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Each year millions of tons of agricultural wastes are produced, however, not well utilized in China.
Considering the economic development and environmental protection, the valorization of these wastes
is increasingly necessary and important. Here we used p-toluenesulfonic acid hydrolysis followed by mild
disk grinding for on-farm valorization of wheat straw (WS) and their pulping solid residue (waste wheat
straw, WWS) to produce lignocellulosic nanofibrils (LCNF). Alkaline peroxide post-treatment was further
conducted to obtain purified lignocellulosic nanofibrils (P-LCNF) with lower lignin content and thinner
diameters. The raw materials and resulting LCNF and P-LCNF were investigated in each process for their
chemical component, crystal structure, morphology, and thermal properties. Interestingly, although WS
fiber had higher lignin content thanWWS fiber, the WS fiber with lower ash content resulted in LCNF and
P-LCNF with smaller height and lower thermal stability, but higher crystallinity and higher specific sur-
face area. Higher ash content in WWS fiber protected cellulose and lignin from depolymerization and
degradation, respectively, which endowed LCNF and P-LCNF with entangled network structure. Overall,
this study indicated that the low-temperature fractionation process on WS and WWS fibers could yield
cellulose nanomaterials with potential value-added application and achieve the efficient utilization of
agricultural wastes.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Lignocellulosic biomass, in the form of wood, grasses, industrial
waste, and agricultural residues, represent the most abundant and
renewable resource worldwide (de Hoyos-Martinez et al., 2018;
Hietala et al., 2018; Rajinipriya et al., 2018; Zhu et al., 2016). Due
to higher cost of wood-based cellulosic resources, recent scientific
and technological advances in the area of new materials have
stressed the importance of using agricultural waste as a resource
of raw material, especially in developing countries with large agri-
cultural production (Chen et al., 2014; Cypriano et al., 2018; Jebali
et al., 2018; Shi et al., 2018). It is estimated that about 80 million
tons of wheat straw (WS) are produced every year in China, making
it the most abundant agricultural residues in the country (Huang
et al., 2016). However, only a limited percentage of WS is used in
the pulping industry due to the severe environmental issues and
the difficulties in economic alkali recovery. These residues are usu-
ally buried in soil or burnt in the field because this is the quickest
and cheapest approach to prepare fields for the coming cropping
season (Liu et al., 2017). This approach may cause air pollution
and potential fire risk. Moreover, waste wheat straw (WWS), the
solid residue remaining as a byproduct from theWS pulping indus-
try, are more difficult to utilize efficiently due to its more complex
composition (Huang et al., 2016). Therefore, economic and effec-
tive utilization of these agricultural waste residues is the key to
achieve environmental friendliness. Although WS and WWS have
lower cellulose content than that of wood raw materials, these
annually renewable residues have shorter growth cycles with a
moderate risk level, giving them a great potential in high value-
added products (Ardanuy et al., 2012; Tarrés et al., 2017).

So far, various methods have been applied to produce lignocel-
lulosic nanofibrils (LCNF) from WS. These strategies facilitated the
effective solubilization of some chemical components such as cel-
lulose, hemicellulose and lignin, beneficial for subsequent
mechanical treatment with low energy input (Alemdar and Sain,
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2008; Barbash et al., 2017; Liu et al., 2017). The main issues of the
studies that have been reported include: (1) the neutralization of
chemicals and the difficulties in economic chemical recovery; (2)
high demand of reaction temperature and pressure during the
whole treatments; (3) the low thermal stability of the resultant
lignin-free cellulose nanofibrils (CNF). It also has been reported
that nanofibrillation became very difficult and fiber suspension
sometimes clogged in the reaction chamber when using undeligni-
fied fibers (Spence et al., 2010a; Rojo et al., 2015). Therefore, one
critical issue common to WWS and WS fibers is the lignin content,
as high as 20%. Recently, p-toluenesulfonic acid (p-TsOH), a com-
mercial catalyst, was found to have hydrotropic properties and
capability of rapidly solubilizing partial wood lignin in aqueous
solutions at low temperatures (Bian et al., 2017). The approach
can be used to produce lignocellulosic nanofibrils (LCNF) with
hydrophobic properties. Furthermore, LCNF carrying residual lig-
nin, hemicelluloses, and extractives may present an attractive
option for higher yield, low production cost, and much lower envi-
ronmental impact, which showed promising properties for bio-
based composite and packaging applications (Farooq et al., 2019;
Wang et al., 2018).

Previously, we developed a new approach (including prewash-
ing, p-toluenesulfonic acid hydrolysis, disk grinding, and endoglu-
canase post-treatment) for improving the cellulose nanofibrillation
of high ash content WWS (Bian et al., 2018b). The objective of this
work is to demonstrate that agricultural residues from WWS and
WS fibers can be utilized to produce LCNF directly by p-TsOH frac-
tionation and mild mechanical fibrillation, and the alkaline perox-
ide post-treatment can further decrease lignin content and fibril
diameter to meet the market demands for LCNF (Fig. 1). The mor-
phological, physical, and thermal properties of the resulting agri-
cultural waste cellulose nanomaterials were studied and
compared in order to assess their potential application.

2. Experimental

2.1. Materials

The wheat straw (WS) and waste wheat straw (WWS) were
obtained from a straw pulp mill (LiaoCheng, Shandong, China). p-
Toluenesulfonic acid (p-TsOH) was analytical reagent and pur-
chased from LiFeng Chemical Reagent Co. Ltd., (Shanghai, China).
Fig. 1. A schematic flow diagram of experiments for preparing l
Graphite (99.95% metals basis, 8000 mesh) was supplied by Alad-
din Industrial Corporation (Shanghai, China).

2.2. Fractionation of WS and WWS using p-TsOH

Concentrated aqueous p-TsOH solution (80 wt%) was prepared
by heating the required amounts of acid and de-ionized (DI) water
in a three-necked flask at 80 �C (Chen et al., 2017). WS or WWS of
10 g in oven dry (OD) weight were manually added into the acid
solution with continuous stirring, resulting in acid solution to sam-
ple mass ratio of 10:1 (g/g). The pulp suspensions were constantly
agitated at 300 rpm for 20 min. The reaction was then quenched by
adding 100 mL of DI-water. The hydrolysate was quickly filtered by
a filter paper under vacuum. The filtered solids were washed with
DI water and collected for further processing.

2.3. Mechanical fibrillation

Two hydrolyzed fiber samples of approximately 1 wt% concen-
tration were mechanically fibrillated at 1500 rpm to produce LCNF
using a stone disk grinder (SuperMassCollodier, Model: MKCA6-2J,
Disk Model: MKG-C, Masuko Sangyo Co., Ltd, Japan). The disk gap
was first set to zero without pulp, and then with adjusted down
to �100 lm. Each sample was fed by gravity through a hopper dur-
ing fibrillation and passed through the disk chamber for five times.

2.4. Alkaline peroxide post-treatment

The purification procedure performed in this work was based
on the method reported by a previous work (Su et al., 2012), in
which alkaline peroxide was used. Bleaching was performed at
60 �C by adding the obtained LCNF suspension into 2% H2O2 solu-
tion followed by mechanical stirring for 12 h. The suspension
was adjusted to pH 11.5 with 4 M NaOH in the initial stage of reac-
tion. No further pH adjustments were made during the course of
the reaction. The resultant purified LCNF (P-LCNF) was dialyzed
using DI water until the pH of the dialysis water no longer changed.
Homogeneous fibril suspension at concentration of 1 wt% was
poured into a cylindrical plastic tube and frozen in liquid nitrogen
(�196 �C) for 15 min. Sample was obtained by freeze-drying under
�80 �C for 3 days, then stored at ambient atmosphere for
characterization.
ignocellulosic nanofibrils using agricultural residue wastes.
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Fig. 2. Chemical composition of WS and WWS fibers, and their corresponding LCNF
and P-LCNF.
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2.5. Chemical composition

The chemical compositions of raw materials, LCNF and P-LCNF
were hydrolyzed using sulfuric acid in two steps for carbohydrate,
klason lignin and ash analyses, as described previously (Sluiter
et al., 2008a; Sluiter et al., 2008b).

2.6. Morphology observation

The morphologies of the raw materials, LCNF, and P-LCNF were
observed using scanning electron microscopy (SEM, Quanta 200,
FEI, USA). Samples were dried on a polished aluminum mount
and sputter-coated with gold to provide adequate conductivity.

The morphologies of LCNF and P-LCNF were also observed by
atomic force microscopy (AFM; Dimension Edge, Bruker, Ger-
many). Specimens were prepared by air drying drops of aqueous
slurry of 0.01 wt% onto clean mica substrates. AFM topographical
images were scanned in tapping mode at 300 kHz with a radius
of curvature of 8 nm. Height distribution was measured with the
AFM software (Gwyddion, Department of Nanometrology, Czech
Metrology Institute, Crezh Republic, 64-bit).

2.7. Specific surface area

The specific surface area of LCNF and P-LCNF samples were
determined using Congo Red (CR) adsorption method, as described
previously (Inglesby and Zeronian, 2002; Bian et al., 2018a).
Approximately 0.05 g of samples were adjusted to the pH of 6
and dyed with varying amount of CR at solids content of approxi-
mately 0.7%. At the beginning of the experiment, the charged sur-
face sites on the original fiber and LCNF were neutralized using a
small amount of NaCl (only 0.004 wt%). Samples were incubated
at 60 �C for 24 h and then centrifuged at 10000 rpm for 10 min.
UV–vis adsorption (Model 8453, Agilent Technologies, Inc., USA)
of supernatant samples at 500 nm were measured to determine
the CR concentrations using Langmuir’s adsorption theory, accord-
ing to Eq. (1):

E½ �
A½ � ¼

1
KadAmax

þ E½ �
Amax

ð1Þ

where [E] (mg/mL) is the solution concentration of Congo Red at
adsorption equilibrium, [A] is the adsorbed amount of Congo red
on the cellulose surface in mg/g (that reached a maximum value
equivalent to Amax, the maximum adsorbed amount), and Kad is
the equilibrium constant. The specific surface area was determined
according to Eq. (2):

SSA ¼ Amax � N � SA

MW � 1021 ð2Þ

where N is Avogadro’s constant, SA andMW are the surface area of a
single dye molecule (1.73 nm2) and molecular weight (696 g/mole)
of Congo Red, respectively.

2.8. Thermogravimetric analysis (TGA)

Thermogravimetric analyses (TGA) of raw materials, corre-
sponding LCNF and P-LCNF samples were conducted on thermo-
gravimetric analyzer (NETZSCH, TG 209F1, Germany). Samples of
roughly 10 mg were heated from 50 �C to 500 �C at a heating rate
of 10 �C/min under high purity nitrogen stream of 20 mL/min.

2.9. X-ray diffraction (XRD)

The XRD patterns were measured on a Rigaku-D/MAX instru-
ment (Rigaku Corp., Tokyo, Japan) with Cu-Ka radiation generated
at a voltage of 40 kV and a current of 30 mA with a 2h range of 10–
40� in steps of 0.02�. The crystallinity index (CrI) was calculated
according to Eq. (3) based on the Segal method (without baseline
substrate) (Segal et al., 1959):

CrI ¼ I002 � Iam
I002

� 100% ð3Þ
2.10. Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra were obtained by a Fourier transform infrared
spectrometer (Nicolet 380, USA). Samples were ground into pow-
ders and blended with KBr powder, then pressed into a disk at
30 MPa. The spectrum for each sample was recorded in the region
of 4000–400 cm�1. All samples were vacuum dried before analyses.
3. Results and discussion

3.1. Chemical composition

Fig. 2 compares the chemical compositions of WS and WWS at
different processing stages. Compared to WS, WWS contained
higher percentage of ash and lower percentage of cellulose, hemi-
cellulose and lignin. After the p-TsOH hydrolysis and mechanical
fibrillation, cellulose content increased in WWS-LCNF and WS-
LCNF, however, the ash and lignin content decreased. This was
because water removed partial free ash and p-TsOH could easily
donate a proton in an aqueous solution to isolate lignin by breaking
glycosidic, ether and ester bonds in carbohydrates, lignin, and
lignin-carbohydrate complexes (Bian et al., 2019; Chen et al.,
2018). Moreover, the residual lignin content in WWS-LCNF was
higher than that of WS-LCNF, this results was attributed to the
presence of high ash content in WWS, which might neutralize
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partial acidic catalysts, resulting in invalid consuming of a substan-
tial amount of acid and low delignification efficiency. Lignin con-
tent could be further decreased in both LCNF samples during the
alkaline peroxide post-treatment. Overall, the combined treat-
ments removed most of the lignin and ash, enriched the cellulose
content with final value of 81.3% and 86.1%, respectively in
WWS-P-LCNF and WS-P-LCNF.

FTIR was carried out to investigate the changes in the chemical
structure during the whole process. The FTIR spectra of WWS, WS,
and corresponding LCNF and P-LCNF samples are shown in Fig. 3.
Similar to the results of other works, two main wavenumber
regions ranging from 3500 to 2900 and 1750 to 600 cm�1 were
in all curves. A broad and prominent peak at 3330 cm�1 corre-
sponded to the O-H stretching band, while a distinct peak at
2910 cm�1 was attributed to C-H stretching vibrations in cellulose
and hemicellulose (Kaushik and Singh, 2011). The absorption peaks
at 1161 and 896 cm�1 in each sample were interpreted as typical
cellulose structure. The peak at 1736 cm�1 in the spectra of
WWS, WS, and two LCNF samples was ascribed to the acetic and
uronic ester groups in hemicelluloses and the ester linkages of
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Fig. 3. FTIR spectra of WWS and WS fibers, and their corresponding LCNF and
P-LCNF.

Fig. 4. Photographs of input materials of (a) WWS and (f) WS for lignocellulosic nanofibri
various treatments containing acid hydrolysis, mechanical fibrillation and post-purificati
WS; (h) acid hydrolyzed WS fiber; (i) WS-LCNF; (j) WS-P-LCNF.
the carboxylic group of ferulic and p-coumaric acid in lignin or
hemicelluloses (Chandra et al., 2016), which were virtually absent
from the spectra of two P-LCNF samples. This result suggested that
the nearly complete cleavage of both hemicellulose and lignin. The
peaks at 1250 and 1509 cm�1 in WWS and WS fibers corresponded
to the aromatic skeletal vibrations of lignin, and were not visible in
P-LCNF samples, indicating the reduction in lignin content
(Tripathi et al., 2017).
3.2. Morphological analysis

The morphologies of the original fibers and corresponding LCNF
and P-LCNF were investigated using SEM. Similar to other plant
fibers, the raw WWS and WS fibers were regularly arranged and
clustered together in bundles from the SEM images (Fig. 4b and
4g). The fiber bundles were loosened after acid hydrolysis due to
the degradation of a portion of hemicellulose and lignin molecules
from the inner parts of the fiber, thus facilitating the defibrillation
during the grinding process (Fig. 4c–d and 4h–i). It was apparent
that thinner fibrils could be obtained after the post-purification
because the residual lignin adhered to the individual fibril was
removed by alkaline peroxide, which was evident from the chem-
ical analyses (Fig. 4e and 4j). Moreover, LCNF and P-LCNF obtained
from WS were thinner with large amounts of porous structure in
the SEM micrographs, compared with those isolated from WWS.
This was perhaps due to the presence of higher lignin and ash con-
tent in WWS, impeding mechanical fibrillation and chemical
purification as demonstrated previously (Bian et al., 2018b).

To eliminate the influence of self-aggregation on the diameters
of fibrils during freeze-drying process, the morphologies of LCNF
and P-LCNF were also observed using AFM images (Fig. 5). Some
small, globular-shaped lignin particles were clearly visible in both
of LCNF samples, in agreement with a previous study (Herrera
et al., 2018). Similar type of spherical structures was also seen in
SEM images (Fig. 4c and 4g). Subsequent purification resulted in
less entangled P-LCNF with thinner diameters as observed from
Fig. 5b and 5e and AFM measured height distributions (Fig. 5c
and 5f). The number averaged height for the WWS-P-LCNF and
WS-P-LCNF were 47.2 nm and 11.8 nm, respectively, lower than
those LCNF samples without post-purification with height of
85.3 nm and 27.3 nm (Table 1). Moreover, the distribution became
narrower or more uniform, suggesting delignification facilitated
nanofibrillation, consistent with the results found in the literature
using medium density fiberboard fibers to produce LCNF (Bian
et al., 2017).
ls production. Scanning electron microscopy (SEM) images of theWWS andWS after
on. (b) WWS; (c) acid hydrolyzed WWS fiber; (d) WWS-LCNF; (e) WWS-P-LCNF; (g)
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Fig. 5. AFM images of different LCNF and P-LCNF samples from WWS and WS fibers. (a) WWS-LCNF; (b) WWS-P-LCNF; (d) WS-LCNF; (e) WS-P-LCNF. Scale bar = 1 mm. (c)
Comparison of the AFM measured WWS-LCNF and WWS-P-LCNF fibril height distribution. (f) Comparison of the AFM measured WS-LCNF and WS-P-LCNF fibril height
distribution.

Table 1
List of morphological, physical, and thermal properties of lignocellulosic nanofibrils (LCNF), and purified lignocellulosic nanofibrils (P-LCNF) prepared from WWS and WS fibers.

Sample label Average height (nm) CrI (%) SSA (m2/g) Tmax (�C) Residue at 600 �C (%)

WWS – 50.1 6.8 ± 1.1 342 68.2
WWS-LCNF 85.3 58.3 24.0 ± 1.9 341 53.0
WWS-P-LCNF 47.2 69.5 40.5 ± 3.8 347 36.4
WS – 53.1 37.4 ± 4.3 325 30.2
WS-LCNF 27.3 63.5 325.0 ± 6.1 334 31.8
WS-P-LCNF 11.8 73.5 467.1 ± 9.9 332 26.8

H. Bian et al. /Waste Management 91 (2019) 1–8 5
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3.3. Properties of LCNF and P-LCNF

XRD patterns were shown at each treatment stage of the WWS
and WS fibers to investigate the changes in crystallinity. The com-
parison of XRD profiles for WWS andWS fibers are shown in Fig. 6a
and 6b, respectively. All diffractograms had three characteristic
peaks at about 16.4�, 22.6� and 34.5�, corresponding to the
(1 1 0), (2 0 0), and (0 0 4) reflection planes of typical cellulose I
structure (Agarwal et al., 2017). For the patterns of WWS fiber,
there were four major diffraction peaks, which were assigned to
silica, KAlSi2O3, CaAl2Si2O8, and CaCO3, representing the main com-
ponent from WWS ashes. It should be noted that 7.76% and 2.62%
of the ash could not be completely removed in WWS-LCNF and
WWS-P-LCNF after sequential treatments, these residual ashes
were mainly structural silica (shown in Fig. 6a). Compared to
WWS fiber with complex chemical composition, ash in WS fiber
was mainly in the form of silica with very low content. To quanti-
tatively compare the changes in crystalline structure for WS and
WWS fibers, the values of the CrI estimated from XRD are summa-
rized in Table 1. Despite it is generally accepted that mechanical
fibrillation may break up cellulose crystals to reduce cellulose crys-
tallinity, p-TsOH hydrolysis dissolved substantial amounts of
amorphous hemicellulose and lignin, which resulted in the
increase in measured CrI of LCNF. Compared with two LCNF sam-
ples, the CrI values for the WWS-P-LCNF and WS-P-LCNF were
higher because of the more efficient dissolution of amorphous lig-
nin after the alkaline peroxide treatment. Moreover, WS-P-LCNF
had the highest CrI value of 73.5% among all samples, perhaps
due to lowest content of lignin and ash. These results provided
support for our suggestion that WS fibers are more suitable mate-
rials for downstream LCNF production.
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Specific surface area (SSA) of substrate is calculated by Congo
red (CR) adsorption using Langmuir-type isotherms since it is an
indirect indicator of the degree of fibrillation. When cellulose fibers
were defibrillated into nano-scaled fibrils, the SSA was increased
due to the change in external surface and internal pore structure
of the fibrils (Spence et al., 2010b). As expected, the WWS-LCNF
only had SSA of 24.0 m2/g, lower than its corresponding P-LCNF
sample with SSA of 40.5 m2/g. LCNF and P-LCNF samples isolated
from WS fiber exhibited up to 13-fold and 11-fold increase in
SSA over that from WWS fiber, respectively (Table 1). This result
was attributed to smaller diameter of fibril, as observed in AFM
images. Thus, it seemed that amorphous component in raw mate-
rial and degree of fibrillation might affect the adsorption of CR
molecules on cellulose surface.

The thermal properties of cellulose nanomaterials are crucial
to their intended use in biocomposites, insulation or packaging
materials (Oliveira et al., 2016). TGA was performed to investigate
the thermal stability and degradation characteristics of the WWS
and WS fibers at various stages of treatment. The thermogravi-
metric (TG) and derivative thermogravimetric (DTG) curves of
the raw materials, LCNF, and P-LCNF are shown in Fig. 7a and
7b. The maximal weight loss temperature (Tmax) derived from
the DTG data, and the residual mass at 600 �C are also listed in
Table 1. Due to difference in the chemical structure among cellu-
lose, hemicelluloses and lignin, they presented different thermal
stabilities. Compared to other samples, WWS fiber was highest
in ash and lignin content, resulting in the largest residual mass
of 68.2% at 600 �C. The residual mass of LCNF and P-LCNF samples
decreased significantly at 600 �C because of the removal of large
amounts of lignin and ash. Our previous study reported that lig-
nin was thermally more stable than cellulose and hemicelluloses,
thereby, samples with higher lignin content presented better
thermal stability (Bian et al., 2017). However, in the case of
WWS-P-LCNF and WS-P-LCNF samples, they had higher Tmax of
347 �C and 332 �C, respectively, perhaps that the higher crys-
talline structure caused higher degradation temperatures. There-
fore, the higher temperature of thermal decomposition and
lower residual mass of the LCNF samples are related to the
removal of hemicellulose, lignin and ash from the fibers, as well
as the higher crystallinity of cellulose.

4. Conclusion

This study demonstrated the potential for sustainable valoriza-
tion of wheat straw and their pulping solid residue for producing
lignocellulosic nanofibrils through multistep processes that com-
bined p-TsOH hydrolysis, disk grinding, and purification post-
treatment. The raw materials and obtained LCNF and P-LCNF
samples were compared to better understand the effect of each
treatment on the chemical composition, morphology, crystalline
structure, and thermal behavior. Based on the comparative analy-
sis of the component and morphology, it was shown that the
lower lignin and ash content in fibers, the more uniform and thin-
ner fibrils of the resulting LCNF and P-LCNF. The pathway we pre-
sented here has a substantial impact on high value utilization of
the agricultural residue wastes, as well as for environmental
protection.
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