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Abstract: This work proposes a new approach to fabricate highly transparent and flexible composite
films that exhibit enhanced UV-shielding properties. Lignin has innate UV-shielding properties.
However, when purified lignin, which is conventionally extracted through chemical treatment,
is mixed with polymeric materials, its presence negatively influences the transparency of the resulting
composite. High transparency and UV-shielding are desirable properties for many applications. In this
study, composites were made by mixing lignocellulose particles and polyvinyl alcohol (PVA), where
lignocellulose particles were obtained from ball-milled waste hemp hurd without chemical treatments.
The UV-shielding properties of the resulting composite film, as a function of hemp/PVA weight ratios,
were investigated. The intermolecular interactions between the hemp particles and the PVA were
characterized using infrared spectroscopy with the presence of –C=O group at 1655 cm−1, providing
evidence that the chemical structure of lignin was preserved. The fabricated hemp/PVA films exhibit
stronger UV-shielding, in the UVA-I range (340–400 nm) than TiO2/PVA films. The composite films
also showed comparable water vapor permeability (WVP) with commercial packaging plastic film
made of HDPE (high-density polyethylene). The optimization experiments were reported, with aim
at understanding the balance between the UV-shielding and mechanical properties of the hemp/PVA
films. The findings of this work can be applicable to the packaging, food and cosmetic industries
where UV shielding is of utmost importance, hence adding value to hemp hurd waste.

Keywords: lignin; hemp hurd waste; UV-shielding; mechanical property; PVA; ball milling;
lignocellulosic particles; plastic film

1. Introduction

Long-term exposure to ultraviolet radiation causes severe damage to animals, plants and to some
materials [1]. UV shielding research has focused mainly on the role of inorganic metal oxides such as
titanium dioxide (TiO2), zinc dioxide (ZnO) and silicon dioxide (SiO2) [2–4]. Although inorganic metal
oxides exhibit good UV-shielding, their synthesis and disposal methods may have some environmental
and health concerns [5]. Furthermore, inorganic metal oxides have strong photocatalytic activity which
accelerate the photo-degradation of polymer matrices [6], hence limiting their use in food packaging,
cosmetics and pharmaceuticals.

Lignin has innate UV-shielding properties and it has been proposed as a substitute for inorganic
metal oxides [7]. Use of lignin as a UV-shielding additive may reduce the environmental and health
impacts of inorganic metal oxides [5]. Research work on the UV shielding properties of lignin has been
focused on understanding the influence of its size [8], chemical modifications [1] and its sourcing [9].

Studies on lignin particles showed that nanoparticles exhibit better UV-shielding properties than
micron-sized particles [8] as lignin nanoparticles have larger surface areas and higher transparencies.
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Qian et al. [9] used alkali to extract lignin and used it in a natural broad-spectrum sunscreen. However,
the addition of lignin reduced the transparency of the resulting sunscreen cream [10]. High transparency
is required by many applications such as optoelectronics [11], food packaging [12] and solar energy [13].
Xiong et al. [14] increased the transparency of a fabricated lignin/PVA composite by reducing the
amount of lignin nanoparticles to 3 wt % via enzymatic hydrolysis using tetrahydrofuran, a highly
toxic solvent.

Lignin, cellulose and hemicellulose are the three main components of lignocellulose materials [15].
The lignin present in lignocellulose is pale-yellow, compared to the dark colour of alkali-extracted
lignin. This lighter colour implies that lignocellulose can be used as a filler in UV-shielding products,
that is, wood powder has already been added to sunscreen [16]. Hemp is a fast-growing plant that
consists of fibers and hurd. Hemp hurd, the woody part of hemp, is a low-cost by-product from the
decortication process, the process that removes the hurd from the softer and fibrous exterior of the
stalk. Hemp hurd, is a rich source of lignocellulose and it is composed of cellulose (40 wt %–48 wt %)
and lignin (21 wt %–24 wt %) [17,18]. Compared with other agricultural waste such as triticale straw
and corn residue, lignin in hemp hurd contains a high amount of total phenolic groups and syringyl
phenolic groups which exhibit UV-shielding properties [19]. While the retaining price of hemp hurd
is lower than $0.2/kg, 70–80% of hemp hurd is wasted and commonly disposed via combustion or
landfilling [20]. Thus, using hemp hurd as UV-shielding materials would be cost effective as the
syringyl lignin and total phenolic group per g are higher than other agricultural waste.

Polyvinyl alcohol (PVA) is a colourless, biocompatible and biodegradable, non-toxic and
water-soluble semicrystalline synthetic polymer and it possesses unique mechanical and thermal
properties that make it amenable to film-forming processes [21]. PVA-based composites are used
in food packaging films, tissue scaffolding, enzyme immobilization substrates and drug release
applications [22]. PVA has low UV shielding properties and it degrades under UV light [23].

The objective of this study was to investigate the UV shielding of lignocellulose hemp particles
on a hemp/PVA composite film fabricated through a sustainable approach. Hemp hurd, a readily
available waste from the hemp industry, was used and lignocellulose particles of hemp were obtained
via a wet ball-milling method, without using any chemical treatment. Films were prepared using a
one-step casting method, with the lignocellulose particles from the hemp hurd used as reinforcement
and PVA as a polymer matrix. The morphology of the hemp hurd particles as well as the mechanical,
transparency and UV shielding properties of the composite films were investigated.

2. Materials and Methods

2.1. Materials

Hemp hurd (Australian grown), weighed 200 g, was sourced from the Commonwealth Scientific
and Industrial Research Organisation (CSIRO, Waurn Pounds). The sample was dried at 60 ◦C for
12 h, followed by chopping off into coarse particles with a Fritsch Pulverisette 19 Universal Cutter Mill
(sieve diameter of 200 µm). Polyvinyl alcohol solution (PVA) (5 wt %, with a viscosity of 100–120 mPas,
hydrolysis degree of 87–89%) was purchased from Flew solutions (Queensland, Australia).

2.2. Fabrication of Particles

Fifty grams of coarse hemp hurd particles were mixed with 2 L of deionized water to produce a
hemp slurry. The slurry was wet ball-milled with an Attritor mill (2S, Union Process, Akron, OH, USA)
and an agitator speed of 280 rpm for 4 h and 20 h.

2.3. Preparation of Hemp Hurd/PVA Film

The casting solution was composed of the 20 h ball-milled slurry (hemp in water) and the PVA
solution. The casting solutions were prepared with different weight percentages of hemp particles
(0(w/w) %, 1(w/w) %, 5(w/w) % and 10(w/w) %). The film samples were named as “pure PVA,” “1 wt. %
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film,” “5 wt. % film” and “10 wt. % film.” For all specimens 6.6 g of PVA solution were used. After
drying for 24 h in a fume hood at room temperature, a film with a diameter of 84 cm and 40 µm
thickness was obtained. Care was taken to avoid the influence of the residual water content and
maintain similar hydration degree for films; therefore, the film samples were dried in oven for 30 min
at 30 ◦C before testing and were then kept in a sealed plastic bag.

2.4. Material Characterisation

2.4.1. Particle Size Analysis

Hemp particles were obtained through 4 h, 8 h, 12 h, 16 h and 20 h ball of milling and sonicated
for 5 min to prevent agglomeration. The particle size of the samples was measured using a dynamic
light scattering method [ISO22412] on a Zetasizer (Malvern, UK). The size of the cutter-milled particles
was measured with a Mastersizer analyzer (2000, Malvern, UK).

2.4.2. Scanning Electron Microscopy (SEM)

Cross-sections of the film were prepared using the liquid nitrogen fracturing method.
The morphology of the hemp particles, the cross-section and surface of the film was observed
using a secondary electron (SE2) detector in a SEM (Zeiss Supra 55 VP, EV = 5 kV). Prior to imaging,
the samples were gold coated using a sputter coater (BAL-TEC SCD 050, Leica, 5 nm).

2.4.3. X-ray Diffraction (XRD)

The slurries produced using the 4 h and 20 h ball milling were dried in a spray dry machine
(B-290, Buchi Labortechnik AG, Switzerland) to produce dried particles for XRD characterization.
The intensity in the 2θ range from 6◦ to 40◦ obtained in the XRD (Panalytical, Almelo, Netherlands)
were used to calculate the Crystallinity index (CrI) of the samples according to Equation (1)

CrI =
I002 − Iam

I002
× 100%, (1)

where I002 is the diffraction intensity of 2θ located around 22.5◦ and corresponding to the crystalline
domain. Iam is the diffraction intensity of 2θ, located around 18◦ and corresponding to the amorphous
domain [24].

The crystallinity of the film was calculated by Equation (2)

Xc =
Ac

Ac + Aa
, (2)

where Xc is the crystalline fraction, Ac represents the crystalline area and Aa represents the amorphous
area. The crystalline and the amorphous areas were obtained through the deconvolution method [24].

2.4.4. Fourier Transform Infrared (FTIR) Spectroscopy

The chemical structure of the hemp/PVA composite was studied using a Bruker Vertex spectrometer
(Massachusetts, USA) with an Attenuated total reflection (ATR) at a resolution of 4 cm−1.

2.4.5. Mechanical Properties of the Films

Tensile tests were conducted using a universal tensile testing machine (Instron, USA) at a
temperature of 20 ± 2 ◦C and a relative humidity of 62 ± 2%. Samples (30 mm in length × 10 mm
in width) were cut according to ASTM D882 [25]. The gauge length (l0) of the sample was 10 mm.
The tensile rate was kept at 4 mm/min, the load was recorded with a 100 N load cell and the extension
∆l was measured with an extensometer. The first linear part of the stress-strain curve was used to
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calculate Young’s modulus. The tensile strength was represented by the ultimate tensile stress, which
equals to the load divided by the cross-section area (0.004 mm2) of the film.

2.4.6. Water Vapor Permeability

The water vapor permeability (WVP) of hemp/PVA composite films was measured with a Moisture
Vapor Transmission Rate Tester (Labthink’s W3/031, China). The samples were measured at 90%
relative humidity and 38 ◦C according to TAPPI T 464 [26].

2.4.7. UV-Shielding

A UV-Vis-NIR spectrophotometer (Cary 5000 Scan, Varian Inc., Palo Alto, CA, USA) was used
to test the transmittance of the film with a scan rate of 600 nm/min. The wavelength of the light
beam ranged from 200 nm to 800 nm. The ultraviolet protection factor (UPF), used to represent the
UV-shielding performance of the films, was obtained with a YG902 UPF spectrophotometer according
to the AS/NZS 4399 standard. The UV-shielding properties of the films were normalized to UPF values
(UPF value per weight).

2.4.8. Statistical Analysis

A one-way ANOVA test, run with SPSS Statistics software, Version 26, 2019, was used to analyze
the significance of the difference between the four films, where p ≥ 0.05 indicates no significant
differences between the datasets and p ≤ 0.05 indicates that there is a significant difference between
the data.

3. Results and Discussion

3.1. Particle Size Analysis

The De Brouckere mean diameter, D [3,4] of the cutter milled hemp hurd particles was measured
at 253.5 µm. The Z-average size as a function of milling time is shown in Figure 1a. A 50% reduction in
mean particle size was observed as the milling time increased from 4 h to 8 h. After 8 h, the particle
size remained around 1 µm indicating the size limit for the ball milling of hemp. After 16 h of milling
time, the mean particle size increased from 1 µm to 1.46 µm, suggesting aggregation or agglomeration.Polymers 2020, 12, x FOR PEER REVIEW 5 of 14 
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To further understand the effect of milling time on the morphology of hemp, SEM images were
used as shown in Figure 1b,c. It was observed that in the sample with 4 h wet ball-milling, the majority
of the hemp crushed into particles of irregular shape (Figure 1b). As the milling time increased to 20 h,
the irregular particles were split and fractured, contributing to more uniform and smaller particles
(Figure 1c).

3.2. XRD Analysis

Figure 2a shows the XRD pattern of the hemp particles. Three main diffraction peaks at 2θ around
14.5◦, 16.5◦ and 22.5◦ corresponding to the cellulose-I crystal’s planes of (1–10), (110), (200) [27,28]
were observed. Table 1 shows that the CrI of the hemp particles reduced only 2% after 4 h but reduced
35% after 20 h of wet ball-milling. The reduction of CrI indicates that the mechanical force generated
from the ceramic balls and impellers during the wet ball-milling damaged the ordered structure of
particles [29]. When size reduction reached the particle limit of the milling device, the continued
mechanical energy transferred from the mill to the hemp causes the accumulation of defects on the
crystal structure of hemp and the disorder of the crystal, leading to the reduction of crystallinity [30].
During the ball milling procedure, the intensity of the crystal’s planes of (200) and (110) corresponded
to the crystallites diameter and the directions perpendicular to crystallites [30].
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Table 1. CrI of hemp particles after different treatment.

CrI (%) I200 Iam

cutter milled 84.26 0.98759 0.1554
4 h wet ball-milling 81.97 0.90891 0.16388

20 h wet ball-milling 46.96 0.56037 0.29723

Hemp particles (after 20 h of milling) were added to the PVA solutions at 1%, 5% and 10% weight
ratios. Figure 2b shows the XRD patterns of the pure PVA and the hemp/PVA films. The crystallinity
(Xc) of the film was also calculated using Equation (2). A representative of the deconvolution of the
pure PVA film as an example has been provided in Figure S1. The crystallinity of pure PVA, 1% film,
5% film and 10% film were 21.41%, 23.89%, 23.89% and 42.20% respectively. As shown in Figure 2b,
the main diffraction peak of the pure PVA at 19.3◦ is related to the (101) γ-crystalline phase of PVA [11].
The variation in this peak after loading with 1% and 5% hemp suggests that the hemp particle stabilized
the nature of PVA [31]. While adding 10 wt. % of hemp particles, the 2θ of the peak for the film shifted
from 19.3◦ to 19.7◦, indicating that the structure of pure PVA has been influenced by adding more
particles. The peak shifting to a higher degree suggests that the lattice structure of 10% film changed
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probably due to the compositional impurities in the crystal structure [32] and this might be the reason
for higher CrI of the 10% film compared to the 1% and 5% films. In addition, hemp particles showed
higher crystallinity (46.96%, Table 1) than PVA film (21.41%) and crystallinity of the composite film
was influenced by the amount of hemp particle. Loading PVA film with the higher amount of hemp
particles (10%) with high CrI resulted in film with higher CrI compared to the pure PVA film.

3.3. Morphology of the Films

The surface morphology of pure PVA and the hemp/PVA films are shown in Figure 3. Hemp
particles appear to the microstructure of the film. The smooth surfaces of the pure PVA film and the
hemp /PVA composite film (1 wt. %) were relatively identical. The surface of the films with 5 wt. % and
10 wt. % of hemp particles appeared rougher and clusters were observed in the 10 wt. % film which
indicated particles agglomeration.
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The SEM images of the cross-section of the films are shown in Figure 4. As shown in Figure 4a,b,
the cross-section of the pure PVA film and 1 wt. % hemp/PVA film appears relatively smooth and
homogeneous, maintaining a relatively continuous phase. The 5 wt. % hemp/PVA film shows some
particles irregularly embedded in the film, as shown in Figure 4c. The 10 wt. % hemp/PVA film
illustrated a denser structure with hemp particles, due to the higher amount of particles added to the
film. The film’s cross-section (Figure 4d) shows large hemp particles on the border edge which further
confirmed the aggregation and clustering of the hemp particles as shown in Figure 3. The aggregation
also slightly changed the thickness and uniformity of the edges.
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3.4. ATR-FTIR Analysis of the Films

Figure 5 shows the FTIR spectra of the films. Since a maximum 10% of hemp particles was mixed
with PVA and large proportion of films were made of PVA, most of the peaks were corresponded to
the PVA structure. However, the main peaks related to the hemp, cellulose, hemicellulose and lignin
were also detected along with the corresponding PVA peaks.Polymers 2020, 12, x FOR PEER REVIEW 8 of 14 
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As shown in Figure 5, the absorption peak observed at 3289 cm−1 is attributed to the -OH stretching
vibration of inter- and intra-molecular hydrogen bonds [15,33]. With increasing the amount of hemp
powder, the peak at 3289 cm−1 shifted to a higher wavenumber of 3337 cm−1. This might be due
to the formation of hydrogen bonds in the composite film and the higher amount of hemp means
more hydrogen bonds between hemp and PVA. The –OH groups of the lignin are capable of forming
hydrogen bonds with the PVA polymer matrix [34]. The infrared spectra at 2941 cm−1, 1238 cm−1

and 833 cm−1 are the typical peaks of C-H [35] from cellulose, hemicellulose and lignin. The peak at
1737 cm−1 represents the –C=O bonds in xylan from hemicellulose [36]. The peak at 1655 cm−1 and
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1596 cm−1 are the vibrations of the –C=O in quinone or p-quinone and C=C in the aromatic structure
which only exist in lignin, indicating that lignin has been persevered in hemp particle. The peak at
1374 cm−1 represented symmetric and asymmetric bending of CH3 groups, which were from cellulose
and lignin. The peak at 1330 cm−1 resulted from the –C–O stretching of the syringyl ring from lignin.
The band at 1033 cm−1, 1090 cm−1 and 1165 cm−1 is due to C-O stretching [33] which is assigned as
cellulose and hemicellulose.

3.5. Mechanical Properties of the Film

Figure 6 shows the Young’s modulus and strength of the hemp/PVA composite films and their
statistical analysis of the results (Table 2). The elongation at break for the composite films was lower
than the elongation at break for the pure PVA film. The 1 wt. % and 5 wt. % hemp/PVA composite
films showed a significant increase (p ≤ 0.05, Table 2) in Young’s modulus, almost 4 times higher than
the Young Modulus for the pure PVA film. The same trend was observed for strength. The crystallinity
of the 1 wt. % and 5 wt. % film were higher than pure PVA, as confirmed by the XRD result, resulted
in increased Young’s Modulus [37]. With the further addition of hemp particles to 10 wt. %, both
Young’s modulus and nominal maximum stress (tensile load divided by the area of initial cross-section)
decreased but still were higher than those of the pure PVA film. Because nonhomogeneous coarse
particles were present in the film (as shown in Figure 4), Young’s modulus and nominal stress
deteriorate with higher particle concentration (e.g., 10% wt. %) [38]. In addition, the formation of
inter-hydrogen molecular bonds (peak change from 3289 cm−1 to 3337 cm−1) between PVA and –OH
groups may contribute to the increase of Young’s modulus and stress of 1 wt. % film, 5 wt. % film and
10 wt. % film compared with pure PVA. The structure of the film was likely influenced by the amount
of hemp particles and with increasing the number of hemp particles, particle clusters were found in
SEM results. The reduction in Young’s modulus and nominal maximum stress of 10 wt. % might be
due to aggregation of the particle in the composite film.Polymers 2020, 12, x FOR PEER REVIEW 9 of 14 
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was found between data.

Table 2. Statistical indicator: p-value * of multiple comparisons of films’ mechanical properties.

Young’s Modulus Nominal Maximum Stress Elongation at Break (%)

p-Value

pure PVA
1 wt. % film 0.033 0.027 0.318
5 wt. % film 0.037 0.021 0.397

10 wt. % film 0.057 0.348 0.108

* p ≤ 0.05 indicates that there is a significant difference between the data.
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With the adding of hemp particles, the elongation at break of all PVA composite films decreased
compared to pure PVA. However, the changes in elongation were not significant (p ≥ 0.05, Table 2)
among all composite films, indicating that elongation of the films was not influenced by the amount of
hemp particle. All fabricated films were also highly flexible and foldable.

3.6. Water Vapour Permeability (WVP) Properties of Hemp/PVA Composites

Figure 7 shows the effect of hemp content on the water vapor permeability of hemp/PVA composites.
The film made from pure PVA exhibits a low water vapor permeability of 0.98 × 10−12 g·cm/(cm2

·s·Pa).
When the amount of hemp reached 10%, the WVP of the composite films reached a maximum of
1.14 × 10−12 g·cm/(cm2

·s·Pa). The films became soft due to the water absorption [39] and this absorption
may have an influence in the hydrogen bonding between hemp and PVA [40]. However, the differences
between WVP of the composite films were not found to be significant (p > 0.05). The WVP value of the
commercial packaging plastic film made of HDPE (High-density polyethylene) at 37.8 ◦C and 90%
RH has been reported to be 1.741–3.482 × 10−12 g·cm/(cm2

·s·Pa) [41]. This indicates the fabricated
hemp/PVA composite film in this study has a strong potential for food packaging applications.
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3.7. UV-Shielding Performance of the Film

Figure 8a shows photographs of the PVA film and PVA composite films fabricated with hemp particles
after 20 h ball milling and Figure 8b shows the optical properties of the film under UV (200–400 nm)
and visible (400–800 nm) light. The wavelengths of 280 nm and 500 nm were selected for comparison
of the sample’s performance under UV and visible light. In visible light at 500 nm, the pure PVA has a
transmittance of 99.5% and the film with 10 wt. % of hemp particles has a transmittance of 94.3%.

The pure PVA film 100% blocked UV light in a very narrow range of 200–212 nm, while the films
with 5 wt. % and 10 wt. % showed UV blocking properties in a broader range of 200 nm to 231 nm.
At 280 nm, the transmittance of the pure PVA was 51%, while the transmittance for the films loaded
with 1 wt. %, 5 wt. % and 10 wt. % of hemp particles was 48%, 8% and 6%, respectively. Liu et al. [42]
manufactured a PVA film with 10% of TiO2 that showed 100% blocking at the wavelength of 280 nm
and a transmittance of 98% at the wavelength of 500 nm. TiO2 nanoparticles showed photocatalytic
effects that can degrade the polymer. The PVA films loaded with 5 wt. % film and 10 wt. % of hemp
showed better performance at the wavelength range of 345–400 nm when compared to the 10 wt. %
TiO2/PVA film. The 90% of UV radiation reaching the Earth’s surface is UVA (315–400 nm). Exposure
to UVA-I damages human dermal fibroblasts [43].
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It is known that the chromophore group of –C=O is capable of absorbing UV-light [44], therefore,
it can be concluded that the UV blocking properties of the hemp/PVA films are due to the presence of
–C=O groups in quinone or p-quinone of lignin. When the UV light reaches hemp particles, the photon
energy of UV light is converted to heat with the corresponding hydrophilic chromophores, mainly
phenolic hydroxyl, carbonyl and carboxyl groups [10]. The phenolic hydroxyl groups of lignin absorb
the energy from UV radiation, which could also easily quench active radicals (Figure 9) through an
electron transfer process. Then, the generated heat is gradually released out of the composite films.

The normalised UPF values shown in Table 3 are presented to consider the different weights of the
fabricated films. While the UPF value of 1 wt. % film was as low as that of pure PVA, the UPF value of
the film loaded with 5 wt. % of hemp particles was almost 7 times higher than pure PVA. The 10 wt. %
film showed the highest UPF value, 16 times higher than that of the pure PVA.

Table 3. Ultraviolet protection factor of the films (UPF).

UPF Normalised UPF Protection Grade

PVA film 2.03 6.15 poor
1 wt. % film 2.76 8.28 poor
5 wt. % film 15.07 43.39 good
10 wt. % film 35.79 98.60 very good
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4. Conclusions

In this study, UV-shielding and transparency were achieved in flexible hemp/PVA films through
the use of lignocellulose from hemp hurd. Lignocellulose particles were prepared through a wet ball
milling method without chemical treatments. To understand the limitations of particle size, the relation
between milling time and particle size was studied. The smallest size of particles was around 1 µm and
crystallinity of the particles reduced after 20 h wet ball milling. SEM image shows the homogenized
distribution of the micro-particles in the film with low additive amounts. While all fabricated films
were highly flexible, the 1 wt. % and 5 wt. % hemp/PVA composite films showed a significant increase
(p ≤ 0.05) in Young’s modulus and nominal maximum stress, which were considerably higher than
pure PVA film. The hydrogen bond between hemp and PVA and an increase in the crystallinity of film,
maybe the reason for enhanced Young’s modulus and higher nominal maximum stress of the film.
The decrease in Young’s modulus and in nominal maximum stress of the 10 wt. % hemp/PVA film were
caused by the hemp particle aggregation, as confirmed by SEM. Compared to a previously fabricated
TiO2/PVA film, the hemp/PVA composite films showed better UV shielding properties performance
in the UVA-I range which is a critical range damaging human skin cell. The highest UV-shielding
ability of the film was achieved with 10 wt. % hemp. The FTIR results also proved the existing of –C=O
groups in quinone or p-quinone of lignin that were persevered by ball milling method. The 5 wt. %
film exhibits a good balance between mechanical properties and UV-shielding properties with highly
transparent optical properties. The water vapor permeability (WVP) of the composite films showed
higher WVP compared to the pure PVA film and comparable with the commercial packaging plastic
film made of HDPE (High-density polyethylene). This work provides additional value to agriculture
hemp waste enabling its used as UV-shielding additive.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/5/1190/s1,
Figure S1: The deconvolution of XRD patterns of pure PVA film.

Author Contributions: Conceptualization, M.N.; methodology, Y.Z.; software, Y.Z.; visualization, Y.Z.; data
curation, Y.Z. and M.N.; formal analysis Y.Z., R.R., J.P.H., X.W. and M.N.; writing—original draft preparation, Y.Z.;
writing—review and editing, Y.Z., R.R., J.P.H. and M.N.; supervision: M.N. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by Deakin University Postgraduate Research Scholarship (DUPRS).

Acknowledgments: This work was performed with the support of the Deakin Advanced Characterization Facility
and at the Deakin Hub in the Victorian Node of the Australian National Fabrication Facility (ANFF).

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

References

1. Sadeghifar, H.; Venditti, R.; Jur, J.; Gorga, R.E.; Pawlak, J.J. Cellulose-Lignin Biodegradable and Flexible UV
Protection Film. ACS Sustain. Chem. Eng. 2017, 5, 625–631. [CrossRef]

2. Tu, Y.; Zhou, L.; Jin, Y.Z.; Gao, C.; Ye, Z.Z.; Yang, Y.F.; Wang, Q.L. Transparent and flexible thin films
of ZnO-polystyrene nanocomposite for UV-shielding applications. J. Mater. Chem. 2010, 20, 1594–1599.
[CrossRef]

3. Goudarzi, V.; Shahabi-Ghahfarrokhi, I.; Babaei-Ghazvini, A. Preparation of ecofriendly UV-protective food
packaging material by starch/TiO2 bio-nanocomposite: Characterization. Int. J. Biol. Macromol. 2017, 95,
306–313. [CrossRef] [PubMed]

4. Wang, Y.; Li, T.; Ma, P.; Bai, H.; Xie, Y.; Chen, M.; Dong, W. Simultaneous Enhancements of UV-Shielding
Properties and Photostability of Poly(vinyl alcohol) via Incorporation of Sepia Eumelanin. ACS Sustain.
Chem. Eng. 2016, 4, 2252–2258. [CrossRef]

5. Sirviö, J.A.; Visanko, M.; Heiskanen, J.P.; Liimatainen, H. UV-absorbing cellulose nanocrystals as functional
reinforcing fillers in polymer nanocomposite films. J. Mater. Chem. A 2016, 4, 6368–6375. [CrossRef]

6. Xie, W.; Pakdel, E.; Liu, D.; Sun, L.; Wang, X. Waste-Hair-Derived Natural Melanin/TiO 2 Hybrids as Highly
Efficient and Stable UV-Shielding Fillers for Polyurethane Films. ACS Sustain. Chem. Eng. 2019, 8, 1343–1352.
[CrossRef]

http://www.mdpi.com/2073-4360/12/5/1190/s1
http://dx.doi.org/10.1021/acssuschemeng.6b02003
http://dx.doi.org/10.1039/b914156a
http://dx.doi.org/10.1016/j.ijbiomac.2016.11.065
http://www.ncbi.nlm.nih.gov/pubmed/27884670
http://dx.doi.org/10.1021/acssuschemeng.5b01734
http://dx.doi.org/10.1039/C6TA00900J
http://dx.doi.org/10.1021/acssuschemeng.9b03514


Polymers 2020, 12, 1190 12 of 14

7. Zhu, M.; Song, J.; Li, T.; Gong, A.; Wang, Y.; Dai, J.; Yao, Y.; Luo, W.; Henderson, D.; Hu, L. Highly Anisotropic,
Highly Transparent Wood Composites. Adv. Mater. 2016, 28, 5181–5187. [CrossRef]

8. Yearla, S.R.; Padmasree, K. Preparation and characterisation of lignin nanoparticles: Evaluation of their
potential as antioxidants and UV protectants. J. Exp. Nanosci. 2016, 11, 289–302. [CrossRef]

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

10. Tian, D.; Hu, J.; Bao, J.; Chandra, R.P.; Saddler, J.N.; Lu, C. Lignin valorization: Lignin nanoparticles as
high-value bio-additive for multifunctional nanocomposites. Biotechnol. Biofuels 2017, 10. [CrossRef]

11. Subramani, N.K.; Kasargod Nagaraj, S.; Shivanna, S.; Siddaramaiah, H. Highly Flexible and Visibly
Transparent Poly(vinyl alcohol)/Calcium Zincate Nanocomposite Films for UVA Shielding Applications As
Assessed by Novel Ultraviolet Photon Induced Fluorescence Quenching. Macromolecules 2016, 49, 2791–2801.
[CrossRef]

12. Lizundia, E.; Ruiz-Rubio, L.; Vilas, J.L.; León, L.M. Poly(l -lactide)/zno nanocomposites as efficient
UV-shielding coatings for packaging applications. J. Appl. Polym. Sci. 2016, 133. [CrossRef]

13. Fang, Z.; Zhu, H.; Yuan, Y.; Ha, D.; Zhu, S.; Preston, C.; Chen, Q.; Li, Y.; Han, X.; Lee, S.; et al. Novel
nanostructured paper with ultrahigh transparency and ultrahigh haze for solar cells. Nano Lett. 2014, 14,
765–773. [CrossRef]

14. Xiong, F.; Wu, Y.; Li, G.; Han, Y.; Chu, F. Transparent Nanocomposite Films of Lignin Nanospheres and
Poly(vinyl alcohol) for UV-Absorbing. Ind. Eng. Chem. Res. 2018, 57, 1207–1212. [CrossRef]

15. 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]

16. Lee, S.C.; Lee, S.H.; Won, K. Wood Powder as a New Natural Sunscreen Ingredient. Biotechnol. Bioprocess
Eng. 2019, 24, 258–263. [CrossRef]

17. 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]
[PubMed]

18. Isikgor, F.H.; Becer, C.R. Lignocellulosic biomass: A sustainable platform for the production of bio-based
chemicals and polymers. Polym. Chem. 2015, 6, 4497–4559. [CrossRef]

19. Monteil-Rivera, F.; Phuong, M.; Ye, M.; Halasz, A.; Hawari, J. Isolation and characterization of herbaceous
lignins for applications in biomaterials. Ind. Crops Prod. 2013, 41, 356–364. [CrossRef]

20. Karus, M. European hemp industry: Cultivation, processing and product lines. Euphytica 2004, 140, 7–12.
[CrossRef]

21. Tan, K.B.; Ching, C.Y.; Poh, C.S.; Abdullah, C.L.; Gan, N.S. A Review of Natural Fiber Reinforced Poly(Vinyl
Alcohol) Based Composites: Application and Opportunity. Polymers 2015, 7, 2205–2222. [CrossRef]

22. Ng, T.S.; Ching, Y.C.; Awanis, N.; Ishenny, N.; Rahman, M.R. Effect of bleaching condition on thermal
properties and UV transmittance of PVA/cellulose biocomposites. Mater. Res. Innov. 2014, 18, 400–404.
[CrossRef]

23. Ko, H.-U.; Zhai, L.; Park, J.H.; Lee, J.Y.; Kim, D.; Kim, J. Poly(vinyl alcohol)-lignin blended resin for
cellulose-based composites. J. Appl. Polym. Sci. 2018, 135, 46655. [CrossRef]

24. Park, S.; Baker, J.O.; Himmel, M.E.; Parilla, P.A.; Johnson, D.K. Cellulose crystallinity index: Measurement
techniques and their impact on interpreting cellulase performance. Biotechnol. Biofuels 2010, 3, 10. [CrossRef]

25. ASTM International. D882-18 Standard Test Method for Tensile Properties of Thin Plastic Sheeting;
ASTM International: West Conshohocken, PA, USA, 2018. [CrossRef]

26. Water Vapor Transmission Rate of Paper and Paperboard at High Temperature and Humidity, Test Method.
Available online: https://imisrise.tappi.org/TAPPI/Products/01/T/0104T464.aspx (accessed on 11 March 2020).

27. Gong, J.; Li, J.; Xu, J.; Xiang, Z.; Mo, L. Research on cellulose nanocrystals produced from cellulose sources
with various polymorphs. RSC Adv. 2017, 7, 33486–33493. [CrossRef]

28. 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]

29. Al Faruque, M.A.; Remadevi, R.; Wang, X.; Naebe, M. Preparation and characterisation of mechanically
milled particles from waste alpaca fibres. Powder Technol. 2019, 342, 848–855. [CrossRef]

http://dx.doi.org/10.1002/adma.201600427
http://dx.doi.org/10.1080/17458080.2015.1055842
http://dx.doi.org/10.1039/C4GC01333F
http://dx.doi.org/10.1186/s13068-017-0876-z
http://dx.doi.org/10.1021/acs.macromol.5b02282
http://dx.doi.org/10.1002/app.42426
http://dx.doi.org/10.1021/nl404101p
http://dx.doi.org/10.1021/acs.iecr.7b04108
http://dx.doi.org/10.1039/C9RA04729H
http://dx.doi.org/10.1007/s12257-018-0397-z
http://dx.doi.org/10.3390/ma7128131
http://www.ncbi.nlm.nih.gov/pubmed/28788294
http://dx.doi.org/10.1039/C5PY00263J
http://dx.doi.org/10.1016/j.indcrop.2012.04.049
http://dx.doi.org/10.1007/s10681-004-4810-7
http://dx.doi.org/10.3390/polym7111509
http://dx.doi.org/10.1179/1432891714Z.000000000986
http://dx.doi.org/10.1002/app.46655
http://dx.doi.org/10.1186/1754-6834-3-10
http://dx.doi.org/10.1520/D0882-18/D0882-18
https://imisrise.tappi.org/TAPPI/Products/01/T/0104T464.aspx
http://dx.doi.org/10.1039/C7RA06222B
http://dx.doi.org/10.1016/j.matchemphys.2019.122009
http://dx.doi.org/10.1016/j.powtec.2018.10.049


Polymers 2020, 12, 1190 13 of 14

30. Zheng, Y.; Fu, Z.; Li, D.; Wu, M. Effects of ball milling processes on the microstructure and rheological
properties of microcrystalline cellulose as a sustainable polymer additive. Materials 2018, 11, 1057. [CrossRef]

31. Chandrakala, H.N.; Ramaraj, B. Optical properties and structural characteristics of zinc oxidecerium oxide
doped polyvinyl alcohol films. J. Alloys Compd. 2014, 586, 333–342. [CrossRef]

32. Hassan, M.; Zadeh, R.; Seifi, M.; Riva’i, I.; Wulandari, I.O.; Sulistyarti, H.; Sabarudin, A. Ex-Situ Synthesis of
Polyvinyl alcohol(PVA)-coated Fe3O4 Nanoparticles by Coprecipitation-Ultrasonication Method. IOP Conf.
Ser. Mater. Sci. Eng. 2018, 299, 1–8. [CrossRef]

33. Corzo-González, Z.; Loria-Bastarrachea, M.I.; Hernández-Nuñez, E.; Aguilar-Vega, M.; González-Díaz, M.O.
Preparation and characterization of crosslinked PVA/PAMPS blends catalytic membranes for biodiesel
production. Polym. Bull. 2017, 74, 2741–2754. [CrossRef]

34. Kubo, S.; Kadla, J.F. The formation of strong intermolecular interactions in immiscible blends of poly(vinyl
alcohol) (PVA) and lignin. Biomacromolecules 2003, 4, 561–567. [CrossRef] [PubMed]

35. Anicuta, S.G.; Dobre, L.; Stroescu, M.; Jipa, I. Fourier Transform Infrared (FTIR) Spectroscopy
for Characterization of Antimicrobial Films Containing Chitosan. 2010, pp. 1234–1240. Available
online: https://pdfs.semanticscholar.org/0b63/6ec4355eb6aa82a0c8b5b1a7d0890febe79c.pdf?_ga=2.15658038.
1246728340.1590139370-1225764345.1558607759 (accessed on 11 March 2020).

36. Moosavinejad, S.M.; Madhoushi, M.; Vakili, M.; Rasouli, D. Evaluation of degradation in chemical compounds
of wood in historical buildings using FT-IR and FT-Raman vibrational spectroscopy. Maderas. Cienc. y Tecnol.
AHEAD 2019, 21, 381–392. [CrossRef]

37. Gleadall, A. Mechanical properties of biodegradable polymers for medical applications. In Modelling
Degradation of Bioresorbable Polymeric Medical Devices; Pen, J., Ed.; Elsevier Ltd.: Amsterdam, The Netherlands,
2015; pp. 163–199. [CrossRef]

38. Zare, Y. Study of nanoparticles aggregation/agglomeration in polymer particulate nanocomposites by
mechanical properties. Compos. Part A Appl. Sci. Manuf. 2016, 84, 158–164. [CrossRef]

39. Imam, S.H.; Cinelli, P.; Gordon, S.H.; Chiellini, E. Characterization of Biodegradable Composite Films
Prepared from Blends of Poly(Vinyl Alcohol), Cornstarch, and Lignocellulosic Fiber. J. Polym. Environ. 2005,
13, 47–55. [CrossRef]

40. Hodge, R.M.; Edward, G.H.; Simon, G.P. Water absorption and states of water in sernicrystalline poly(vinyl
alcohol) films. Polymer (Guildf). 1996, 37, 1371–1376. [CrossRef]

41. Bastarrachea, L.; Dhawan, S.; Sablani, S.S. Engineering Properties of Polymeric-Based Antimicrobial Films
for Food Packaging. Food Eng. Rev. 2011, 3, 79–93. [CrossRef]

42. Liu, X.; Chen, Q.; Lv, L.; Feng, X.; Meng, X. Preparation of transparent PVA/TiO2 nanocomposite films with
enhanced visible-light photocatalytic activity. Catal. Commun. 2015, 58, 30–33. [CrossRef]

43. Baby, A.R.; Balogh, T.S.; Pedriali, C.A.; Kaneko, T.M.; Velasco, M.V.R. Uva I-protection effectiveness of
bioactive compound and organic uv filters: An in vitro assessment. Quim. Nova 2009, 32, 1321–1323.
[CrossRef]

44. Dean, J.C.; Navotnaya, P.; Parobek, A.P.; Clayton, R.M.; Zwier, T.S. Ultraviolet spectroscopy of fundamental
lignin subunits: Guaiacol, 4-methylguaiacol, syringol, and 4-methylsyringol. J. Chem. Phys. 2013, 139.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/ma11071057
http://dx.doi.org/10.1016/j.jallcom.2013.09.194
http://dx.doi.org/10.1088/1757-899X/299/1/012065
http://dx.doi.org/10.1007/s00289-016-1864-3
http://dx.doi.org/10.1021/bm025727p
http://www.ncbi.nlm.nih.gov/pubmed/12741770
https://pdfs.semanticscholar.org/0b63/6ec4355eb6aa82a0c8b5b1a7d0890febe79c.pdf?_ga=2.15658038.1246728340.1590139370-1225764345.1558607759
https://pdfs.semanticscholar.org/0b63/6ec4355eb6aa82a0c8b5b1a7d0890febe79c.pdf?_ga=2.15658038.1246728340.1590139370-1225764345.1558607759
http://dx.doi.org/10.4067/S0718-221X2019005000310
http://dx.doi.org/10.1533/9781782420255.2.163
http://dx.doi.org/10.1016/j.compositesa.2016.01.020
http://dx.doi.org/10.1007/s10924-004-1215-6
http://dx.doi.org/10.1016/0032-3861(96)81134-7
http://dx.doi.org/10.1007/s12393-011-9034-8
http://dx.doi.org/10.1016/j.catcom.2014.08.032
http://dx.doi.org/10.1590/S0100-40422009000500039
http://dx.doi.org/10.1063/1.4824019
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Fabrication of Particles 
	Preparation of Hemp Hurd/PVA Film 
	Material Characterisation 
	Particle Size Analysis 
	Scanning Electron Microscopy (SEM) 
	X-ray Diffraction (XRD) 
	Fourier Transform Infrared (FTIR) Spectroscopy 
	Mechanical Properties of the Films 
	Water Vapor Permeability 
	UV-Shielding 
	Statistical Analysis 


	Results and Discussion 
	Particle Size Analysis 
	XRD Analysis 
	Morphology of the Films 
	ATR-FTIR Analysis of the Films 
	Mechanical Properties of the Film 
	Water Vapour Permeability (WVP) Properties of Hemp/PVA Composites 
	UV-Shielding Performance of the Film 

	Conclusions 
	References

