. Illustration of cellulose pulps from different raw materials before and after bleaching: (A) BG, (B) RS, (C) CC, (D) PF, (E) bleached BG,

(F) bleached RS, (G) bleached CC, and (H) bleached PF.
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Figure 3. Effects of bleaching on chemical compositions of the cellulose pulps from different raw materials pretreated by the organosolv process at
the optimized reaction temperature. The organosolv cellulose pulps were bleached by 4% v/v H,0, at pH 11.5 adjusted by NaOH and incubated at

80 °C for 6 h.

chemicals. The previous study reported that the H,O,
bleaching treatment on the wood samples under 6% H,O,
with 1% NaOH and trisodium citrate dihydrate at 60 °C for
2.5 h resulted in 8.7 and 38.7% of hemicellulose and lignin
removals.”” In addition, the AHP pretreatment of sugarcane
BG, oil palm mesocarp fiber, and corn stover at different
reaction conditions demonstrated in the range of cellulose
purity (58.1—65.9%), hemicellulose removal (19.8—84.7%),
and lignin removal (17.6—78.6%), respectively.””~*’ Later, the
bleached cellulose pulps were then used for the subsequent
preparation of cellulose—chitosan materials in the next step.
2.3. Physicochemical Characterization of Cellulose—
Chitosan Materials. 2.3.1. Physical Appearance and SEM
Analysis. The cellulose—chitosan-based materials prepared
from all lignocellulosic biomasses were formed as thin
nontransparent sheets with white color similar to the sample
prepared from the commercial cellulose (Figure 4). The
physical characteristics of the cellulose—chitosan composites
were different from the chitosan sheet, which was formed as a

Figure 4. Illustration of cellulose—chitosan-based materials: (A) BG
sheet, (B) RS sheet, (C) CC sheet, (D) PF sheet, (E) commercial
cellulose sheet, and (F) chitosan sheet.
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Figure S. SEM analysis of cellulose—chitosan-based materials compared to the commercial cellulose and chitosan powder: (A) BG sheet, (B) RS
sheet, (C) CC sheet, (D) PF sheet, (E) commercial cellulose sheet, (F) chitosan sheet, (G) commercial cellulose powder, and (H) chitosan

powder.

thin and fragile transparent film. Later, the morphology and
structure of all cellulose—chitosan-based materials were
analyzed by SEM (Figure S). It was found that the RS and
PF sheets contained the long crisscross fiber formed similar to
small tree branches, while the BG and CC sheets contained a
dense fiber structure with various lengths such as small flakes
with short branches and rough flat pieces. The commercial
cellulose sheet showed a nonfibrous and flat structure, while
the commercial chitosan sheet and powder presented a
nonporous and smooth structure. All cellulose—chitosan-
based materials prepared from the biomass showed more
branched-fibrous network structures, especially the RS and PF
sheets, resulting in more porosity and structural connection
compared to the sheet material prepared from the commercial
cellulose. The results suggested that the ethanosolv process
developed in this study can be used to prepare the cellulose
fibers with low damage to the cellulose structure and efficient

removal of the hemicellulose and lignin. This corresponded to
the previously reported pretreatment of biomass by the
organosolv process, which led to high cellulose recovery in
the solid fraction and more efficiency of hemicellulose and
lignin solubilization compared to the other pretreatment
methods.® The structures of sheet materials observed was
similar to those reported from previous works.”” ' According
to previous SEM analysis, it was found that the paper sheets
prepared from bleached BG and RG pulps presented the dense
fiber with the short branch structure and long crisscross fiber,
respectively.”’ A fiber structure with small pores was shown
from the paper-based bacterial cellulose—chitosan nano-
composites.”” Besides, the structure of the chitosan membrane
obtained from mixing with 1% v/v acetic acid also appeared
with a smooth flat surface structure and no pores.™

2.3.2. Thickness Analysis. The thickness and porosity of PF,
CC, RS, and BG sheets varied between 0.178 and 0.385 mm

https://doi.org/10.1021/acsomega.1c03141
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and 12.7—79.7%, respectively (Table 2). The PF sheet showed
the highest thickness with 0.385 and contained the highest

Table 2. Thickness and Porosity of the Cellulose—Chitosan-
Based Materials”

samples thickness (mm) porosity (%)
BG sheet 0.178 + 0.005 12.7 + 2.4
RS sheet 0.251 + 0.026 552 + 4.7
CC sheet 0.266 + 0.013 613 + 1.8
PF sheet 0.385 + 0.035 79.7 + 1.9
commercial cellulose sheet 0.193 + 0.010 S1.2 +24
chitosan sheet 0.065 + 0.006 ND

“ND: not detectable.

porosity of 79.7%, while the low thickness of the BG sheet was
observed with the minimum porosity of 12.7% compared to
the commercial cellulose sheet with a thickness of 0.193 mm
and a porosity of 51.2%. No porosity was observed from the
chitosan sheet. Increasing thickness of the cellulose—chitosan
sheets was found to be related to their increasing porosity due
to the space formation during the cellulose—chitosan-based
material preparation step, resulting in a swollen structure with
high porosity. This porous structure of the cellulose—chitosan
sheets prepared from different biomasses corresponded to the
SEM analysis which showed more branched-fibrous structures
and pores from PF, CC, and RS as feedstocks, respectively.
The observed thickness of the cellulose—chitosan sheets
observed in this work was in the same range to those prepared
from cellulose—chitosan nanocomposite, cellulose nanofibril,
cellulose hydrogel derived from palm oil trunk, and bacterial
cellulose membrane from Acetobacter xylinum, which were in
the range of 0.060—0.540 mm.””**~**

2.3.3. Absorbent Efficiency Analysis. Generally, the
absorbent material prepared from cellulose fibers can
effectively absorb water by interactions between the hydroxyl
groups of the fibers and water molecules.”> The amorphous
regions of cellulose together with the free spaces between the
noncrystalline hemicellulose led to the swelling property and
water retention of cellulose-based materials.’® Apart from the
hydroxyl groups of cellulose, the amine groups of chitosan are
also good hydrophilic sites for water uptake.”” The water
absorption efficiency of cellulose—chitosan sheets prepared
from biomass in this study was in the range of 54.3—94.2 g/m*
(Figure 6), which were correlated to the increase in porosity of

the sheet materials. However, the water absorption of the
commercial cellulose sheet with 54.8% was rather lower than
the cellulose—chitosan materials prepared from RS, CC, and
PF due to less hydrophilic sites and porosity characteristic. The
oil absorption efficiencies of 96.3 and 81.1 g/ m? were observed
only for PF and CC sheets. The ability on oil absorption was
related to the hydrophobic surfaces, porosity, and intercon-
nected pores of the materials.”® The PF and CC sheets
presented very high porosity which potentially led to their high
absorption of oil on the hydrophobic sites in these materials.
Variation in the oil adsorption efficiency was previously
reported for different cellulose-based materials, for example,
cellulose nanofibril—polyvinyl alcohol microspheres, cellulose
hydrogel, and cellulose nanofibril aerogel.**~*’

2.34. FTIR Analysis. The functional group profiles of
cellulose—chitosan-based sheets, commercial cellulose, and
chitosan powder were determined by FTIR analysis (Figure 7
and Table 3). The FTIR spectra of commercial cellulose
showed signature peaks at 3341.58 cm™' for O—H stretching,
2904.27 cm™" for C—H stretching of CH,, 1643.70 cm™" for
O—H bending, 1371.42 cm™" for C—H bending, and 1161.46
cm™ for C—O—C stretching, corresponding to the spectra
band of cellulose previously reported by Kwon et al. (2020)
and Wahid et al. (2019).*"* The specific absorption peaks at
1655.81 and 1573.09 cm™" of C=0 stretching from amide I
and N—H bending were observed from the pure chitosan
powder,** while the sheet sample prepared from pure chitosan
showed the peak of C=N stretching of the amine group at
1556.26 cm™), suggesting the internal linkage between each
chitosan molecule.”™* All cellulose—chitosan sheets obtained
from various lignocellulosic biomasses demonstrated the
signature peaks present in both commercial cellulose and
chitosan. The detail in the formation of the hydrogen-bonding
interaction between cellulose and chitosan from BG, RS, CC,
and PF sheets was observed from the lower intensity of O—H
bending compared with commercial cellulose containing the
high intra- and intermolecular hydrogen bonds with abundant
hydroxyl groups. This result of hydrogen-bonding formation
observed corresponded to previously reported results for
bacterial cellulose—chitosan hydrogel*” and semi-IPN super-
absorbent chitosan—starch hydrogel.*> Besides, the lower
intensity of C—H stretching of CH, from all cellulose—
chitosan samples was observed compared to commercial
cellulose, which could be due to the lower methylene group
after the formation of cellulose—chitosan sheets.
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Figure 6. Water and oil absorbency of cellulose—chitosan-based materials prepared from different raw materials and commercial cellulose.
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Figure 7. FTIR spectra of cellulose—chitosan-based materials compared to the commercial cellulose and chitosan powder.

Table 3. FTIR Analysis of the Cellulose—Chitosan-Based Materials Compared to the Commercial Cellulose and Chitosan

Powder
wavenumber (cm™") of the functional group
O-H C—-H C=0 O-H N-H C=N C-H C-0-C
sample stretching stretching stretching bending bending stretching bending stretching
BG sheet 3349.55 2899.26 1640.74 1556.36 1373.56 1161.30
RS sheet 3349.96 2898.71 1642.26 1557.13 1374.02 1161.07
CC sheet 3341.92 2897.79 1641.94 1556.15 1374.45 1160.20
PF sheet 3337.20 2903.37 1641.61 1557.27 1372.87 1160.87
commercial cellulose 3349.83 2902.74 1642.74 1561.89 1372.86 1161.68
sheet
chitosan sheet 3367.15 2888.84 1641.81 1556.26 1153.88
commercial cellulose 3341.58 2904.27 1643.70 1371.42 1161.46
chitosan powder 3367.33 2880.40 1655.81 1573.09 1152.89

2.3.5. XRD Analysis. The microstructures of cellulose—
chitosan sheets, commercial cellulose, and chitosan powder
were analyzed by XRD (Figure 8). It was found that all sheet
materials and the commercial cellulose showed the two main
XRD peaks approximately at 20 = 15 and 22° corresponding
to (110) and (200) planes, respectively, which are attributed to
the typical cellulose I structure.*™** Especially, the XRD
pattern of all cellulose—chitosan sheet samples demonstrated
these lower intensity peaks compared to the commercial
cellulose powder. This could be due to the decline in the free
hydroxyl group (OH group) resulted from the formation of
hydrogen-bonding interactions between the cellulose and
chitosan structure corresponding to the lower FTIR absorption
of O—H bending from all cellulose—chitosan sheets. Mean-
while, the chitosan sheet showed no significant crystalline peak
due to the internal linkage of the chitosan molecule similar to
the chitosan film and hydrogel previously reported by Cervera

et al. (2004) and Wahid et al. (2019).*** The chitosan
powder presented two different broad peaks at 26 = 9.50 and
19.74° referred to the semicrystalline structure from strong
intra- and intermolecular interactions of hydrogen bonds
formed among amine, alcohol, and other functional groups
present in the chitosan molecule.*’

In addition, the decrease in the intensity of the crystalline
structure in the XRD pattern was related to the lower
crystallinity index of all sheet materials with the range from
43.3 to 51.0% when compared to 65.7% of the commercial
cellulose (Table 4). It indicated that the formation of hydrogen
bonding between cellulose and chitosan led to the decline in
the crystallinity index. Besides, this lower crystallinity index
correlated to the absorbency test that showed the increase in
the water absorption efficiency of the PF, CC, and RS sheets,
resulting in more swelling and water retention from the high
amorphous regions of the materials.
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Figure 8. XRD patterns of cellulose—chitosan-based materials compared to the commercial cellulose and chitosan powder.

Table 4. Crystallinity Index of the Cellulose—Chitosan-
Based Materials Compared to the Commercial Cellulose
and Chitosan Powder”

sample crystallinity (%)
BG sheet 51.0
RS sheet 47.0
CC sheet 459
PF sheet 433
commercial cellulose sheet 522
chitosan sheet ND
commercial cellulose 65.7
chitosan powder 52.6

“ND: not detectable.

2.3.6. Thermal Analysis. The thermal property of all
cellulose—chitosan-based materials prepared from various
biomasses was characterized by the TGA technique. The
results were compared with the commercial cellulose, chitosan
sheet, and chitosan powder (Figure 9). The TGA thermogram
at 30—900 °C of all samples demonstrated the single step
thermal degradation pattern. The TGA curve of the chitosan
sheet was sharply higher with thermal degradation at 180 °C,
while the other samples were initially decomposed in the range
of 200—350 °C. Its degradation at lower temperatures could be
due to the change in the ordered structure after the formation
of the chitosan sheet corresponding to no observation in the
crystalline peak from XRD analysis. The weight loss starting at
around 250 and 230 °C was observed for the commercial
cellulose sheet and chitosan sheet, respectively, similar to the
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Figure 9. TGA thermograms of cellulose—chitosan-based materials compared to the commercial cellulose and chitosan powder.
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decomposition of the cellulose—chitosan-based composition,
as reported in previous works.’””' The TGA degradation
pattern of all cellulose—chitosan sheets prepared from biomass
and commercial cellulose were obviously decreased from 200
to 380 °C with the range of weight loss from 5 to 71%. At the
temperature higher than 400 °C, the lowest remaining weight
of commercial cellulose with <10% was observed, while the
other samples gave the residues ranging from 13 to 29%.

The chitosan powder and sheet showed the higher residues
compared to all cellulose—chitosan-based sheets due to the
impurity of the other contaminations in chitosan such as
protein and ash.”> According to the results, the commercial
cellulose presented the highest thermal stability and degrada-
tion, resulting in higher molecular weight and crystallinity
index with less contaminated substances in the chemical
structure.” Tt indicated that the higher thermal stability
correlated to the increase in the crystallinity index and high
intensity of O—H bending analyzed by XRD and FTIR
analysis, respectively. Moreover, the thermal stability of all
cellulose—chitosan sheets prepared from different sources was
comparable to the samples prepared from commercial
cellulose. The residues of all sheet materials at a temperature
higher than 400 °C presented the weight loss in between the
commercial cellulose and chitosan, suggesting the formation of
a hydrogen-bonding interaction between cellulose and chitosan
in the sheet materials.

3. CONCLUSIONS

In this work, the ethanosolv pretreatment with subsequent
H,0, bleaching was applied to provide the enriched cellulose
fraction with high purity for the preparation of the cellulose—
chitosan materials. Formation of the hydrogen-bonding
interaction between cellulose and chitosan was confirmed by
FTIR, XRD, and TGA. The cellulose—chitosan materials
prepared from different biomasses showed high performance
on water absorption ranked from PF > CC > RS > BG sheets,
while PF and CC sheets were capable on oil absorption, which
were relevant to their physical properties, for example, porosity
and thickness of the material structure. Moreover, the higher
water absorption by the prepared sheet materials was found to
correspond to the decline in the crystallinity index with lower
XRD peaks of the cellulose structure and thermal stability.
Interestingly, the PF and CC sheets could be good candidates
when used as absorbents in waste treatment and healthcare
industries,' """ as reflected by their properties. This work
provided the simple preparation method for the cellulose—
chitosan-based materials derived from local agricultural
biomass for further potential applications.

4. MATERIALS AND METHODS

4.1. Materials. Sugarcane BG was kindly provided by Mitr
Phol Sugar Mill (Chaiyaphum, Thailand). RG was obtained
from a local farm in Pathum Thani Province, Thailand. CC was
provided by an animal farm in Phetchabun Province, Thailand.
PF was obtained from Suksomboon Palm Oil Industry,
Songkla, Thailand. All of the biomasses were milled using a
cutting mill (Retsch ZM2000, Retsch GmbH, Haan, Germany)
and sieved to the size between 0.425 and 1 mm. The raw
materials were analyzed for the chemical compositions
following the National Renewable Energy Laboratory
(NREL) method.”* Chitosan powder (M,, = 5.4 X 10* Da)
was purchased from Sinudom Agriculture Products Ltd., Part

(Surat Thani, Thailand). Commercial cellulose (CAS no.
9004-34-6) was purchased from HIMEDIA (Mumbai, India).
Soybean oil was obtained from a local market (Angoon brand,
Thai Vegetable Oil PCL, Nakorn Pathom, Thailand).
Chemicals and reagents were of analytical grade obtained
from major chemical companies (Sigma, Merck, and Fluka).

4.2, Ethanosolv Pretreatment. The pretreatment process
was performed in a 1 L reactor (Parr Instruments 4520,
Moline, USA). The reactions contained 10% solid loading of
the raw material in 70% v/v aqueous ethanol in the presence of
1% w/w sulfuric acid (H,SO,) and the initial pressure of S bars
by nitrogen gas. The reactions were operated at 160—190 °C
for 60 min with stirring at 400 rpm. The reactions were
immediately quenched in an ice bath to cool down the
reactions. The cellulose-enriched fractions were separated from
the liquid phase by suction through a filter paper (Whatman
no. 4) and dried overnight for removing at 70 °C before the
calculation of pulp yield (eq 1). The pretreatment conditions
were evaluated based on cellulose recovery (eq 2), hemi-
cellulose removal (eq 3), and lignin removal (eq 4). The
chemical compositions of the pretreated biomass were
analyzed by the standard NREL method.

final solid pul ight
inal solid pulp weight (g) w 100] — %

% Pulp yield =
A initial biomass weight (g)

moisture content (1)

% cellulose recovery

final cellulose content (g) )
= X % pulp yield
initial cellulose content (g) (2)

% hemicellulose removal
(initial content — final content)} . icellulose (8)

X %
(initial COntent)hemicellulose (g) ’
pulp yield (3)
% lignin removal
(initial content — final content),,,.. (g)
— lgmn x %
(initial content);z,;, (g)
pulp yield (4)

4.3. Cellulose Bleaching by H,0, Treatment. The solid
pulps of each biomass obtained under the optimal conditions
were bleached using H,O, treatment according to the method
modified from Mussatto et al., 2008.>> The reactions contained
5% (w/v) dried solid pulp with 4% v/v H,O, with pH adjusted
to 11.5 by NaOH and then treated at 80 °C for 6 h. A fresh
H,0, solution was added to the reactions to 4% v/v H,O,
every 2 h. The solid fraction was collected by filtering through
a 0.045 mm sieve before washing with distilled water to neutral
pH and then kept at 4 °C before further use. The chemical
compositions were analyzed by the NREL method. The
percentage of cellulose purity was obtained from the cellulose
content in the solid fraction after the bleaching process.

4.4, Preparation of Cellulose—Chitosan-Based Mate-
rials. The chitosan solution was prepared by mixing 2% w/v
chitosan in 2% v/v acetic acid using a homogenizer (DLAB
D500, Beijing, China) and then heated at 100 °C with stirring
for 2 h. The chitosan solution was collected after centrifugation
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at 4000 rpm for 20 min. Next, 6 g of bleached cellulose
samples from different biomasses was added to 100 mL of the
chitosan solution and thoroughly mixed by a homogenizer and
then stirred at 100 °C for 30 min. The obtained solution (10
mL) was poured in plastic Petri dishes and left at room
temperature until completely dried. All sheet materials
prepared from different biomasses were compared with that
from the commercial cellulose.

4.5. Sugar Analysis. The sugar profiles (glucose, xylose,
and arabinose) after biomass composition analysis by the
NREL method were analyzed by a high-performance liquid
chromatograph (SPD-M10A DAD, Shimadzu, Kyoto, Japan)
equipped with a refractive index detector using an Aminex
HPX-87H column (Bio-Rad, Hercules, CA, USA) operating at
65 °C with S mM H,SO, as the mobile phase at a flow rate of
0.5 mL/min.

4.6. Characterization of Cellulose—Chitosan-Based
Materials. 4.6.1. Scanning Electron Microscopy. The
microstructure and morphology of the cellulose—chitosan-
based materials were analyzed by SEM using a FE-SEM
SUS000 (Hitachi, Tokyo, Japan). All samples were dried and
coated with gold for 50 s according to the standard protocol.”
An electron beam energy of 5 kV was applied for analysis.

4.6.2. Thickness Measurement. The thickness of the
absorbent materials was measured by a micrometer (Mitutoyo
103-137, Kanagawa, Japan). The average thickness of samples
was reported from three replicated measurements.

4.6.3. Porosity. The porosity of the samples is calculated
according to the equation (eq 5).%

e=1-|—2
[ [aXpl+b><p2]

where ¢ is the porosity of the sample (%); a and b are the
weight fractions of the actual retained cellulose pulp and
chitosan in the absorbent material; and p, p;, and p, are the
density of samples, cellulose (1.5 g/cm?), and chitosan (0.3 g/
cm®), respectively.

4.6.4. Absorbency Test. The absorption efficiency of each
cellulose—chitosan material was tested by immersing the
material in water or vegetable oil for S min at room
temperature according to the method modified from
Mohamed, El-Sakhawy, and Kamel (2017)* The analysis of
absorbency was calculated according to eq 6.

X 100

()

weight of oil or water drop (g)

Absorben /m?) =
v (g/m) area of liquid drop (m?)

(6)

4.6.5. Fourier-Transform Infrared Spectroscopy. The
functional groups on cellulose—chitosan-based materials were
characterized by FTIR (PerkinElmer System 2000, Waltham,
USA) with infrared spectra recorded in the wavenumber range
of 600—4000 cm™. The samples were prepared in potassium
bromide (KBr) before examining by using the standard test
method ASTM: E1252-98.

4.6.6. XRD Analysis. The crystallinity of cellulose—chitosan-
based materials, including commercial cellulose and chitosan,
was analyzed by XRD using an X'Pert PRO diffractometer
(PANalytical, Almelo, The Netherlands). The samples were
prepared to the size of 3 X 3 cm” prior to scanning at a speed
of 4°/min in the range of 20 = 5—40° with a step size of 0.04°

at 40 kV, 30 mA, and radiation at Cu Ka (4 = 1.54 A). The
crystallinity index was calculated according to eq 7.°”%

Iy, — L
Crystallinity index (%) = (M] X 100
002 (7)

where Iy, is the intensity of the peak for the crystalline portion
at 20 = 20° (chitosan) and 22° (cellulose) and I, is the
intensity of the peak for the amorphous portion at 26 = 10°
(chitosan) and 15° (cellulose).

4.6.7. Thermogravimetric Analysis. The thermal stabilities
of cellulose—chitosan-based materials, commercial cellulose,
and chitosan were analyzed by a Thermogravimetric Analyzer
(PerkinElmer Pyris, Waltham, USA) in the temperature range
from 30 to 900 °C at a heating rate of 10 °C/min under a
helium atmosphere. The temperature condition was raised
from 30 to 110 °C and then held at 110 °C for 10 min before
increasing the temperature from 110 to 900 °C.
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