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llulose nanofibrils and films from
elephant grass using deep eutectic solvents and
a solid acid catalyst†

Xi-Que Wu,a Pan-Dao Liu,b Qun Liu,a Shu-Ying Xu,a Yu-Cang Zhang,c

Wen-Rong Xu *a and Guo-Dao Liu*b

A new strategy was developed to produce cellulose nanofibrils (CNFs) and films from raw elephant grass

using deep eutectic solvents and a recyclable spent coffee-derived solid acid (SC-SO3H) catalyst with

assistance of ultrasonic disintegration and a suction filtration film forming method. The effects of a solid

acid and reused solid acid were comprehensively studied by comparing with catalyst-free conditions and

using sulfuric acid as the catalyst. The CNF fibers obtained from this novel SC-SO3H catalyst method

showed the longest fiber length. The corresponding films achieved the strongest tensile strength of

79.8 MPa and the elongation at break of 13.6%, and best thermostability. In addition, the performance of

CNFs and films prepared by the fourth recovered SC-SO3H-4 catalyst was close to that obtained with

the first use. The SC-SO3H could be reused by a simple decantation method, meaning this novel method

has the potential for green and sustainable preparation of CNFs and films.
Introduction

The development of green, sustainable and biodegradable
materials has received increasing attention due to the gradual
depletion of fossil resources and the concern for environmental
sustainability. Biodegradable polymers are considered as
potential alternatives to petroleum-based products, among
which cellulose is the most popular for its abundance, and
renewable and non-toxic properties.1 Cellulose nanobrils
(CNFs) have a typical width of 3–100 nm and a length of several
hundred nanometers to several micrometers. CNFs have the
advantages of high specic surface area, high strength and
stiffness, low density and a low thermal expansion coefficient,
which lead to potential value-added applications in elds such
as biomedicine engineering, food, sensors, packaging, and
optical and electronic devices.2 The production of CNFs from
wood or plant biomass is challenging because cellulose is
encapsulated in a matrix of lignin and hemicellulose with
a compact and complex hierarchy structure in plant cell walls.3
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The most common approach to produce CNFs usually requires
rst removing the non-cellulose components and bleaching the
residues through alkaline and acid-chlorite treatments.4 Then, the
extracted cellulose is mainly degraded by mineral acid hydrolysis
pretreatment combined with mechanical disintegration to provide
CNFs.5 However, such approach is not very environmentally
friendly because of the difficulties in economically recovering acids
and bases and the requirement for disposal of large amounts of
salt from neutralization.6 Solid acid is an emerging catalyst with its
various advantages such as high activity, recyclability and less
hazards to equipment.7 In the extraction and nanoprocessing of
cellulose, the problem of acid recycling can be solved by using
solid acid instead of mineral acid.8

In recent years, a new class of green chemicals termed deep
eutectic solvents (DESs) have received widespread attention, as they
can play as solvents, reactants and catalysts for pretreatment and
conversion of biomass.9 DESs are commonly formed by mixing
a halide salt of a quaternary ammonium or a phosphonium cation
that acts as a hydrogen bond acceptor (HBA), along with a hydrogen
bond donor (HBD), such as polyols, urea, carboxylic acids andmetal
salts.10 They own the characteristics of high dissolution capacity,
high chemical and thermal stability, low vapor pressure, easy
preparation, facile recycling, non-toxicity, biodegradability and low
cost, making them green chemicals for lignocellulose pretreatment
to prepare CNFs.11 However, most of the reported studies using
DESs to prepare CNFs have used the bleached cellulose pumps12 or
biomass with high cellulose content (larger than 60%)13 as starting
materials. The production of good qualities of CNFs and lms from
raw biomass (cellulose content smaller than 60%) by merely DESs
pretreatment is still an elusive challenge.
RSC Adv., 2021, 11, 14071–14078 | 14071
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Elephant grass (Pennisetum purpureum) is an important
forage, biofuel and industrial plant that widely distributed in
tropical and subtropical regions around the world. It is
considered one of the most prospective energy crops due to its
robust growth, high biomass productivity, strong carbon
sequestration ability, high adaptability and low nutrient
requirements.14 The cellulose content of elephant grass stalks
had been investigated earlier as 40.3%, which was higher than
most straws, such as reed straw, wheat straw and corn stover.15

This determines that elephant grass is a promising plant for
cellulose extraction and cellulose nanomaterial production. In
previous studies, Rezende et al. reported a conventional alkali
and acid pretreatment method to obtain cellulose nanobrils
(3.8–9.7%, w/w yield), together with nanocrystals (12–16%, w/w
yield) from elephant grass leaves.16

In this study, the stalk of elephant grass was used as raw
material to extract cellulose by pretreatments of DESs and spent
coffee-derived solid acid (SC-SO3H) catalyst. The effects of SC-
SO3H and reused SC-SO3H were comprehensively studied by
comparing with catalyst-free condition and sulfuric acid as
catalyst condition. The cellulose obtained under different
conditions was characterized by FTIR, XRD and SEM, and
subsequently converted into CNFs by ultrasonic disintegration.
The morphology of CNFs was observed by TEM investigation. In
addition, the CNF samples were prepared into lms by vacuum
ltration. The morphology, mechanical and thermal properties
of the CNF lms were characterized.
Materials and methods
Materials

Elephant grass (Pennisetum purpureum) stalks harvested for 2
months were provided by the Chinese Academy of Tropical Agri-
culture Sciences (Haikou, China). The stalks were dried in an oven
at 60 �C for 24 h, then crushed with a multifunctional crusher (YB-
2500A, China Shufeng) and passed through a 120-mesh sieve to
obtain elephant grass stalk powder. Choline chloride was
purchased from Aladdin Co., Ltd. Sulfuric acid (95–98%) and
Fig. 1 Schematic illustration for the production of CNFs and films from

14072 | RSC Adv., 2021, 11, 14071–14078
glycerol were purchased from Xilong Chemical Co., Ltd. Oxalic
acid dihydrate and sodium chlorite were purchased from Aladdin
Co., Ltd. The spent coffee-derived solid acid catalyst (SC-SO3H) was
prepared according to our previous report method.17

Synthesis of DESs

Choline chloride (ChCl) and glycerol were mixed in a ratio of
1 : 2 and heated at 90 �C in an oil bath with continuous
magnetic stirring for 60 min to afford a transparent and
homogeneous DES-1: ChCl–glycerol. Choline chloride and
oxalic acid dihydrate were mixed in a ratio of 1 : 1 at 60 �C with
continuous magnetic stirring for 60 min to give DES-2: ChCl–
oxalic acid dihydrate.

Extraction and purication of elephant grass cellulose

The schematic illustration of extraction and purication of
cellulose from elephant grass is shown in Fig. 1, which was
primarily divided into three steps:

(i) DES-1 and SC-SO3H treatment: a mixture of elephant grass
powder (EG, 1.0 g) and ChCl–glycerol (1 : 2, 20.0 g) was
magnetic stirred at 140 �C for 30 min. Then SC-SO3H (0.3 g) was
added and themixture was further stirred at 140 �C for 3 h. Aer
the reaction was cooled, a mixed solvent of 1,4-dioxane and
water (4 : 1, v/v, 50 mL) was added, and the SC-SO3H was settled
to the bottom, and subsequently separated from the suspension
by decantation. The collected SC-SO3H was dried in an oven at
60 �C for 24 h and could be recycled without further treatment.
The resulting suspension was ltered by suction ltration and
washed with the mixed solvent of 1,4-dioxane and water to give
a pale yellow powder.

(ii) Bleaching: the pale yellow powder was further bleached
with 7 wt% NaClO2 aqueous solution at 90 �C for 4 h, and then
washed with deionized water and dried to obtain a white crude
cellulose (0.31 g).

(iii) DES-2 treatment: the crude cellulose and ChCl–oxalic
acid dihydrate (1 : 1, 31.0 g) was stirred at 80 �C for 3 h. The
suspension was then suction ltrated and washed with deion-
ized water. The residue was dried in oven at 60 �C for 24 h to
elephant grass.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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afford puried cellulose (0.25 g). The ltrate was subjected to
rotary evaporation at 80 �C to remove water. The remaining
solution was recrystallized and ltered to obtain the recovered
oxalic acid dihydrate as a white solid.

The puried cellulose prepared with SC-SO3H as a catalyst
was named SCC, and the corresponding cellulose obtained by
using SC-SO3H for the second, third and fourth recycling were
named SCC-2, SCC-3 and SCC-4, respectively.

The comparative experiments were carried out by following
the above procedures without adding SC-SO3H as a catalyst
(blank), or using sulfuric acid (0.2 mL for 1.0 g elephant grass
powder) as a catalyst instead of SC-SO3H to prepare cellulose.
The obtained cellulose under these two conditions were named
BLC and H2SO4–C, respectively. Each reaction sequence was
repeated three times.

The yield of cellulose isolated from elephant grass was
calculated by the following formula:

Yield (%) ¼ (G2/G1) � 100% (1)

in which G1 and G2 are the quantity of the raw material EG and
the extract cellulose, respectively.

Chemical composition analysis

Klason lignin and ash contents were measured according to
TAPPI standard methods TAPPI T222 om-06 (2006) and TAPPI
T211 om-07 (2007), respectively. The carbohydrates composi-
tion was analyzed according to the method described by The-
ander and Westerlund (1986).

Preparation of elephant grass cellulose nanobrils

The puried cellulose (0.02 g) was dispersed in deionized water
(80 mL), and then the suspension was subjected to 3 h of
ultrasonication using an Ultrasonic Processor (JY98-IIIL, 20
kHz, 1000 W, Dekelaier, China) equipped with a cylindrical
titanium alloy probe (20 mm in diameter). A double wall glass
crushing cup with a recirculating cooling system (LX-300,
Changliu, China) setting at 4 �C was used to keep the solution
cool. Transparent suspensions of CNF (0.025 wt%) were ob-
tained, which were stored at 4 �C for future use.

Preparation of cellulose nanobril lms

A sand core funnel equipped with a mixed cellulose ester
membrane lter with a pore size of 0.22 mm and a diameter of
90 mm was used to vacuum lter the suspension of cellulose
nanobrils to obtain CNF lms. Aer ltration, the lm was
sandwiched between lter papers, which was then placed
between two glass plates at room temperature for 12 h. The
dried lm was peeled off carefully and its thickness was further
measured to be 43 � 2 mm.

Fourier transform infrared spectroscopy

The structure of EG and cellulose obtained under different
conditions including BLC, H2SO4–C, SCC and SCC-4 were
characterized by Fourier transform infrared spectroscopy (FTIR)
analysis on a Bruker TENSOR27 spectrometer using the KBr-
© 2021 The Author(s). Published by the Royal Society of Chemistry
disk method. The concentration of each sample in KBr was
0.25%. The spectra were recorded in the range of 4000–
500 cm�1 with a resolution of 4 cm�1 and 32 scans. All the
spectra were normalized at 3445 cm�1.

X-ray diffraction analysis

The X-ray diffraction (XRD) patterns of EG and extracted cellu-
lose were recorded on a Bruker D8 Advance X-ray diffractometer
using CuKa radiation at 40 kV. The measurement was per-
formed in the range of 2q ¼ 10� to 30� at a scanning rate of
4� min�1. The crystallinity index (CrI) was calculated by using
Segal formula as eqn (2).

CrI (%) ¼ [(I002 � Iam)/I002] � 100% (2)

Morphology characterization

Scanning electron microscopy (SEM) was used to observe the
surface morphology of EG, extracted cellulose, as well as the
surfaces and cross sections of CNF lms. SEM observation was
conducted using a scanning electron microscopy (Phenom
ProX, Holland) operating at 30 kV.

The morphology of CNFs was characterized by using
a transmission electron microscope (TEM, JEM-1200EX, Japan).
The test sample was negatively stained with uranyl acetate, and
micrographs were recorded at an acceleration voltage of 120 kV.
The diameter of CNFs was calculated according to the reported
method.18

Thermal characterization

Thermogravimetric analysis of CNF lms was performed on
aMETTLER TOLEDO DSC 3+ thermogravimetric analyzer under
a nitrogen atmosphere with a temperature range of 30 �C to
800 �C at a heating rate of 10 �C min�1.

Mechanical property characterization

The determination of tensile strength and elongation at break
of CNF lms was carried out on a universal testing machine
(INSTRON-3343) at a speed rate of 0.1 mm min�1. The speci-
mens were cut into dumbbell shapes with a length of 35 mm
and a width of 2 mm. Each sample was tested for three times
and the average values and standard deviations were calculated.

Result and discussion
Chemical components of elephant grass and isolated
cellulose

Choline-based DESs were reported as effective reagents for
separating cellulose from lignocellulose. For example, ChCl–
glycerol, ChCl–urea and ChCl–ethylene glycol can dissolve
lignin, while ChCl–oxalic acid can effectively separate lignin
and hemicellulose.19 In this study, a three-step method was
developed to isolate cellulose from elephant grass. Firstly,
ChCl–glycerol DES-1 was used in combination with the solid
acid SC-SO3H catalyst derived from spent coffee to remove
RSC Adv., 2021, 11, 14071–14078 | 14073
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Table 1 Chemical components of raw EG and cellulose BLC, H2SO4–C, SCC and SCC-4

Samples Catalyst Cellulose (%) Hemicellulose (%) Kra lignin (%) Ash (%) Yield of cellulose (%)

EG — 40.5 23.0 17.8 3.7 —
BLC — 76.2 13.4 5.9 1.2 28.2
H2SO4–C H2SO4 85.5 5.6 6.7 0.9 19.2
SCC SC-SO3H 79.3 11.7 2.4 0.5 25.0
SCC-4 SC-SO3H-4 76.6 11.1 4.1 1.3 27.3
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lignin. The SC-SO3H was used to enhance the removal ability of
lignin. Aer the second bleaching step, the residue was further
treated with ChCl–oxalic acid DES-2 to remove lignin and
hemicellulose. Recent reports indicate that the DES decom-
poses and/or evaporates during high-temperature heating.20

Therefore, DES should be prepared and applied below the
decomposition temperature (i.e., 175.5 �C of DES-1 and 162.1 �C
of DES-2).20a During the heating process of DESs preparation
and cellulose extraction, a water condenser was equipped to
reduce the possible evaporation of DESs. In order to evaluate
the effect of SC-SO3H, comparative experiments were carried
out without adding SC-SO3H and using H2SO4 instead of SC-
SO3H as a catalyst. The chemical components of raw EG and
cellulose separated under different conditions are listed in
Table 1. The cellulose, hemicellulose, lignin and ash contents of
elephant grass were measured to be 40.5%, 23.0%, 17.8% and
3.7%, respectively. Aer DESs treatments under different cata-
lyst conditions, the cellulose content increased signicantly.
The H2SO4–C showed the highest cellulose content of 85.5%,
but the lowest yield of 19.2%. The low cellulose yield might be
attributed to the unavoidable degradation of cellulose chains
into water-soluble sugar oligomers under strong acidity of
sulfuric acid.7b In addition, the color of H2SO4–C appeared
yellowish (Fig. 4a), which might be due to a small amount of
carbonization of lignocellulose under heated sulfuric acid
conditions. In contrast, SCC had a slightly lower cellulose
content of 79.3%, but a higher yield of 25.1%. Particularly, the
cellulose content of SCC-4 extracted by the fourth cycle of SC-
SO3H was 76.6%, which was a little lower than that of SCC, but
still higher than that of BLC. Moreover, the hemicellulose and
Fig. 2 (a) FTIR spectra of EG, BLC, H2SO4–C, SCC and SCC-4; (b) FTIR

14074 | RSC Adv., 2021, 11, 14071–14078
lignin contents of SCC-4 were all moderately lower than those of
BLC, indicating that the solid acid used repeatedly for the
fourth time still had a certain catalytic effect. Comprehensive
consideration, the combined use of SC-SO3H and DESs was an
effective method to separate cellulose from elephant grass.

FTIR spectroscopy of elephant grass and isolated cellulose

The FTIR spectra of EG and celluloses isolated with different
pretreatments are shown in Fig. 2a. In the EG spectrum, the
broad peak at 3445 cm�1 reected the O–H stretching vibration
of hydroxyl groups, while the vibrations at 2925 and 2855 cm�1

corresponded to saturated C–H stretching vibrations of methyl
and methylene groups.21 The band around 1745 cm�1 was
ascribing to the C]O stretching vibration of acetyl groups in
lignin and ester groups in hemicelluloses.22 The band around
1635 cm�1 was assigned to the O–H bending of water absorbed
in cellulose ber. The absorptions at 1514 cm�1 and 1250 cm�1

arose from the aromatic C]C stretching of aromatic ring and
the C–O stretching in lignin,13b respectively. The absorptions at
1745 cm�1, 1514 cm�1 and 1250 cm�1 of BLC were obviously
weakened, indicating that the amounts of hemicellulose and
lignin were reduced aer DESs pretreatment. The peak at
1745 cm�1 and 1514 cm�1 were further reduced at the spectrum
of H2SO4–C, which was regarded as the reduction of the lignin
amount with sulfuric acid catalyst combined with DESs
pretreatment. The disappearance of absorption bands at
1745 cm�1, 1514 cm�1 and 1250 cm�1 of SCC, SCC-4 indicated
the removal of most hemicellulose and lignin. The FTIR results
were basically in accordance with the component analysis
results.
spectra of SC-SO3H and SC-SO3H-4.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Optical and (b) SEM images of EG, BLC, H2SO4–C, SCC and
SCC-4.
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The FTIR spectra of SC-SO3H and SC-SO3H-4 aer the fourth
cycle are displayed in Fig. 2b. The broad peak around 3445 cm�1

was ascribed to the O–H stretching vibration in phenolic
hydroxyl groups. The small absorption at 2921 cm�1 was
assigned to C–H. The peaks at 1640 cm�1 and 1380 cm�1 were
assigned to the C]C stretching and aromatic C–O stretching.17

The peaks around 1380 cm�1 (overlapped with C–O stretching),
1175 cm�1 and 1035 cm�1 were ascribed to O]S]O stretching
vibration of SO3H groups.23 The peaks at 2921 cm�1, 1640 cm�1

and 1380 cm�1 were slightly enhanced, which suggested that
a small amount of lignocellulose might be linked to the solid
acid. On the contrary, the peaks at 1175 cm�1 and 1035 cm�1

were slightly reduced, which indicated that some of the active
SO3H groups in the reused solid acid had been consumed,
leading to a gradual decrease in catalytic activity.

The recovery and recycling of DESs can be effectively achieved
by reported methods, such as rotary evaporation,24 ultraltration
and electrodialysis.15 In this work, we didn't intend to study the
recovery of DESs, but we unexpectedly discovered that the oxalic
acid dihydrate in DES-2 could be easily recovered by recrystalliza-
tion from the ltrate aer removing the cellulose residue. The
recovered oxalic acid dihydrate appeared as a white solid (Fig. 1)
with high purity, and its structure was characterized by FTIR
spectroscopy (Fig. S1†), 1H NMR and 13C NMR spectroscopy
(Fig. S2†), which were consistent with the data of standard sample.
X-ray diffraction analysis of elephant grass and isolated
cellulose

The X-ray diffraction patterns of EG, BLC, H2SO4–C, SCC and
SCC-4 are depicted in Fig. 3. The samples displayed two main
peaks around 16� and 22�, which were attributed to the planes
of (110) and (200), respectively.25 This indicated that the cellu-
lose obtained by these pretreatments still remained in the type
of cellulose I allomorph. The crystallinity of raw EG was calcu-
lated to be 47.4%. Aer various treatments, the crystallinity of
BLC, H2SO4–C, SCC and SCC-4 were signicantly increased to
72–74% due to the effective elimination of amorphous portions
typically composed of lignin and hemicellulose.26
Fig. 3 X-ray diffraction patterns of EG, BLC, H2SO4–C, SCC and SCC-
4.

© 2021 The Author(s). Published by the Royal Society of Chemistry
Morphology of cellulose and CNFs

The optical images of EG and isolated cellulose under different
conditions are displayed in Fig. 4a. BCL, SCC and SCC-4 pre-
sented as white, while the H2SO4–C showed as yellowish. The
corresponding SEM images (Fig. 4b) demonstrated that the
surface of all isolated cellulose was smoother than that of EG,
which was due to the removal of hemicellulose and lignin from
EG by pretreatments.27 Moreover, the hollow rod in BLC was
destroyed by additional sulfuric acid or SC-SO3H catalyst, as in
H2SO4–C, SCC and SCC-4.

Aer ultrasonic treatment, the suspension of CNFs
(0.025 wt%) all appeared completely transparent (Fig. 5e). The
sonicated suspension of SCC (namely SCCNF) could stand
stably for at least 15 days without sedimentation, which should
be caused by its inherent repulsive forces as its zeta potential
wasmeasured to be�39.45mV.28Moreover, all transparent CNF
suspensions exhibited clear Tyndall effects (Fig. 5e), indicating
the existence of abundant nanostructures.29 Transmission
electron microscopy (TEM) was used to study the morphology
and size distribution of the CNFs. As shown in the TEM images
(Fig. 5a–d), the BLCNF, SCCNF and SCCNF-4 nanobrils
showed a hairy and network structures, especially the latter two
because they held the longest lament length of about 800 to
1000 nm, while the length of BLCNF nanobrils were about 400
Fig. 5 TEM images of (a) BLCNF, (b) H2SO4–CNF, (c) SCCNF and (d)
SCCNF-4; (e) images of different CNF suspensions (upper) and the
corresponding Tyndall effects (down); (f) the diameter distributions of
CNFs.

RSC Adv., 2021, 11, 14071–14078 | 14075
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Fig. 7 Tensile strength and elongation at break of BLCNF-f, H2SO4–
CNF-f, SCCNF-f and SCCNF-f-4 films.
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to 700 nm. In contrast, the H2SO4–CNF nanobrils appeared the
shortest length ranging from 150 to 250 nm, but more precisely,
it was closer to nanocrystals. The formation of nanocrystalline
structures of H2SO4–CNF might be due to the excessive hydro-
lysis degree of cellulose under strong acid condition. Moreover,
the nanocrystalline of H2SO4–CNF aggregated into small
bundles. The diameter distribution of CNFs was obtained on
the basis of statistical calculation of 100 bers randomly
selected from the TEM image of CNFs. The results in Fig. 5f
demonstrated that the diameters of CNFs were very close,
distributed in the range of 2 to 6 nm, which were smaller than
the elephant grass nanocellulose obtained in the previous
report.16 It should be noted that the diameter distributions of
SCCNF and SCCNF-4 were extremely similar, which suggested
the effectiveness of the recovered solid acid catalyst.

Morphology of CNF lms

Aer the CNF suspensions were subjected to suction ltration and
drying process, CNF lms were obtained. As shown in Fig. 6a,
except for H2SO4–CNF-f lm which showed a very slight yellow
color, all other CNF lms were colorless and transparent. The SEM
observation showed that the nanoparticles on the surfaces of the
SCCNF-f and SCCNF-f-4 lms were better dispersed than those of
BLCNF-f and H2SO4–CNF-f lms in scope (Fig. 6b). The cross-
sections (Fig. 6c) of all CNF lms showed a multilayer structure,
which was similar to previously reported CNF lms obtained by
suction ltration method.30 In addition, the cross-sections of
SCCNF-f and SCCNF-f-4 lms were more uniform and compact
than the cross-sections of BLCNF-f and H2SO4–CNF-f lms. The
latter two showed chaotic stratication and small aggregations,
respectively. The better smoothness and uniformity of SCCNF-f
and SCCNF-f-4 lms were owing to the more uniform size of
their corresponding CNFs, as veried by TEM results.
Mechanical property of CNF lms

The tensile strength and elongation at break of BLCNF-f,
H2SO4–CNF-f, SCCNF-f and SCCNF-f-4 lms with the
Fig. 6 (a) Optical images of CNF films; SEM images of (b) the surface
and (c) the cross-section of CNF films.

14076 | RSC Adv., 2021, 11, 14071–14078
thickness of 43 � 2 mm were measured. As shown in Fig. 7,
H2SO4–CNF-f lm displayed the lowest tensile strength and
elongation at break of 44.2 MPa and 5.4%, respectively. Even
though, it was still superior to the reported values of pure CNF
lm.31 The relatively weak mechanical property of H2SO4–CNF-f
lm might be due to the excessive hydrolysis degree of cellulose
under strong acid condition and the uneven aggregation of
CNFs in the lm. As expected, SCCNF-f lm showed the best
mechanical property with the tensile strength and elongation at
break of 79.8 MPa and 13.6%, respectively. This behavior
should be attributed to its well-dispersed and long CNF bers,
as long bers were more easily entangled with each other
though intermolecular hydrogen bonding.32 The tensile
strength of the SCCNF-f-4 lm derived from the repeated use of
SC-SO3H-4 catalyst was slight reduced to 77.5 MPa, and the
elongation at break was decreased to 9.3%, but the values were
still better than those of BLCNF-f lm (72.8 MPa, 9.4%).
Thermal stability of CNF lms

Thermogravimetric (TGA) and derivative thermogravimetric
(DTG) analyses were carried out to detect the thermal stability of
different CNF lms. As presented in Fig. 8, all lm showed
Fig. 8 TGA and DTG curves of BLCNF-f, H2SO4–CNF-f, SCCNF-f and
SCCNF-f-4 films.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a slight weight loss at low temperature range of 70–125 �C due
to evaporation of absorbed and intermolecular hydrogen
bonded moisture.33 In the TGA curves presented by weight (%)
and solid line, the apparent weight loss of the BLCNF-f lm
began at 234 �C, while the other three lms began at a higher
temperature of 257 �C under nitrogen atmosphere. From the
DTG curves shown by the dotted line, it can be seen that all
H2SO4–CNF-f, SCCNF-f and SCCNF-f lms exhibited a prom-
inent pyrolysis process with mainly single degradation and the
accompanying weight loss mostly occurred at 257–375 �C.
Whereas, the signicant pyrolysis of the BLCNF-f lm took
place in a relatively low temperature range of 242–359 �C, and
was accompanied by an obvious shoulder around 242–296 �C.
The shoulder peak might be triggered by the degradation of
hemicellulose since its lower thermal stability compared with
lignin and cellulose,34 and the BLCNF-f was speculated to have
the highest hemicellulose content in all samples from the
composition results in Table 1. In all curves, the weight loss in
the temperature range of about 300–375 �C should be attributed
to the decomposition of lignin and cellulose.21a

It was worth noting that the thermal degradation curves of
SCCNF-f and SCCNF-f-4 lms were similar. Both of them
possessed the highest thermal stability with a maximum
degradation temperature (Tmax) at 336 �C with 43% weight loss.
But their char residue content at 800 �C was slightly different,
which was 26% and 23%, respectively. While the H2SO4–CNF-f
lm showed the same Tmax at 336 �C, but its weight loss
(47%) was slightly higher than those of SCCNF-f and SCCNF-f-4
lms, and its amount of char residue at 800 �C was low to 17%.
The reason should be ascribed to the longer length of bers35 in
SCCNF-f and SCCNF-f-4 lms. These results suggested that the
CNF lms produced from bers treated with solid acid catalyst
occupied the best thermal stability.

Conclusions

CNFs were successfully prepared by using DESs under different
catalysts combined with ultrasonically disintegration from raw
elephant grass, and the corresponding CNF lms were obtained
by suction ltration. The CNFs derived from SC-SO3H treat-
ments showed the best dispersibility and uniform size with
a diameter distribution in 2 to 6 nm and length in 800 to
1000 nm, and the corresponding CNF lms showed the best
mechanical and thermal properties. The recovered SC-SO3H
catalysts still maintained good performance, even in the fourth
cycle of use, the isolated cellulose, CNFs and lms still showed
close characteristics to the rst use. The CNFs and lms
produced by these novel DESs and solid acid method may have
potential application in the elds such as bioplastics, optical
and electronic devices.
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