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Abstract: Lignin is a natural light-coloured ultraviolet (UV) absorber; however, conventional extrac-
tion processes usually darken its colour and could be detrimental to its UV-shielding ability. In this
study, a sustainable way of fabricating lignin–cellulose nanocrystals (L-CNCs) from hemp hurd is
proposed. A homogeneous morphology of the hemp particles was achieved by ball milling, and L-
CNCs with high aspect ratio were obtained through mild acid hydrolysis on the ball-milled particles.
The L-CNCs were used as filler in polyvinyl alcohol (PVA) film, which produced a light-coloured
nanocomposite film with high UV-shielding ability and enhanced tensile properties: the absorption
of UV at wavelength of 400 nm and transparency in the visible-light region at wavelength of 550 nm
was 116 times and 70% higher than that of pure PVA, respectively. In addition to these advantages,
the nanocomposite film showed a water vapour transmission property comparable with commercial
food package film, indicating potential applications.

Keywords: light-coloured lignin; cellulose nanocrystals; UV-shielding materials; packaging;
sustainability

1. Introduction

Ultraviolet (UV)-shielding materials are highly beneficial for protecting human skin,
food and solar electrical appliances from UV radiation. Though traditional metal oxidant
materials (such as TiO2 and ZnO) have excellent UV-shielding ability, there are safety
concerns [1] over the direct application of these into human-contact products, particularly
food packaging films. As such, alternative, bio-based, environmental-friendly materials
with UV-shielding properties (such as lignin) have gained significant attention lately [2,3].

Lignin is known for its inherent UV-absorbing capability, with a crosslinked network
of different phenolic groups, including syringyl (S) and guaiacyl (G) phenolic groups
responsible for UV-shielding properties of lignin [4]. Lignin is abundant and can be
extracted from a wide range of natural sources, such as woods and plants. Conventionally,
lignin isolation requires treatment chemicals, such as alkalis, acids, enzymes, organic
solvents, and ionic liquids [5]. Although these methods are flexible and efficient, they often
need harsh chemicals or unique salt (such as ionic liquid), which is expensive. Within
these extracting processes, the native phenolic structure of lignin changes, and more
chromophore and auxochrome structures are generated [6]. This change in lignin structure
is good for the UV-shielding ability, while it will darken the colour of lignin. For example,
though native lignin is light brown, alkaline lignin is dark brown [7].

In this paper, lignin is categorised as purified or native lignin [8,9]. The purified lignin
is isolated from wood or lignocellulose materials through a complex chemical reaction,
and the structure of purified lignin is different depending on its extraction processes.
Native lignin is, however, obtained with no (or less) chemical treatments, thus preserving
cellulose and hemicellulose inside the lignocellulose materials. Native lignin can be a
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better choice for light-coloured UV-shielding filler, as less chemical treatment is required.
In our previous study [10], we obtained native lignin with the ball milling method. The
light-coloured native lignin–cellulose was further added into the PVA matrix as a filler.
The film showed high transparency in visible light wavelength (94.3% transmittance
at 500 nm) and fully blocked the UV light in wavelength between 200 nm and 231 nm.
Though high transparency was achieved by the native lignin–cellulose–PVA composite film,
improvement of the UV-shielding and tensile properties is required for future application.
In this regard, fabrication of CNCs with native lignin can be effective, since the smaller
dimension (nano size) contributes towards both UV-shielding and mechanical strength [11].

Currently, there are only a few reports available on native lignin–cellulose nanocrystals
(L-CNCs) preparation, mainly based on acid hydrolysis; however, one of the key drawbacks
is the low aspect ratio (around 11) of L-CNCs in the reported methods [12], limiting the
application in light-coloured food packaging film. For example, in 2017, Bian et al. [13] first
fabricated L-CNCs using maleic acid hydrolysis, achieving an aspect ratio of around 11.25.
Later, Agarwal et al. [14] used hydrothermal pre-treatment (has explosion concern) [15]
and sulphuric acid hydrolysis, reaching an aspect ratio of around 11.5. Recently, a mixed
aspect ratio of L-CNCs ranging from 6.7 to 284 was also reported, related to the mixture
of micro- and nano-particles while using an acidic deep eutectic solvent with sulphuric
acid [16].

The L-CNCs with high aspect ratio is difficult to achieve due to the crosslink barrier
of lignin. The layers of lignin and the crosslinks between cellulose and lignin are two
main obstacles of breaking down the cellulose to nanocellulose [17]. Mechanical pre-
treatment methods, such as ball milling, have previously been used to break down the lignin
network [18] and produce lignin-containing cellulose nanofibers (L-CNFs) which showed
a higher aspect ratio [19]. Ball milling is also known as a low cost and environmentally
friendly method that retains the chemical structure of native lignin; however, this method
has not been used in fabricating L-CNCs, which is a more suitable filler than L-CNFs,
because it is likely to be distributed uniformly inside any polymer matrix [20].

Therefore, this study aims to propose a novel method of using a ball milling inte-
grated acid hydrolysis technique to achieve high aspect ratio L-CNCs (preserving the
UV-shielding) as a sustainable alternative to the current available techniques. We have
chosen hemp hurd, since it is a lignin-rich resource containing around 16–24 wt. % [21,22]
of lignin, where 53% of its phenolic groups are S phenolic (highest UV-shielding efficiency
among lignin’s phenolic groups), much higher than the S phenolic group in other cellulosic
materials [23], e.g., wheat straw, corn stalk, and barely straw. The hemp particle was
ball-milled [24] and further hydrolysed under mild acidic conditions at a low temperature
(45 ◦C) to preserve the UV-shielding property and transparency. The influences of acid on
the lignin content and UV-shielding performance of L-CNCs were also analysed. Further,
to explore potential application, L-CNCs were used as a filler in polyvinyl alcohol (PVA),
and the resultant transparent nanocomposite films were characterised for their structural,
optical, and tensile properties.

2. Materials and Methods
2.1. Materials

The hemp hurd (200 g by weight) was dried at 60 ◦C for 12 h, followed by chopping
into a coarse particle with a Fritsch Pulverisette 19 Universal Cutting Mill (sieve diameter
of 200 µm). Polyvinyl alcohol solution (PVA) (5 wt. %) was purchased from Flew solution
(Queensland, Australia). Sulphuric acid (98 wt. %) was purchased from Chemsupply
(Adelaide, Australia).

2.2. Fabrication of Native Lignin–Cellulose Nanocrystal (L-CNCs)

Hemp hurd particle (50 g) was wet ball-milled with an Attritor mill (2S, Union Process,
USA) at an agitator speed of 280 rpm for 20 h, as reported before [10]. In our previous
study with hemp hurd, we have intensively studied the influence of ball-milling time on
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the crystallinity of hemp [10]. The XRD data of milled hemp hurd particle showed that
the crystalline part of hemp hurd reduced from 84.3% to 47% after 20 h milling, while 4 h
milling reduced the hemp crystallinity to only 82%. Though some native cellulose was
converted into amorphous cellulose, still half remained. The milled hemp particle with the
average size of 1.05 µm was kept in the solution to avoid aggregation.

Aqueous solution of 4 g hemp and 25 mL sulphuric acid (64 wt. %) were added into a
round bottle flask to hydrolyse for 1, 3, 5, 7, and 10 h under 45 ◦C, as shown in Figure 1.
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Figure 1. Schematic of fabricating lignin–cellulose nanocrystals at 45 ◦C and 10 hr hydrolysis time (L-CNCs10) and its
subsequent L-CNCs/PVA (5 wt. %) film.

The temperature was kept at 45 ◦C based on the optimised method of fabricating
CNCs described in the literature [25]. Though low temperature is preferred to keep lignin
intact, a longer hydrolysis time maybe required. According to the different acid hydrolysis
treatment times, the samples were named as “L-CNCs1”, “L-CNCs3”, “L-CNCs5”, “L-
CNCs7”, and “L-CNCs10” to use hereafter. The concentration of sulphuric acid for all
samples was diluted by water from the hemp aqueous solution; thus, it was kept at a rate
of 57.25 wt. %. The suspension was diluted with DI water (10 times) to quench the reaction.
The L-CNCs solution was centrifuged at 6000 rpm for 5 min on −4 ◦C three times with DI
water to remove additional acid. The residual sample was diluted into 60 mL of DI water
and sonicated in a sonication device (Model Q700 Q Sonica) under ultrasonic irradiation
(20 kHz, 700 W) for 15 min to well disperse the L-CNCs.

2.3. Preparation of L-CNCs/PVA Film

The prepared L-CNCs samples (L-CNCs1, L-CNCs3, L-CNCs5, L-CNCs7, and L-
CNCs10) were added to the PVA solution, producing five different mixtures with a weight
ratio of 5 wt. %. L-CNCs7, L-CNCs10 were selected to perform further comparison with
the addition ratio of 10 wt. % and 20 wt.%. The hemp particle/PVA sample at a ratio of
5 wt.% was prepared from our previous study [10]. This sample was used to compare its
properties (UV-shielding ability, tensile property, and water vapour permeability), with
those L-CNCs at the same ratio. Therefore, a total of 10 samples were prepared. The
mixtures were vibrated on a Vortex Mixer (Ratek, Australia) for dispersion, followed by a
separate casting in a Petri dish. The Petri dish was dried in a fume hood overnight at room
temperature, and a film with a diameter of 84 cm and 0.040 mm thickness was obtained.
Figure 1 shows the preparation process of L-CNCs and L-CNCs/PVA film.
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2.4. Material Characterisation
2.4.1. Lignin Content

To measure the total lignin in hemp hurd, the extractives were first removed according
to NREL/TP-510-42619 [26]. Briefly, the hemp particle, extraction thimble and soxhlet
siphon tube were first dried in the oven for a minimum of 12 h. Hemp powder (10 g) and
190 mL 95% ethanol were added in a tared extraction thimble and put into the extraction
chamber of the soxhlet extractor. The soxhlet extractor was heated in an oil bath and kept
boiling for 10 siphon cycles per hour and refluxed for 24 h. The extracted solid in extraction
thimble was transferred into a centrifuge tube and the solid was washed three times. The
sample was then dried in the oven at 100 ◦C to remove free water. Although this method
is simple and non-toxic, the amount of lignin in extracted solution is likely to be lower
than its true value. This is because some of the lignin (organosolv lignin) [27] is likely to be
removed in this stage.

The lignin in hemp hurd included both acid-insoluble lignin and acid soluble lignin.
The content of acid-insoluble lignin was determined according to TAPPI T Standard 222 [28].
Dried sample (1 g) was hydrolysed by 15 mL 72% (w/w) H2SO4 for 2 h at 20 ◦C, followed by
adding 575 mL DI water to dilute into 4% (w/w) H2SO4 and boiled for 4 h. The hydrolysis
solution and sediment were separated by filtering and washing with hot water. The weight
of dried sediment was reported as acid-insoluble lignin. Acid-soluble lignin was measured
from the hydrolysis solution by UV–vis spectroscopy, where the absorbance was used to
calculate the weight of acid-soluble lignin. The acid-soluble lignin was calculated by the
equation from the NREL/TP-510-42618 [29] and was used to understand how much lignin
become soluble after longer hydrolysis treatment.

2.4.2. Zeta Potential

The stability and dispersion of L-CNCs in an aqueous solution were evaluated by Zeta
potential. The value of Zeta potential was measured on a Zetasizer Nano (ZS, Malvern,
UK) at 25 ◦C. Three measurements were carried out for each sample, and the average was
reported. The pH value of L-CNCs suspension was controlled at 7 by diluting the L-CNCs
solution 1000 times. This is worth mentioning that the dynamic light scattering (DLS) size
is usually used to measure round particles by using the Stokes–Einstein relationship [30].
Since the shape of the particles were not round in this study, we did not use this method
for the size measurement.

2.4.3. The Sulphur Content and Yield of L-CNCs

The qualitative analysis of sulphur content in the hemp particle and L-CNCs was anal-
ysed by the energy-dispersive X-ray spectroscopy (EDS) method using a scanning electron
microscope (SEM) JEOL7800F (Tokyo, Japan). The sulphur content was representing the
percentage of the respective sample.

The yield of hemp particles and L-CNCs was measured by using the gravimetric
analysis method [31]. The weight of the sample was measured after being dried in the oven
for 12 h at 105 ◦C. The yield of the sample was calculated for the hemp particles.

2.4.4. Atomic Force Microscope (AFM)

To understand the influence of acid hydrolysis on the aspect ratio of L-CNCs, the
length, width, and height of L-CNCs were evaluated by AFM (Asylum Research, Santa
Barbara, CA, USA). The L-CNCs solution was dropped on the surface of a silicon wafer
and dried in a fume hood overnight. The lengths and heights of L-CNCs were measured
on 30 random crystals captured by AFM images. The profile drawn by the long axis
of the particle represents the length of L-CNCs, and the height represent the maximum
value along the long axis [32]. The width of L-CNCs was not accurate due to the artifacts
caused by sample-tip convolution [33]. The particle diameter measured directly with
AFM may hide undetectable lateral aggregates. Thus, the height measured from AFM
was recognised as diameter, and the aspect ratios of L-CNCs were calculated by the
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length/height (diameter) [34,35]. Data were collected using Nanoscope 8.4 software, and
images were analysed using Gwyddion analysis software.

2.4.5. Transmission Electron Microscopy (TEM)

The morphology of L-CNCs was imaged using JEOL TEM LaB6 (Tokyo, Japan). It
operated at an acceleration voltage of 200 kV and beam current of 108 µA. The L-CNCs
samples were diluted with DI water 1000 times and dropped on a carbon grid. The carbon
grid was dried under fume hood for 12 h prior to testing.

2.4.6. Fourier Transform Infrared (FTIR)

A Bruker Vertex spectrometer (70, Billerica, MA, USA) with attenuated total reflectance
Fourier-transform infrared (ATR-FTIR) was used to understand the chemical structure
of the L-CNCs and L-CNCs/PVA films. A light beam with a wavelength in the range
600 to 4000 cm−1 and a resolution of 4 cm−1 was used to obtain the spectra. Opus 5.5
software was used to perform the baseline correction of the results. Origin 2020 (OriginLab,
MA, USA) was used to normalise and find the peaks. The syringyl-to-guaiacyl ratio was
calculated by the intensity of I1328/I1244 of L-CNCs, where I1328 and I1244 represented the
peak intensity in 1328 cm−1 and 1244 cm−1, respectively [36].

2.4.7. UV-Shielding Performance of the L-CNCs and the Films

UV-shielding performance of the L-CNCs solution was determined with a UV spec-
trophotometer (Carry 300 Scan, Varian Inc., Billerica, MA, USA). The spectra of the samples
were obtained in a 1 cm quartz cuvette from 200 to 800 nm. To avoid the influence of lignin
amount, the data were nominalised per total lignin mass of L-CNCs. Transparency and
UV-shielding performance of the films were determined with a UV–VIS–NIR spectropho-
tometer (Carry 5000 Scan, Varian Inc., Billerica, MA, USA). The spectra of the films were
obtained at a scan rate of 600 nm/min from 200 to 800 nm.

2.4.8. X-ray Diffraction (XRD)

The crystallinity of the L-CNCs-PVA film was measured by XRD (Panalytical, Almelo,
Netherlands). The intensity in the 2θ range from 7◦ to 50◦ were collected in the op-
erating condition at 30 kV and 40 mA. The crystallinity of the film was calculated by
Equation (1) [37].

Xc =
Ac

Ac + Aa
, (1)

where Xc is the crystalline fraction, Ac represents the crystalline area and Aa represents the
amorphous area of the film. The crystalline area and amorphous area were deconvoluted
through Gaussian function provided in Origin 2020.

2.4.9. Tensile Properties

A universal tensile tester machine (Instron, Norwood, MA, USA) was used to measure
Young’s modulus, maximum nominal stress, and elongation at break at 20 ± 2 ◦C temper-
ature and 62 ± 2% of relative humidity. The film was cut into 30 × 10 mm according to
ASTM D882–18 [38]. The gauge length of the sample was 10 mm. The tension rate was
kept at 4 mm/min, and the load was recorded with a 100 N load cell. Five specimens of
each sample were tested, and the average was reported. Moisture control was done prior
to the test, and all the composite films were dried in oven at 30 ◦C for 30 min before testing.

2.4.10. Water Vapour Permeability

A moisture vapour transmission rate tester (Labthink’s W3/031, Jinan, China) was
used to obtain the water vapour permeability (WVP) of L-CNCs/PVA composite films.
According to TAPPI T 464 [39], the measurement condition was 90% relative humidity and
38 ◦C. The water vapour transferred through the films was determined by measuring the
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weight changes periodically, until a constant weight was reached. Three samples of each
film were tested, and the result was obtained from the data average.

2.4.11. The Statistical Analysis

As required, either one-way or two-way ANOVA tests were conducted to understand
the difference among samples through IBM SPSS. p-value ≤ 0.05 indicates that the differ-
ence in data sets was statistically significant, and p-value > 0.05 indicates the difference in
data sets was not statistically significant.

3. Results and Discussion
3.1. Lignin Content and Stability of L-CNCs

The acid-soluble and insoluble lignin content (wt. %) of hemp and L-CNCs, along
with the zeta potential, are shown in Table 1. The acid-insoluble lignin of hemp was 11.29%,
higher than lignocellulose materials such as corn (9.9%), wheat (4.9%), and kale (6.5%) [40]
reported in the literature, and its acid-soluble lignin was around 1.4%. The acid-soluble
lignin in L-CNCs3, L-CNCs5, and L-CNCs7 was around 2% and increased with longer
hydrolysis time, confirming that some of the insoluble lignin was solubilised in acid with
longer acid treatment time. Thus, the treatment time was kept lower than 10 h to avoid
further transforming lignin into acid soluble lignin.

Table 1. The content of lignin (%), zeta potential and sulphur element of L-CNCs.

Sample
Abbreviation

Acid Insoluble
Lignin (%)

Acid Soluble
Lignin (%)

Zeta Potential
Value (mV)

Sulphur Element
Content (wt. %) Yield (%)

Hemp particle 11.3% 1.4% −11.36 ± 0.64 d 0.6 86.8
L−CNCs1 10.4% 1.8% −28.63 ± 0.67 c 4.77 48
L−CNCs3 12.7% 1.6% −35.43 ± 0.76 ab 6.25 25.5
L−CNCs5 11.3% 2.2% −34.26 ± 1.33 b 7.01 19.8
L−CNCs7 10.6% 2.9% −34.3 ± 0.88 b 9.74 13.8

L−CNCs10 13.2% 3.4% −36.43 ± 0.72 a 10.41 11.8

Different superscript letters (a, b, c, d) represent a statistically significant difference among groups (p ≤ 0.05); the superscript letters ab
mean no significant difference between ab and a or ab and b.

Though the changes in the amount of acid-insoluble lignin showed fluctuations,
overall, it represented an increasing trend. The increase in lignin content was probably
related to the loss of cellulose and hemicellulose in the hydrolysis process. The amorphous
range of cellulose and hemicellulose were dissolved in the sulphuric acid [41]. This could
also be confirmed based on calculated data (Figure 2), as the loss of mass of L-CNCs was
more than lignin. Moreover, the molecular weight of sulphated lignin became higher
after sulfonation; thus, the amount of acid-insoluble lignin in the samples (measured by
weight) increased by the acid treatment compared to untreated hemp particles. On the
other hand, the sulfonation group promotes affinity towards water molecules of L-CNCs.
The weight of L-CNCs may partly contain water weight, thus leading to weight increase
in L-CNCs samples, as shown in Table 1. The rest of the sample would be cellulose
nanocrystals, cellulose microparticles, and hemicellulose, depending on the hydrolysis
time. The cellulose microparticle and hemicellulose are likely to be decomposed with
increasing hydrolysis time [42].
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The zeta potential was also used to quantitatively characterise the electrostatic stability
of L-CNCs. High positive or negative values of zeta potential indicate adequate electrical
double layer repulsion, which can avoid possible aggregation. The sulphur content (wt.%)
of the samples is presented in Table 1 as a mass percentage. The sulphur content of hemp
particles was as low as 0.6 wt. %, while the L-CNCs showed an increasing trend after acid
hydrolysis treatment. The L-CNCs10 showed the highest sulphur amount that could be
related to the smaller size (will be discussed in morphology and size analysis of L-CNCs
section) and longer acid treatment time of L-CNCs10 compared to the rest. The presence
of the sulfonation group induces the negative charge of L-CNCs. All L-CNCs aqueous
solutions showed negative charges. The zeta potential of L-CNCs1 was −28.63 mV, almost
2.5 times higher than that of hemp particles (−11.36 mV). The zeta potential value of
L-CNCs further decreased to −35.43 mV for L-CNCs3, confirming the reduction in the
aggregation and uniform dispersions of L-CNCs, as observed in the following AFM images
(Figure 3, will be discussed in morphology and size analysis of L-CNCs section). This
is because sulphuric acid treatment induces stronger negative surface charges [43] that
enhances electrostatic stabilisation of the suspensions.

There was no significant difference in zeta potential values among L-CNCs3, L-CNCs5
and L-CNCs7. The L-CNCs10 showed the highest negative zeta potential indicating the
best stability of the L-CNCs samples; however, it lost the highest amount of acid-soluble
lignin (3.4%) and showed the highest amount of acid-insoluble lignin (13.2%) among the
other L-CNCs. Compared to other L-CNC samples, the hemp particle sample was not
treated with acid. The acid was only applied in the measurement process which probably
resulted in comparatively lower amount of acid soluble lignin than other samples. Overall,
the total lignin amount in the samples was lower than that reported in the literature [21,22].
This difference could be related to the source of lignin and testing method. Moreover,
the ethanol extraction pre-treatment could be another reason as some of the lignin was
possibly dissolved at that stage [27]. The zeta potential of lignin nanoparticles has been
reported between −14 mV and −26 mV in the literature [44]. The measured zeta potential
of L-CNCs was almost identical (expect L-CNCs1). This might be related to the extension
of surface area, as when particle size reduces the surface area increases. Although the
acidity of sample increased, the density of acid did not change.

3.2. Morphology and Size Analysis of L-CNCs

The AFM images and height measurements of L-CNCs after subsequent hydrolysis
with acid (ball milling assisted acid hydrolysis) are shown in Figure 3a. For comparison,
the morphologies of only single L-CNCs7 and L-CNCs10 are shown in Figure 3b. The size



Nanomaterials 2021, 11, 3425 8 of 21

and aspect ratio of L-CNCs are summarised in Table 2. The rod-like shape of L-CNCs and
some irregular particles are observed for the L-CNCs3, L-CNCs5, L-CNCs7 and L-CNCs10
(Figure 3). The AFM images of L-CNCs are representative of each sample, as a similar
morphology was observed after analysing multiple areas. An AFM image of one of the
samples (LCNCs7) with a larger area is also shown in Figure S1. The residual lignin could
exist in both irregular and rod-like particles. The irregular particle was a partly hydrolysed
hemp particle that contained residual lignin. For the rod-like particle, since acid hydrolysis
could not dissolve all the lignin, acid-insoluble lignin still existed, which could possibly be
attached to the surface of the rod-like particle.

Table 2. List of morphological properties of hemp particle and L-CNCs.

Sample
Abbreviation

Average Length
(L, nm)

Average Height
(H, nm) Aspect Ratios (L/H)

Hemp particle 654.8 ± 339.6 a 73.5 ± 27.3 a 8.9
L-CNCs1 517.3 ± 184.4 b 40.5 ± 14.1 b 12.8
L-CNCs3 498.3 ± 147 b 30.5 ± 20.3 c 16.3
L-CNCs5 486.5 ± 137.4 b 10.5 ± 7.3 d 46.3
L-CNCs7 485.3 ± 172.3 b 5.7 ± 3.3 d 85.1

L-CNCs10 195.8 ± 63.5 c 4.9 ± 1.7 d 40
Different superscript letters (a,b,c,d) represent a statistically significant difference among groups (p < 0.05), the
superscript letters cd mean no significant difference between cd and c or cd and d.

The changes in length (L) and height (H) were found under different hydrolysis
times, as shown in Table 2. The hemp particle showed the highest height and decreased
through the hydrolysis procedure. With the hydrolysis treatment, irregular particles of
hemp generally transformed into rod-like L-CNCs particles, which were obtained in the
samples after 3 h hydrolysis. In the first 7 h, the reduction in size of the sample was
mainly in the height, with a slow reduction in the length. For the last 3 h (L-CNCs7
and L-CNCs10), the length significantly decreased, but the change in the length was not
significantly different in the L-CNCs5 and L-CNCs7. This indicates that the high amount
of lignin in hemp has protected cellulose from acid depolymerisation in the first 7 h; lignin
acted like glue, adhering cellulose and hemicellulose together in the microfiber [45]. More
lignin was soluble in acid with 10 h hydrolysis time, which was also proved by the content
of acid-soluble lignin (Table 1).

After depolymerisation of the lignin–carbohydrate complex, cellulose was exposed,
resulting in a reduction in length. The length/height aspect ratio (L/H) of L-CNCs7 was the
highest (~9 times) among hemp particle and other L-CNCs. The acid hydrolysis treatment
from 0 to 7 h resulted in elongated L-CNCs with a higher aspect ratio. With an increased
hydrolysis treatment time, the length of L-CNCs further decreased. The higher aspect
ratio of L-CNCs would be a benefit for the properties of the composite when reinforced
with the polymer. While the aspect ratio of fabricated L-CNCs (using the maleic acid
hydrolysis method) has been reported between 9.2 and 11.5 [13], the L/H aspect ratio of
the L-CNCs in this study increased from 8.9 to 85.1, which indicated the suitability of this
fabrication method in producing L-CNCs with a higher aspect ratio. The higher aspect
ratio subsequently resulted in the higher tensile properties and barrier properties of the
L-CNCs reinforced composite, which will be discussed later. The enhancement of aspect
ratio could be related to the ball milling assistance, since the ball-milled hemp particle
showed a uniform morphology. More lignin was exposed after the ball milling, leading to
a reduction in height of L-CNCs.
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3.3. FTIR Analysis
3.3.1. FTIR Analysis of the L-CNCs Particles

The chemical change of L-CNCs was analysed by FTIR as shown in Figure 4. The
band around 3338 cm−1 represent the OH- stretching of intramolecular and intermolecular
hydrogen bonds, phenolic groups, phenols from cellulose and lignin [46]. The peaks at
2941 cm−1, 2912 cm−1, 1244 cm−1, and 846 cm−1 represented C-H stretching of L-CNCs [18].
Compared with hemp particle, a new peak at 1685 cm−1 was observed, and this was
assigned to the C=O stretch of alpha, beta-unsaturated ketones [47]. The peak at 1604 cm−1

represented the aromatic units [48] in the hemp particle, and it can be observed that it is
different from those of L-CNCs. This indicates the structure change in aromatic units of
L-CNCs. The peak at 1427 cm−1 was related to CH2 symmetric bending in lignin [49]. The
band at 1373 cm−1 represented CH3 stretching from cellulose and lignin [50]. The peak at
1350 cm−1 and 1050 cm−1 represented the S=O stretching [51] of L-CNCs and indicated
the present of sulfonate groups. This could be related to the sulfonation of L-CNCs that
possibly occurred in the aromatic units of lignin. The bands at 1024 cm−1, 1087 cm−1, and
1165 cm−1 were due to C-O stretching and assigned to the cellulose and hemicellulose. A
drop in peak intensity at 1024 cm−1 was observed in the L-CNCs3 sample, which indicated
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the low cellulose content. This sudden drop of cellulose content could be related to the
formation of CNCs. As observed in AFM image, the CNCs was started forming after 3 h
acid hydrolysis. The peaks at 1328 cm−1 and 1244 cm−1 were assigned to the syringyl (s)
and guaiacyl (G) [52], respectively. As mentioned before, S and G are phenolic groups of
lignin, where S phenolic hydroxyl groups contribute more to the UV-shielding properties.
The ratio of syringyl to guaiacyl (S/G) was proved to influence the structure of lignin [53].
Lignin is a irregularly branched polyphenolic polyether and its complexity, intricacy and
inhomogeneity make the chemical characterisation become challenging [54]. Therefore, the
ratio of S/G was used an indicator for UV-shielding properties, usually represented by the
I1328/I1244 [36].
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The calculated S/G ratio of hemp particle and L-CNCs are presented in Figure 4. The
results indicated an increasing trend of the S/G ratio of L-CNCs with a longer hydrolysis
time. The aryl-O-ether linkage (β-O-4) in lignin is sensitive to the acid, which can lead to
an increase in phenolic group by cleavage of aryl ether linkages [55] from the G group. The
increase in phenolic group can also be observed from the increase intensity of 3338 cm−1

peak. Thus, this leads to the enhancement of S/G ratio and UV-shielding properties. The
enhanced in S/G ratio was further confirmed by the enhanced UV-shielding properties of
L-CNCs, as shown in the following UV–vis result. In addition, the results suggest that the
UV-shielding properties of L-CNCs fabricated in this study is higher than softwood (S/G
ratio of 0.053 for pine) or grass (S/G ratio 0.433 for switchgrass) and less than hardwood
(S/G ratio of 4.25 for eucalyptus) [56].

3.3.2. FTIR Analysis of the L-CNCs/PVA Films

The hemp particle and L-CNCs were incorporated into PVA as a functional filler.
The chemical bonding between particles and PVA were analysed by FTIR, as shown in
Figure 5a. The broad peak from 3200–3550 cm−1 is due to the intermolecular and in-
tramolecular hydrogen bond [57]. The hydrogen bonding probably took place between
the alcoholic (−OH) side groups of PVA and hydroxyl groups CNCs, as they are both
hydrophilic [58,59]. PVA showed a broad peak near 3296–3325 cm−1, which was identical
to the result from Haque et al. [60]. The main peak of hemp particle/PVA was at 3294 cm−1.
With the hydrolysis procedure, the absorption peak of L-CNCs shifted from 3325 cm−1 to
3275 cm−1, as shown in Figure 5b. The shifting of the peak may be attributed to the hydro-
gen bonds formed between hemp particle and PVA, L-CNCs, and PVA. The absorption
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peak at 1733 cm−1 was attributed to the residual acetyl groups in PVA [61]. The rest of the
peaks were almost identical to the spectrum of pure PVA. Thus, no other chemical bonding
was found between the hemp particle and PVA.
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3.4. UV-Shielding Analysis
3.4.1. UV-Shielding Performance of Hemp Particle and L-CNCs

The UV–vis absorption spectra of hemp particle and L-CNCs are shown in Figure 6a.
It was observed that the UV-shielding performance of hemp particle increased through
the hydrolysis procedure. The hemp particle and L-CNCs both showed strong peaks at
205 nm and 283 nm, which can be attributed to the aromatic nature of lignin [62]. The
absorption peak around 283 nm was assigned to the unconjugated phenolic hydroxyl
groups of lignin [57]. With the longer hydrolysis time, sulfonation probably occurred,
which was confirmed by the sulphur amount and FTIR spectrum of L-CNCs samples. The
UV-shielding ability was related to the chromophores group, such as phenolic units and
ketones (as observed from the FTIR result), which has strong UV-shieling ability [63]. Thus,
the efficiency of UV-shielding performance increased.

The digital images of hemp particle and L-CNCs are shown in Figure 6b. It can be
observed that the colour of L-CNCs became red-brown by the hydrolysis treatment, which
is related to the change of the lignin’s chromophore structure. It can also indicate the
change of S/G ratio, as the colour of G lignin is yellow-brown, and the colour of S lignin
is red-purple [64]. The chromophore groups are the UV-shielding functional group of
lignin [4]. The darker colour of L-CNCs also indicates better UV-shielding ability, which is
identical to the result from the UV–vis spectra. Longer hydrolysis time could increase the
chromophores groups and thus increase the UV-shielding ability of the L-CNCs.
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3.4.2. UV-Shielding Performance of the L-CNCs/PVA Films

The hydrolysis influence on the UV-shielding performance was analysed by adding
different L-CNCs samples with the same ratio (5 wt. %) in the PVA matrix. The UV-
shielding performance and digital image of the prepared films are shown in Figure 7.
Figure 7a shows an identical trend in UV absorption of the films to that previously observed
for the L-CNCs samples in Figure 6a. While the pure PVA revealed low UV absorption,
the UV absorption of composite films was higher due to the presence of hemp particle or
L-CNCs. The main absorbance peak of hemp particle/PVA film and L-CNCs/PVA films
was around 280 nm related to the lignin. As shown in Figure 7a, the absorption band
of PVA at 280 nm was weak, but this peak was mainly intensified by L-CNCs. With the
sulphuric acid hydrolysis procedure, the UV-shielding properties of L-CNCs/PVA were
stronger than hemp particle/PVA. The better UV-shielding performance could also relate
to the size of the hemp particle and L-CNCs. L-CNCs10 showed the smallest particle size
(as confirmed by AFM results), and the obtained film resulted in the highest UV absorbance
due to the larger surface area and low bulk density of nanoparticles [65]. The better
dispersity of L-CNCs in water (discussed in the zeta potential analysis) also contributed to
the higher UV-shielding properties. The high zeta potential of L-CNCs resulted in good
dispersity in the matrix, as PVA is a water-soluble polymer. The absorbance of all the
obtained films showed high visible-light transparency due to the low absorbance in the
visible light range (400 nm to 800 nm). Although the colour of L-CNCs was dark brown,
as shown in Figure 6b, all the obtained L-CNCs/PVA films were transparent (Figure 7b).
This was due to the low amount of L-CNCs added into the PVA matrix, which had little
influence on the colour of L-CNCs films. In addition, the nano size of L-CNCs fabricated
in this study influenced the lighter colour of the composite. As reported earlier, lignin with
nano-size has a lighter colour than the micro size lignin due to the high surface area of lignin
nanoparticles, containing more chromophores [66]. As shown in Figure 7b, the L-CNCs/PVA
film showed a homogeneous form, and the uniform distribution of L-CNCs in PVA matrix
could be related to the hydrophilic nature of both L-CNCs and PVA. Hydrogen bond could
be formed between the hydroxyl groups of CNC and alcoholic (−OH) side groups of PVA,
as discussed in the FTIR section.
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Figure 7. (a) Absorption spectra of pure PVA, hemp particle/PVA, and L-CNCs/PVA films (5 wt. %), (b) digital images
of pure PVA and L-CNCs/PVA films (5 wt. %), (c) transmission spectra of L-CNCs7(10)/PVA at 5 wt. %, 10 wt. %, and
20 wt. % ratio and (d) Schematic diagram of L-CNCs’ distribution in PVA film.

The effect of L-CNCs content on the UV-shielding performance of the composite
films is shown in Figure 7c. It was observed that as the amount of L-CNCs increased, the
UV-shielding properties of L-CNCs/PVA composite films improved, while the visible-
transmittance decreased. The composite films showed identical UV-shielding properties
and visible transmittance with L-CNCs7 and L-CNCs10 samples at the ratio of 20 wt. %.
Interestingly, at the 10 wt. %, the L-CNCs7/PVA showed more transparency and better
UV-shielding properties than the L-CNCs10/PVA film. Although the changes were not
significant, they still can be observed from Figure 7c. Transparent UV-shielding lignin
composite is very challenging to achieve, as the chromophore groups of lignin is also
responsible for the UV-shielding properties. The differences in transparency could be
related to the distribution of L-CNCs particles in PVA, as shown in Figure 7d. It has been
reported that the aspect ratio can be a beneficial factor for the UV-shielding properties [67].
As discussed in the morphology section, the aspect ratio of L-CNCs7 was observed to be
much higher than L-CNCs10. At the ratio of 5 wt. % addition of L-CNCs into PVA film,
the L-CNCs thus probably found enough space and distributed evenly in PVA, therefore
showing similar UV absorbance results to the L-CNCs solution, as shown in Figure 6a.
As schematically shown in Figure 7d, at the ratio of 10 wt. %, the L-CNCs7/PVA film
with a higher aspect ratio would have a larger vacant density compared to L-CNCs/PVA
film, which results in a lighter colour and better UV-shielding properties. For the addition
of 20 wt. % of L-CNCs to PVA, the distribution space was smaller and led to the same
UV-shielding performance. For the low L-CNCs content (5 wt. %) PVA composite film, the
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size of the particles dominated the UV-shielding properties, while with the higher L-CNCs
ratio (around 10%) of the film, the aspect ratio became the key factor.

UV-shielding properties of some lignin composite materials reported in the literature
are shown in Figure 8. For example, the cotton gin waste/PVA film [60] has full UV-
shielding at 400 nm, while the transparency at visible light is only around 20%. The
L-CNCs7 20 wt. % developed through the current study showed comparable UV-shielding
properties with reported materials, while emphasising on the promising potential of native
lignin for transparent UV-shielding materials.
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3.5. Crystallinity Analysis of the L-CNCs/PVA Films

Figure 9a shows the XRD pattern of the PVA films (with 5 wt % of L-CNCs). Though
we have performed the XRD of L-CNCs, the crystalline part of L-CNCs was not possible to
be detected from the spectra. This result suggested that the majority of the cellulose was
decomposed after ball milling and long-time acid hydrolysis and resulted in a low yield.
Bian et al. [13] also reported that L-CNCs were unable to be detected by XRD spectra due to
L-CNCs low yield. The intensities of the crystalline and amorphous part of L-CNCs were
very close, which led to a large error after the normalisation. Thus, only the crystallinity
analysis of the films is presented here instead. The main peak at 19.3◦ was assigned to
the (101) γ-crystalline phase of the PVA matrix [10]. The main peak of hemp particle is in
22.5◦, but it was not observed in the L-CNCs/PVA films, due to the low amount of hemp
added to the films, and this is similar to the other reported results from the literature [46,74].
Considering the low yield of L-CNCs, the actual amount of the 5 wt% addition could be
1%. This could also influence the peak of composite. The crystallinity of the films was
calculated using Equation (1), where the crystalline and the amorphous areas were obtained
through the deconvolution method and are presented in Figure 9b. Addition of either hemp
particle or L-CNCs into PVA increased the crystallinity of the films. However, the change
in crystallinity did not show that differences between adding hemp particle or L-CNCs,
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which might be due to the fact that most of the amorphous lignin and hemicellulose of
hemp remained in the L-CNCs film. In addition, the amount of hemp particle or L-CNCs
added to the PVA matrix was low (5 wt. %), and as mentioned earlier, the main peak of the
films was related to the PVA matrix, not hemp.
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3.6. Tensile Properties of the L-CNCs/PVA Films

The influence of L-CNCs on mechanical properties, including Young’s modulus,
maximum nominal stress, and elongation at break of PVA film, are shown in Figure 10.
Young’s modulus of PVA film was largely influenced by the filler at the ratio of 5 wt.%
as shown in Figure 10a. The addition of hemp particle resulted in a significant increase
in Young’s modulus of 5 wt.% hemp particle/PVA film by a factor of 4, compared to the
pure PVA. While the L-CNCs7/PVA showed the highest Young’s modulus among the
films, no significant difference among L-CNCs5/PVA, L-CNCs7/PVA and L-CNCs10/PVA
films were observed. A significant difference was found between L-CNCs3 and L-CNCs7.
The increase in Young’s modulus in the L-CNCs/PVA films could be the result of two
phenomena; (1) the formation of rod-like cellulose nanocrystals as observed by the AFM
result and (2) the aspect ratio of hemp particle and L-CNCs [75].

The L-CNCs7 showed a higher aspect ratio of 85.13 compared to those of L-CNCs3
(16.5), as proved by AFM results (Table 2), thus leading to the higher Young’s modulus
of the films. This is due to the high aspect ratio of L-CNCs filler, which could possibly
form stress concentration zones, and these areas could be transferred with more energy
and result in fracture points of the composite. The maximum nominal stress of hemp
particle/PVA and L-CNCs/PVA at the ratio of 5 wt. % also showed a significant increase
compared to the pure PVA showed in Figure 10b. The maximum nominal stress of L-
CNCs7/PVA was the highest and significantly different from other samples. This could be
due to the interaction between L-CNCs and PVA. The probable hydrogen bond between
L-CNCs7 and PVA could act as transient crosslinks and increase the nominal maximum
stress. The elongation of L-CNCs shown in Figure 10c was significantly different from PVA,
and only a minor significant difference was found between other L-CNCs samples. This is
probably due to the ductility of the film that decreased after adding L-CNCs.
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Figure 10. (a) Young’s modulus, (b) stress, and (c) elongation of pure PVA, hemp particle/PVA film and L-CNCs/PVA films
at addition ration of 5 wt. %. (d) Young’s modulus, (e) stress, and (f) elongation of L-CNCs7 and L-CNCs10 at different
addition ratio (5 wt. %, 10 wt. %, and 20 wt. %). Error bars indicate the standard deviations of the samples. Different
superscript letters (a, b, c, d, e) represent statistically significant differences among groups (p ≤ 0.05); the superscript letters
ab means no significant difference among ab and a or ab and b; the superscript letters bc means no significant difference
among bc and b or bc and c; abc means no significant difference among abc and a, abc and b or abc and c; bde means no
significant difference among bde and b, bde and d or bde and e.
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To investigate the influence of filler amount, different contents of L-CNCs7 (highest
aspect ratio) and L-CNCs10 (smallest particle size) were also added into PVA with 10 wt. %
and 20 wt. %. Young’s modulus, maximum nominal stress, and elongation at break of
those PVA composite films are shown in Figure 10d–f. From the two-way ANOVA analysis,
Young’s modulus and stress both showed a significant difference between L-CNCs7 and L-
CNCs10. Young’s modulus of lignin-CNCs7 20 wt. % films showed no significant difference
with lignin-CNCs10 films (5 wt. % and 10 wt. %). The maximum nominal stress decreased
with more L-CNCs particles. This was probably due to the increased agglomeration of
L-CNCs and a decrease in the degree of dispersion in the PVA composites as shown in
Figure S2. For the 20 wt. % film, a filler-to-filler network could be formed due to the high
aspect ratio of L-CNCs, while its contribution may be little, and the fracture could probably
be occurred due to the particles with irregular shapes. The increased agglomeration of
reinforcing agents hindered the effective stress transfer. There was no significant difference
found in the elongation at the break of L-CNCs7/PVA films and L-CNCs10/PVA films.

3.7. Water Vapour Permeability of the L-CNCs/PVA Films

Water vapour permeability has been considered an important factor for packaging
application, as it can influence the food shelf-life. One of the advantages of PVA is its
low water vapour permeability, while adding filler normally influences its permeability.
From the literature [76], the barrier property of (ligno)nanocellulose/PVA has improved
at a small addition amount. Furthermore, our previous study [10] reported that 5 wt %
hemp particle/PVA film showed comparable water vapour permeability to both composite
film with 1% and 10% hemp particle addition. Thus, L-CNCs/PVA films at the ratio of
5 wt% (lowest addition amount among our samples) were chosen as representative to
study their water vapour permeability. The water vapour permeability of pure PVA, hemp
particle/PVA, and L-CNCs/PVA are shown in Figure 11.
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Normally, adding fillers could increase the pores of the film, leading to water molecule
transfer through the film with less resistance. However, there were no statistical differences
found between pure PVA and any of the samples. This could be related to two factors; one
is the interaction between L-CNCs and PVA that restricted the passage of water molecules.
The water molecules usually move through the amorphous region to permeate from one
side to another. The less amorphous region also reduces the diffusion path, which means
fewer water molecules pass through. Looking at food packaging materials such as HDPE
(high-density polyethene), the water vapour permeability of HDPE has been reported at
1.741–3.482 × 10−12 g·cm/(cm2·s·Pa) [77], which is comparable to the L-CNCs/PVA films
fabricated in this study. This indicates the strong possibility of using L-CNCs/PVA films in
food packaging.

4. Conclusions

This study demonstrated an innovative fabricating method for high aspect ratio native
lignin-cellulose nanocrystals (L-CNCs) by ball milling assisted acid hydrolysis treatment.
The proposed fabrication method is more environmentally friendly compared to the current
methods, as it was developed using the mild concentration of sulphuric acid (57.25%) at
a low temperature (45 ◦C). Although some acid-soluble lignin was lost through the acid
hydrolysis treatment of hemp, the sulfonated L-CNCs showed higher UV absorption than
those of hemp particle. Though the colour of L-CNCs was darker than hemp particle,
light-coloured UV-shielding nanocomposite film was achieved by the casting of L-CNCs
(with different hydrolysis times from 1 to 10 h) with PVA. Among all L-CNCs/PVA
films at 5 wt. %, the L-CNCs7/PVA (hydrolysed for 7 h) was highly transparent (94.16%
transmission at the wavelength of 550 nm) and showed good UV-shielding properties
(73.46% absorption at the wavelength of 280 nm) due to the UV absorption of L-CNCs. At
the filler addition of 10 wt. %, the L-CNCs7 (with the highest aspect ratio of 85.13) showed
higher transparency and better UV-shielding properties compared to the L-CNCs10, having
the smallest size among all L-CNCs. The evaluated tensile properties and water vapour
transmission proved the potential application of developed L-CNCs nanocomposite film
in food packaging.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano11123425/s1, Figure S1: AFM image of L-CNCs7 in the area of 20 × 20 µm2, Figure S2:
The digital image of L-CNCs/PVA films and the background is white paper with dark words.

Author Contributions: Conceptualisation, Y.Z. and M.N.; methodology, Y.Z.; formal analysis, Y.Z.; in-
vestigation, Y.Z. and A.N.M.A.H.; data curation, Y.Z. and A.N.M.A.H.; writing—original draft prepa-
ration, Y.Z.; writing—review and editing, Y.Z. and A.N.M.A.H. and M.N.; supervision, A.N.M.A.H.
and M.N.; funding acquisition, M.N. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported by Deakin University Postgraduate Research Scholarship
(DUPRS).

Informed Consent Statement: Be shared at this time as the data also forms part of an ongoing study.

Data Availability Statement: The raw/processed data required to reproduce these findings cannot
be shared at this time, as the data also form part of an ongoing study.

Acknowledgments: This study was supported by the Australian National Fabrication Facility
(ANFF). The authors would like to thank Andrew Sullivan and Huaying Yin for their help in
using the JEOL 7800F and JEOL LaB6.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Skocaj, M.; Filipic, M.; Petkovic, J.; Novak, S. Titanium dioxide in our everyday life; Is it safe? Radiol. Oncol. 2011, 45, 227–247.

[CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/nano11123425/s1
https://www.mdpi.com/article/10.3390/nano11123425/s1
http://doi.org/10.2478/v10019-011-0037-0
http://www.ncbi.nlm.nih.gov/pubmed/22933961


Nanomaterials 2021, 11, 3425 19 of 21

2. Haque, A.N.M.A.; Zhang, Y.; Naebe, M. A review on lignocellulose/poly (vinyl alcohol) composites: Cleaner approaches for
greener materials. Cellulose 2021, 1–24. [CrossRef]

3. Dou, J.; Vuorinen, T.; Koivula, H.; Forsman, N.; Sipponen, M.; Hietala, S. Self-standing lignin-containing willow bark nanocellulose
films for oxygen blocking and UV shielding. ACS Appl. Nano Mater. 2021, 4, 2921–2929. [CrossRef]

4. Qian, Y.; Qiu, X.; Zhu, S. Lignin: A nature-inspired sun blocker for broad-spectrum sunscreens. Green Chem. 2015, 17, 320–324.
[CrossRef]

5. Lobato-Peralta, D.R.; Duque-Brito, E.; Villafán-Vidales, H.I.; Longoria, A.; Sebastian, P.J.; Cuentas-Gallegos, A.K.; Arancibia-
Bulnes, C.A.; Okoye, P.U. A review on trends in lignin extraction and valorization of lignocellulosic biomass for energy
applications. J. Clean. Prod. 2021, 293, 126123. [CrossRef]

6. Widsten, P. Lignin-based sunscreens—State-of-the-art, prospects and challenges. Cosmetics 2020, 7, 85. [CrossRef]
7. Lee, S.C.; Yoo, E.; Lee, S.H.; Won, K. Preparation and application of light-colored lignin nanoparticles for broad-spectrum

sunscreens. Polymers 2020, 12, 699. [CrossRef]
8. Baurhoo, B.; Ruiz-Feria, C.A.; Zhao, X. Purified lignin: Nutritional and health impacts on farm animals—A review. Anim. Feed Sci.

Technol. 2008, 144, 175–184. [CrossRef]
9. Shrotri, A.; Kobayashi, H.; Fukuoka, A. Catalytic conversion of structural carbohydrates and lignin to chemicals. Adv. Catal. 2017,

60, 59–123. [CrossRef]
10. Zhang, Y.; Remadevi, R.; Hinestroza, J.P.; Wang, X.; Naebe, M. Transparent ultraviolet (UV)-shielding films made from waste

hemp hurd and polyvinyl alcohol (PVA). Polymers 2020, 12, 1190. [CrossRef] [PubMed]
11. Yang, W.; Fortunati, E.; Dominici, F.; Giovanale, G.; Mazzaglia, A.; Balestra, G.M.; Kenny, J.M.; Puglia, D. Synergic effect of

cellulose and lignin nanostructures in PLA based systems for food antibacterial packaging. Eur. Polym. J. 2016, 79, 1–12. [CrossRef]
12. Jiang, J.; Carrillo-Enríquez, N.C.; Oguzlu, H.; Han, X.; Bi, R.; Song, M.; Saddler, J.N.; Sun, R.-C.; Jiang, F. High production yield

and more thermally stable lignin-containing cellulose nanocrystals isolated using a ternary acidic deep eutectic solvent. ACS
Sustain. Chem. Eng. 2020, 8, 7182–7191. [CrossRef]

13. Bian, H.; Chen, L.; Dai, H.; Zhu, J.Y. Integrated production of lignin containing cellulose nanocrystals (LCNC) and nanofibrils
(LCNF) using an easily recyclable di-carboxylic acid. Carbohydr. Polym. 2017, 167, 167–176. [CrossRef]

14. Agarwal, U.P.; Ralph, S.A.; Reiner, R.S.; Hunt, C.G.; Baez, C.; Ibach, R.; Hirth, K.C. Production of high lignin-containing and
lignin-free cellulose nanocrystals from wood. Cellulose 2018, 25, 5791–5805. [CrossRef]

15. Lowry, P.P.; Wagner, K.A. Hydrothermal Liquefaction Treatment Hazard Analysis Report; Pacific Northwest National Lab.(PNNL):
Richland, WA, USA, 2016.

16. Hong, S.; Song, Y.; Yuan, Y.; Lian, H.; Liimatainen, H. Production and characterization of lignin containing nanocellulose from
luffa through an acidic deep eutectic solvent treatment and systematic fractionation. Ind. Crop. Prod. 2020, 143, 111913. [CrossRef]

17. Li, Y.; Liu, Y.; Chen, W.; Wang, Q.; Liu, Y.; Li, J.; Yu, H. Facile extraction of cellulose nanocrystals from wood using ethanol and
peroxide solvothermal pretreatment followed by ultrasonic nanofibrillation. Green Chem. 2016, 18, 1010–1018. [CrossRef]

18. Haque, A.N.M.A.; Remadevi, R.; Wang, X.; Naebe, M. Physicochemical properties of film fabricated from cotton gin trash. Mater.
Chem. Phys. 2020, 239, 122009. [CrossRef]

19. Liu, X.; Li, Y.; Ewulonu, C.M.; Ralph, J.; Xu, F.; Zhang, Q.; Wu, M.; Huang, Y. Mild alkaline pretreatment for isolation of native-like
lignin and lignin-containing cellulose nanofibers (LCNF) from crop waste. ACS Sustain. Chem. Eng. 2019, 7, 14135–14142.
[CrossRef]

20. Xu, X.; Liu, F.; Jiang, L.; Zhu, J.Y.; Haagenson, D.; Wiesenborn, D.P. Cellulose nanocrystals vs. Cellulose nanofibrils: A comparative
study on their microstructures and effects as polymer reinforcing agents. ACS Appl. Mater. Interfaces 2013, 5, 2999–3009. [CrossRef]
[PubMed]

21. Heitzmann, M.; Ali, A.; Legras, A.; Vandi, L.-J.; Milne, J. Hemp hurd flour as an alternative low cost filler in wood plastic
composites. In Proceedings of the Conference on Performance-based and Lifecycle Structural Engineering, Brisbane, Australia,
9–11 December 2015; pp. 109–115. [CrossRef]

22. Stevulova, N.; Cigasova, J.; Estokova, A.; Terpakova, E.; Geffert, A.; Kacik, F.; Singovszka, E.; Holub, M. Properties characterization
of chemically modified hemp hurds. Materials 2014, 7, 8131–8150. [CrossRef]

23. Del Río, J.C.; Rencoret, J.; Prinsen, P.; Martínez, Á.T.; Gutiérrez, A.; Ralph, J. Structural characterization of wheat straw lignin.
evidence for a novel monomer in grasses. In Proceedings of the 17th International Symposium on Wood, Fibre and Pulping
Chemistry, Vancouver, BC, Canada, 12–14 June 2013.

24. Cai, Z.; Remadevi, R.; Al Faruque, M.A.; Setty, M.; Fan, L.; Haque, A.N.M.A.; Naebe, M. Fabrication of a cost-effective lemongrass
(Cymbopogon citratus) membrane with antibacterial activity for dye removal. RSC Adv. 2019, 9, 34076–34085. [CrossRef]

25. Abitbol, T.; Kloser, E.; Gray, D.G. Estimation of the surface sulfur content of cellulose nanocrystals prepared by sulfuric acid
hydrolysis. Cellulose 2013, 20, 785–794. [CrossRef]

26. Sluiter, A.; Ruiz, R.; Scarlata, C.; Sluiter, J.; Templeton, D. Determination of extractives in biomass. Lab. Anal. Proced. 2005, 1617,
1–9.

27. Yao, L.; Chen, C.; Yoo, C.G.; Meng, X.; Li, M.; Pu, Y.; Ragauskas, A.J.; Dong, C.; Yang, H. Insights of ethanol organosolv
pretreatment on lignin properties of Broussonetia papyrifera. ACS Sustain. Chem. Eng. 2018, 6, 14767–14773. [CrossRef]

28. Acid-Insoluble Lignin in Wood and Pulp (Reaffirmation of T 222 om-02). Available online: https://www.tappi.org/content/
SARG/T222.pdf (accessed on 24 February 2020).

http://doi.org/10.1007/s10570-021-04234-6
http://doi.org/10.1021/acsanm.1c00071
http://doi.org/10.1039/C4GC01333F
http://doi.org/10.1016/j.jclepro.2021.126123
http://doi.org/10.3390/cosmetics7040085
http://doi.org/10.3390/polym12030699
http://doi.org/10.1016/j.anifeedsci.2007.10.016
http://doi.org/10.1016/BS.ACAT.2017.09.002
http://doi.org/10.3390/polym12051190
http://www.ncbi.nlm.nih.gov/pubmed/32456096
http://doi.org/10.1016/j.eurpolymj.2016.04.003
http://doi.org/10.1021/acssuschemeng.0c01724
http://doi.org/10.1016/j.carbpol.2017.03.050
http://doi.org/10.1007/s10570-018-1984-z
http://doi.org/10.1016/j.indcrop.2019.111913
http://doi.org/10.1039/C5GC02576A
http://doi.org/10.1016/j.matchemphys.2019.122009
http://doi.org/10.1021/acssuschemeng.9b02800
http://doi.org/10.1021/am302624t
http://www.ncbi.nlm.nih.gov/pubmed/23521616
http://doi.org/10.14264/uql.2016.419
http://doi.org/10.3390/ma7128131
http://doi.org/10.1039/C9RA04729H
http://doi.org/10.1007/s10570-013-9871-0
http://doi.org/10.1021/acssuschemeng.8b03290
https://www.tappi.org/content/SARG/T222.pdf
https://www.tappi.org/content/SARG/T222.pdf


Nanomaterials 2021, 11, 3425 20 of 21

29. Sluiter, A.; Hames, B.; Ruiz, R.; Scarlata, C.; Sluiter, J.; Templeton, D.; Crocker, D. Determination of Structural Carbohydrates and
Lignin in Biomass: Laboratory Analytical Procedure (LAP); (Revised July 2011); National Renewable Energy Laboratory: Golden,
Colorado, 2008.

30. Uskoković, V. Dynamic light scattering based microelectrophoresis: Main prospects and limitations. J. Dispers. Sci. Technol. 2012,
33, 1762–1786. [CrossRef]

31. Seta, F.T.; An, X.; Liu, L.; Zhang, H.; Yang, J.; Zhang, W.; Nie, S.; Yao, S.; Cao, H.; Xu, Q.; et al. Preparation and characterization of
high yield cellulose nanocrystals (CNC) derived from ball mill pretreatment and maleic acid hydrolysis. Carbohydr. Polym. 2020,
234, 115942. [CrossRef] [PubMed]

32. Chen, M.; Parot, J.; Mukherjee, A.; Couillard, M.; Zou, S.; Hackley, V.A.; Johnston, L.J. Characterization of size and aggregation
for cellulose nanocrystal dispersions separated by asymmetrical-flow field-flow fractionation. Cellulose 2020, 27, 2015–2028.
[CrossRef]

33. Meng, Y.; Wu, Q.; Young, T.M.; Huang, B.; Wang, S.; Li, Y. Analyzing three-dimensional structure and geometrical shape of
individual cellulose nanocrystal from switchgrass. Polym. Compos. 2017, 38, 2368–2377. [CrossRef]

34. Bushell, M.; Meija, J.; Chen, M.; Batchelor, W.; Browne, C.; Cho, J.-Y.; Clifford, C.A.; Al-Rekabi, Z.; Vanderfleet, O.M.; Cranston,
E.D.; et al. Particle size distributions for cellulose nanocrystals measured by atomic force microscopy: An interlaboratory
comparison. Cellulose 2021, 28, 1387–1403. [CrossRef]

35. Mariano, M.; Chirat, C.; El Kissi, N.; Dufresne, A. Impact of cellulose nanocrystal aspect ratio on crystallization and reinforcement
of poly(butylene adipate-co-terephthalate). J. Polym. Sci. Part B Polym. Phys. 2016, 54, 2284–2297. [CrossRef]

36. Rana, R.; Langenfeld-Heyser, R.; Finkeldey, R.; Polle, A. FTIR spectroscopy, chemical and histochemical characterisation of wood
and lignin of five tropical timber wood species of the family of Dipterocarpaceae. Wood Sci. Technol. 2010, 44, 225–242. [CrossRef]

37. Saadiah, M.A.; Zhang, D.; Nagao, Y.; Muzakir, S.K.; Samsudin, A.S. Reducing crystallinity on thin film based CMC/PVA hybrid
polymer for application as a host in polymer electrolytes. J. Non Cryst. Solids 2019, 511, 201–211. [CrossRef]

38. ASTM D882-18—Standard Test Method for Tensile Properties of Thin Plastic Sheeting. Available online: https://webstore.
ansi.org/Standards/ASTM/ASTMD88218?gclid=CjwKCAjw_o-HBhAsEiwANqYhp8DjWRxVKfxJ4R_ODl23ahpp4C9wbhs0
AGHQldrILpIVQ0z2Zr0KKBoCL8wQAvD_BwE (accessed on 6 July 2021).

39. TAPPI T 464 om-2012 (R2018)—Water Vapor Transmission Rate of Paper and Paperboard at High Temperature and Humidity.
Available online: https://webstore.ansi.org/standards/tappi/tappi464om2012r2018 (accessed on 6 July 2021).

40. Bunzel, M.; Schüßler, A.; Tchetseubu Saha, G. Chemical characterization of Klason lignin preparations from plant-based foods. J.
Agric. Food Chem. 2011, 59, 12506–12513. [CrossRef]

41. Rajinipriya, M.; Nagalakshmaiah, M.; Robert, M.; Elkoun, S. Importance of agricultural and industrial waste in the field of
nanocellulose and recent industrial developments of wood based nanocellulose: A review. ACS Sustain. Chem. Eng. 2018, 6,
2807–2828. [CrossRef]

42. Kristiani, A.; Abimanyu, H.; Setiawan, A.H.; Aulia, F. Effect of pretreatment process by using diluted acid to characteristic of oil
palm’s frond. Energy Procedia 2013, 32, 183–189. [CrossRef]

43. Kargarzadeh, H.; Ahmad, I.; Abdullah, I.; Dufresne, A.; Zainudin, S.Y.; Sheltami, R.M. Effects of hydrolysis conditions on the
morphology, crystallinity, and thermal stability of cellulose nanocrystals extracted from kenaf bast fibers. Cellulose 2012, 19,
855–866. [CrossRef]

44. Matsakas, L.; Gerber, M.; Yu, L.; Rova, U.; Christakopoulos, P. Preparation of low carbon impact lignin nanoparticles with
controllable size by using different strategies for particles recovery. Ind. Crop. Prod. 2020, 147, 112243. [CrossRef]

45. Kang, X.; Kirui, A.; Dickwella Widanage, M.C.; Mentink-Vigier, F.; Cosgrove, D.J.; Wang, T. Lignin-polysaccharide interactions in
plant secondary cell walls revealed by solid-state NMR. Nat. Commun. 2019, 10, 347. [CrossRef]

46. Haque, A.N.M.A.; Naebe, M. Flexible water-resistant semi-transparent cotton gin trash/poly (vinyl alcohol) bio-plastic for
packaging application: Effect of plasticisers on physicochemical properties. J. Clean. Prod. 2021, 303, 126983. [CrossRef]

47. Lionetto, F.; Del Sole, R.; Cannoletta, D.; Vasapollo, G.; Maffezzoli, A. Monitoring Wood degradation during weathering by
cellulose crystallinity. Materials 2012, 5, 1910–1922. [CrossRef]

48. Kang, S.; Xiao, L.; Meng, L.; Zhang, X.; Sun, R. Isolation and Structural Characterization of Lignin from Cotton Stalk Treated in an
Ammonia Hydrothermal System. Int. J. Mol. Sci. 2012, 13, 15209–15226. [CrossRef]

49. Spiridon, I.; Teaca, C.A.; Bodîrlău, R. Structural changes evidenced by FTIR spectroscopy in cellulosic materials after pre-treatment
with ionic liquid and enzymatic hydrolysis. Bioresources 2011, 6, 400–413. [CrossRef]

50. Chandel, A.K.; Antunes, F.F.A.; Anjos, V.; Bell, M.J.V.; Rodrigues, L.N.; Singh, O.V.; Rosa, C.A.; Pagnocca, F.C.; Da Silva, S.S.
Ultra-structural mapping of sugarcane bagasse after oxalic acid fiber expansion (OAFEX) and ethanol production by Candida
shehatae and Saccharomyces cerevisiae. Biotechnol. Biofuels 2013, 6, 4. [CrossRef]

51. Infrared Spectroscopy Absorption Table—Chemistry LibreTexts. Available online: https://chem.libretexts.org/Ancillary_
Materials/Reference/Reference_Tables/Spectroscopic_Parameters/Infrared_Spectroscopy_Absorption_Table (accessed on
28 November 2021).

52. Zhang, L.; Yan, L.; Wang, Z.; Laskar, D.D.; Swita, M.S.; Cort, J.R.; Yang, B. Characterization of lignin derived from water-only and
dilute acid flowthrough pretreatment of poplar wood at elevated temperatures. Biotechnol. Biofuels 2015, 8, 203. [CrossRef]

53. Kishimoto, T.; Chiba, W.; Saito, K.; Fukushima, K.; Uraki, Y.; Ubukata, M. Influence of syringyl to guaiacyl ratio on the structure
of natural and synthetic lignins. J. Agric. Food Chem. 2009, 58, 895–901. [CrossRef] [PubMed]

http://doi.org/10.1080/01932691.2011.625523
http://doi.org/10.1016/j.carbpol.2020.115942
http://www.ncbi.nlm.nih.gov/pubmed/32070552
http://doi.org/10.1007/s10570-019-02909-9
http://doi.org/10.1002/pc.23819
http://doi.org/10.1007/s10570-020-03618-4
http://doi.org/10.1002/polb.24139
http://doi.org/10.1007/s00226-009-0281-2
http://doi.org/10.1016/j.jnoncrysol.2018.11.032
https://webstore.ansi.org/Standards/ASTM/ASTMD88218?gclid=CjwKCAjw_o-HBhAsEiwANqYhp8DjWRxVKfxJ4R_ODl23ahpp4C9wbhs0AGHQldrILpIVQ0z2Zr0KKBoCL8wQAvD_BwE
https://webstore.ansi.org/Standards/ASTM/ASTMD88218?gclid=CjwKCAjw_o-HBhAsEiwANqYhp8DjWRxVKfxJ4R_ODl23ahpp4C9wbhs0AGHQldrILpIVQ0z2Zr0KKBoCL8wQAvD_BwE
https://webstore.ansi.org/Standards/ASTM/ASTMD88218?gclid=CjwKCAjw_o-HBhAsEiwANqYhp8DjWRxVKfxJ4R_ODl23ahpp4C9wbhs0AGHQldrILpIVQ0z2Zr0KKBoCL8wQAvD_BwE
https://webstore.ansi.org/standards/tappi/tappi464om2012r2018
http://doi.org/10.1021/jf2031378
http://doi.org/10.1021/acssuschemeng.7b03437
http://doi.org/10.1016/j.egypro.2013.05.024
http://doi.org/10.1007/s10570-012-9684-6
http://doi.org/10.1016/j.indcrop.2020.112243
http://doi.org/10.1038/s41467-018-08252-0
http://doi.org/10.1016/j.jclepro.2021.126983
http://doi.org/10.3390/ma5101910
http://doi.org/10.3390/ijms131115209
http://doi.org/10.15376/biores.6.1.400-413
http://doi.org/10.1186/1754-6834-6-4
https://chem.libretexts.org/Ancillary_Materials/Reference/Reference_Tables/Spectroscopic_Parameters/Infrared_Spectroscopy_Absorption_Table
https://chem.libretexts.org/Ancillary_Materials/Reference/Reference_Tables/Spectroscopic_Parameters/Infrared_Spectroscopy_Absorption_Table
http://doi.org/10.1186/s13068-015-0377-x
http://doi.org/10.1021/jf9035172
http://www.ncbi.nlm.nih.gov/pubmed/20041658


Nanomaterials 2021, 11, 3425 21 of 21

54. Beisl, S.; Miltner, A.; Friedl, A. Lignin from micro- to nanosize: Production methods. Int. J. Mol. Sci. 2017, 18, 1244. [CrossRef]
[PubMed]
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