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Abstract
A simple, green, and scalable procedure to manufacture spherical lignin nanoparticles is demonstrated in
this work. Softwood kraft lignin (S-lignin) was fractionated using acetone which was recoverable and
reused in the following step to produce lignin nanoparticles (S-LNPs). Deionized water was used as anti-
solvent to precipitate S-LNPs under ultrasonication. The size of S-LNPs was found to be in the range from
40-300 nm with an average of 120±18 nm. S-LNPs had lower ash content at 0.05% as compared to 1.22%
of S-lignin. More importantly, S-LNPs had signi�cant increased phenolic to aliphatic hydroxyl ratio. Home-
composable polybutylene succinate (PBS) was selected to develop sustainable materials for �exible �lm
applications. Composite �lms of PBS/S-lignin and PBS/S-LNPs were manufactured via conventional
blown �lm melt-extrusion. Both composite �lms appeared brownish. At 0.5 wt% loading content, the
PBS/S-LNPs composite �lms possessed comparable mechanical properties to the neat PBS �lm with
several advantages including (a) a superb UV-blocking ability of 69% and 64% enhancement in shielding
of UV-B and UV-A, respectively; (b) retardation of thermo-oxidative reaction with 42 % improvement in
onset oxidative temperature; and (c) antibacterial activity (R) values of 2.5 for gram-negative (E. coli
ATCC8739) and 1.5 for gram-positive (S. aureus ATCC 6538p). For a meaningful approach in fully
biodegradable and sustainable plastic products, the spherical lignin nanoparticles produced in this work
can be alternative multifunctional bio-additives for UV protection, antioxidation and antibacterial
applications.

1. Introduction
There is no doubt that usage and waste management of synthetic plastics have been reshaping.
170 million tons of plastic food packaging represent the largest end-used market which contributing
close to 40% of the overall demand of synthetic plastics [1, 2]. Large quantity of plastic waste and
mismanagement cause serious deteriorations of ecological environment and human health. Plastic
wastes have been discarded in land�lled and marine and have caused many concerns. Mega and macro-
scale plastic wastes are harmful for animals from eating and getting stuck [3]. Moreover, these plastic
wastes can be further fragmented into small debris, known as microplastics, which become a source of
air pollution as airborne �brous particles suspended in air [4]. Furthermore, they have been found in the
digestive tracts and tissues of various sea animals [5]. From waste management point of view,
classi�cation and management of recyclable post-consumer plastics have not been achieved in every
country [6]. Due to the overall concerns, there is a need for materials that are biodegradable and eco-
friendly plastics to mitigate plastic waste problems.

Several alternative biodegradable plastics have been introduced in both academic and industrial �elds
toward for sustainable world. Biobased and biodegradable resins such as starch blend, polylactic acid
(PLA), polybutylene succinate (PBS) and polyhydroxybutyrate (PHB), and petroleum-based biodegradable
resins including polybutylene adipate-co-terephthalate (PBAT), and polycaprolactone (PCL) are
commercially available for industrial plastic fabrications through conventional extrusion and injection
processes [7]. All those biodegradable plastics are expected to substituent some applications of non-
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biodegradable plastic such single-used plastics, medical plastics and contaminated packaging
applications in sustainable future. PBS can be one of the promising material choices for replacing single-
used plastic because it is a home-compostable plastic [6, 8]. Moreover, its thermal stability, processability
and excellent mechanical properties are comparable with isotactic polypropylene (PP). However, PBS has
high light transmittance and high resin cost. These may be barriers for both technical and market
feasibilities. Therefore, reducing its cost and enhancing the light barrier have been required as viable
issues. Adding inexpensive �llers into PBS is one of the practical solutions to lower the price of PBS
products [9–11]. Selection of bio-renewable and biodegradable �llers becomes a promising choice to
maintain the composite biodegradability and lower the PBS cost. Thus, �llers from biomass resources
such as plant �bers, agricultural residues and lignocellulosic materials (cellulose, hemicellulose and
lignin) are highly recommended.

Lignin is the most abundant and renewable aromatic biopolymer on earth [12]. Over 55% of technical
lignin, about 81 million tons annually, is obtained from pulping industries where a kraft process is used
[13]. High value-added application of lignin is very limited due to its complex structure with three-
dimensional network interacting with carbohydrate causing a di�culty to be isolated and puri�ed [14, 15].
Most technical lignins have an irregular shape, large particle sizes in a range of few microns to 100 µm
and a broad particle size distribution [16]. Lignin offers numerous unique features such as high carbon
content [17], high thermal stability [18], superb UV-shielding ability [8, 19], and antimicrobial and
antioxidant properties [20, 21]. Such attractive features as well as its low cost, renewability and
biodegradability have promoted lignin to be an interesting material for sustainable products. Up to now,
micro-scale lignin has been recognized as a low-cost �ller, used as �re retardant, antimicrobial,
antioxidant, and blocking of ultraviolet (UV) irradiation. Domínguez-Robles et al. [22] had introduced up to
15 wt% of micro-scale lignin in PBS via melt extrusion and injection molded processes. The resultant
PBS/lignin composites revealed a capability to be a radical scavenger and resistance to adherence of the
common nosocomial pathogen, Staphylococcus aureus, whereas the mechanical properties (tensile,
�exural and impact) signi�cant decreased. Similar trend of decreasing mechanical properties has been
reported in other polymers [19, 23–26]. This may be due to large lignin particles having low surface area,
high agglomeration and poor interaction with the host polymers [27, 28]. Chemical modi�cation of lignin
has been reported to enhance its compatibility with the host polymers [8, 29, 30]. Moreover, use of such
large lignin particles might not be suitable for applications of �exible �lm with a thickness of 10–60 µm
[31, 32]. One of the alternative methods is synthesizing lignin nanoparticles (LNPs) [33–36]. LNPs offers
several advantages due to their large surface area, resulting in improved properties of �nal products and
compatibility to host polymers [34, 36]. It was reported that nanocomposite LNPs �lms could be formed
by either solution casting [8, 19, 37–39] or melt-extrusion process [40]. For industrial production aspect,
melt-extrusion process is preferred for preparing �exible �lms for food packaging in order to accomplish
economical and practical key points.

Herein, we developed sustainable �lms from PBS and LNPs using a simple and green approach to purify
lignin from kraft process. Small amount of LNPs (0.1-1.0 wt%) without any chemical modi�cation was
incorporated into PBS via melt extrusion and the nanocomposite �lms of PBS/LNPs were formed by
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blown �lm extrusion process. Properties of resultant nanocomposite �lms including physical appearance,
�lm color, thermal and mechanical properties are reported and discussed. Furthermore, the PBS/LNPs
nanocomposite �lms showed excellent active functions of UV-blocking, antioxidation and antibacterial,
which indicated promising applications in various practical �elds.

2. Materials And Method

2.1 Materials
Softwood kraft lignin, BioPivaTM100, was purchased from UPM Biochemicals, Finland. In this work
softwood kraft lignin was coded as S-lignin. Commercially available biodegradable polybutylene
succinate (PBS), FZ91 PM, was purchased from PPT Global Chemical Public Company Limited, Thailand.
Anhydrous pyridine, deuterated chloroform (CDCl3), endo-N-hydroxy-5-norbornene-2,3-dicarboximide
(NHND), 2-chloro-4,4,5,5-tetramethyl1,3,2-dioxaphospholane (TMDP), chromium (III) acetylacetonate were
purchased from Sigma-Aldrich, Singapore.

2.2 Preparation of lignin nanoparticles (S-LNPs)

2.2.1 Puri�cation of S-lignin by fractionation using acetone
S-lignin was pre-dried in a vacuum oven for 6 hours prior to fractionation using acetone. 10 g of the pre-
dried S-lignin was placed in a three-neck �ask containing 100 ml of acetone. The top-neck of �ask was
attached to a water condenser, whilst other two necks were attached to a thermocouple and nitrogen
bubbling at a �ow rate of 10 ml/minute. The �ask was placed on a heating mantle with magnetic stirrer
and the lignin solution was stirred for 6 hours at 56 °C. Acetone-soluble fraction was then �ltrated
through a 1 µm glass �lter, and remaining acetone was evaporated using rotary evaporator with water
bath at 40 °C. The obtained acetone-soluble lignin was dried at 80 °C in a vacuum oven and ground into
powders. Ash content of acetone-soluble lignin was determined in a comparison with the pristine S-lignin.

2.2.2 Production of S-LNPs
1 g of acetone-soluble lignin was dissolved in 20 ml acetone at room temperature. After lignin was fully
dissolved, 20 ml of acetone-soluble lignin solution was poured into 200 ml deionized water at room
temperature under ultrasonication (VCX 500 sonicator, 500-watt, 20 kHz and 13 mm probe) for 5 minutes.
Figure 1 illustrates a protocol used for the preparation of S-LNPs from S-lignin. S-LNPs was obtained
after centrifugation at 10000 rpm for 20 minutes and then dried in a vacuum oven at 80 °C for 6 hours.

2.3 Preparation of PBS composite �lms
In this work, 2 types of lignin (S-lignin and S-LNPs) were used to prepare PBS/lignin composite �lms. 2 g
of lignin was pre-mixed with 98 g of PBS to obtain 2 wt% PBS/lignin compound. The pre-mixed was
loaded into co-rotating twin screw extruder (Thermo Scienti�c Process 11, 11-mm screw diameter and a
ratio of screw length to diameter (L/D) of 40). Barrel temperature pro�le was set at 140 °C, 140 °C, 150 °C,
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155 °C, 160 °C, 160 °C and 160 °C and die temperature was at 155 °C. The PBS/lignin compounds were
extruded through 3-mm die diameter with 45 rpm screw speed, the brownish extrudate was air-cooled
prior to pelletizing. The obtained 2 wt% PBS/lignin compounds were kept in an airtight container until
used.

PBS composite �lms at different lignin contents of 0.1, 0.2, 0.5 and 1.0 wt% were prepared via single
screw extruder (PolyLab™, HAAKE). A standard metering screw (3:1) with 19-mm diameter and L/D of 25
was equipped with a blown �lm die with 35 mm outer diameter and 1 mm die gap. Temperatures of three
heating zones and die were 150, 155, 160 °C and 160 °C, respectively. To prepare composite �lms at the
controlled thickness of 35 µm and 13-cm width. Screw speed, blow-up ratio (BUR) and take up speed were
60 rpm, 2.75 and 3.7 m/minute, respectively. Neat PBS �lm and PBS/S-LNPs composite �lms at 0.1, 0.2,
0.5 and 1.0 wt% were named as neat PBS, PBS/S-LNPs_0.1, PBS/S-LNPs_0.2, PBS/S-LNPs_0.5 and
PBS/S-LNPs_1.0, respectively. PBS/S-lignin composite �lms at the same aforesaid contents were
prepared for comparison.

2.4 Characterizations
Ash content of lignin samples (S-lignin and S-LNPs) was determined in accordance with TAPPI T211 om-
02 method by combustion at 525°C using a mu�e furnace (Carbolite model RHF16).

A �eld emission scanning electron microscope (FE-SEM, model SU5000, Hitachi, Japan) was used to
examine morphology of S-lignin and S-LNPs. The samples were coated with platinum for 60 seconds by
Quorum-Q150RS (UK), a distance between target and the sample surface was 3 cm and the applied
current of 15 mA. FE-SEM was operated at an accelerating voltage between 3 to 5 kV.

Particle size and particle size distribution of S-LNPs were examined using dynamic light scattering (DLS)
technique at 25°C with Malvern Zetasizer-4 instrument (UK). Dispersion of S-LNPs was loaded into a
cuvette of 1-cm path length. Three measurements were conducted and each measurement was run in
triplicate. Average particles size diameter and particle size distribution index or polydispersity index (PdI)
of S-LNPs were reported.

Glass transition temperature (Tg) of S-lignin and S-LNPs was measured using differential scanning
calorimeter (DSC, model TGA/DSC3+, Mettler Toledo, Switzerland). Approximate 5 mg of pre-dried lignin
samples were placed in 40 µl aluminium pans. In the �rst scan, the lignin samples were heated from 25°C
to 105°C at a heating rate of 10°C/minute and kept isothermal for 5 minutes to remove moisture. Then,
the samples were cooled to 25°C at the cooling rate of 10°C/minute and held for 3 minutes. The second
heating scans was conducted from 25°C to 200°C with a heating rate of 10°C/minute. All of the scans
were conducted under nitrogen atmosphere at a �ow rate of 20 ml/minute.

Phosphorus-31 nuclear magnetic resonance spectroscopy (31P NMR) was conducted to determine
molecular structures and quantitative analysis was carried out using AV-500 Bruker Biospin NMR
spectrometer. Protocol of 31P NMR solution preparation was followed steps reported in Nature protocol
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[41]. NHND was used as internal standard. Brie�y, anhydrous pyridine/CDCl3 (1.6:1 v/v) was prepared as
solvent mixture A. 5 mg of chromium (III) acetylacetonate and 18 mg of NHND were mixed with 1 ml of
the solvent mixture A and used as an internal standard (IS) solution. 0.1 ml of IS solution was loaded into
4-ml glass vial; the actual weight of the 0.1 ml solution was recorded. 30 mg of pre-dried lignin sample
and 0.5 ml of solvent mixture A were mixed, and the solution was stirred overnight to fully dissolve the
lignin samples. Finally, 0.1 ml phosphitylation reagent TMDP was added into the vial and stirred for 2
minutes. Then, all the phosphitylated lignin solution was transferred into a 5 mm NMR tube for
subsequent 31P NMR acquisitions (298 K, 500 MHz, 256 scans with 5s relaxation delay time using an
inverse-gated decoupling pulse sequence). The obtained spectra were processed and analyzed using
Bruker Topspin software.

Datacolor spectrophotometer (Spectro 650, Pakisatan) was conducted for measuring color and opacity
of the neat PBS and its composite �lms. Chromatic coordinates including L*, a*, b* of CIELAB color
system of neat PBS �lms were recorded. ΔL*, Δa*, and Δ b* of PBS/lignin composite �lms were reported
based on the neat PBS. Color difference (ΔE) was used to indicate color change of PBS �lms upon
addition of S-lignin and S-LNPs. ΔE was calculated using Eq. (1) [20, 42].

 

ΔE = L ∗ 2 + a ∗ 2 + b ∗ 2 (1)

Thermal characteristics of the neat PBS and its composite �lms were determined using differential
scanning calorimeter (DSC, model TGA/DSC3+, Mettler Toledo, Switzerland). 5–7 mg of �lm samples
were cut and placed in 40 µl-aluminum pans. The �rst heating scan was conducted from 40 °C to 150 °C
at 10 °C/minute. Then, the sample was cooled at cooling rate of 10 °C/minute to 40 °C and reheated to
150 °C at 10 °C/minute for the second heating scan. From DSC thermogram, percentage (%) of
crystallinity (Xc) was calculated using the following equation [20]:

 

Xc(%) =
ΔHf

W∙ ΔH0
f

× 100 (2)

where ΔHf is heat of fusion of sample obtained from the second heating scan. W is weight fraction of

PBS in the composite �lms. ΔH0
f  is heat of 100% crystalline PBS which is 200 J/g [10, 43].

Mechanical properties of the neat PBS �lm and PBS/lignin composite �lms were determined using a
universal testing machine (Instron 44502 series, Instron, USA), according to ASTM D882. Film samples
were cut into 50 mm gauge length along two direction of machine direction (MD) and transvers direction
(TD) at 15 mm width. The samples were tested with a crosshead speed of 100 mm/minute. At least 5
samples were tested and averaged values were reported.

√( ) ( ) ( )
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UV shielding performance of PBS/lignin composite �lms was conducted and compared with the neat
PBS �lm using UV–VIS spectrophotometer (UV-3600Plus, Shimadzu, Japan). Transmittance of UVA (320
to 400 nm) and UVB (290 to 320 nm) was calculated using Eq. (3), where T() is spectra transmittance in
percentage of each measured wavelength [44].

 
Oxidation induction temperature (OITtemp) of the resultant composite �lms was determined using DSC
(model TGA/DSC3+, Mettler Toledo, Switzerland) and the following protocol. Approximate 5 mg of the
�lms was placed in 40 µl-aluminum pan without lid. All samples were heated from 40 to 105 °C at a rate
of 10 °C/minute and kept isothermally at 105 °C for 20 minutes prior to quenched to 40 °C at a rate of 20
°C/minute and isothermally condition at 40°C for 5 minutes under nitrogen atmosphere. Finally, the
samples were heated at a rate of 10 °C/min under oxygen gas until an exothermic change was observed.
The OITtemp was reported at an onset temperature of the exothermic change.

Antibacterial activity of neat PBS and its composite �lms was conducted in accordance with ISO
22196:2011. The test was carried out against gram positive and gram negative bacteria of
Staphylococcus aureus (S. aureus, ATCC 6538p) and Escherichia coli (E. coli, ATCC 8739), respectively.
The antibacterial activity (R) of the �lms was calculated as follows:

 

R = Ut − At (4)

where Ut and At are the average of the logarithm of the number of viable bacteria (CFU/cm2) from neat
PBS and each PBS/lignin composite �lm, respectively. The reduction in percentage was calculated using
Eq. (5):

 

Reduction(%) =
B−C

B × 100
(5)

where B and C are the average of the number of viable bacteria (cells/cm2) recovered from the neat PBS
and each PBS/lignin composite �lm after 24 hours.

3. Results And Discussion
The visual appearance of the S-lignin was an agglomerated dark-brown powder. The morphology
observed by SEM is shown in Fig. 2 (a). The agglomerated particles were irregular in shape and sizes
varied from a few microns to 50 µm. Ash content of softwood kraft lignin was 1.22%, which was in the
same range as those reported previously [45–47]. In this work, puri�cation and molecular weight

( )
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fractionation using acetone was performed to reduce ash content in the S-lignin. Yield of acetone-soluble
fraction was approximately 59%.

S-LNPs were prepared in two steps: puri�cation of lignin using organic solvent (acetone) and production
of S-LNPs via anti-solvent precipitation assisted with ultrasonication. The obtained S-LNPs has a lower
ash content of 0.05% as compared to 1.22% of the S-lignin. This can be due to the fact that inorganics in
S-lignin such as sulphur, sodium, silicon are not able to dissolve in acetone [48, 49]. Figure 2 (b) shows
SEM micrograph of spherical lignin particles of the S-LNPs. A representative particle size distribution is
displayed in Fig. 2 (c). The size of S-LNPs was found in the range of 40–300 nm and the average particle
size from 5 runs was 120 ± 18 nm and the average PDI was 0.07 ± 0.01. A simple mechanism of the S-
LNPs formation in this work can be explained by the amphiphilic character of lignin, composed of
hydrophilic groups (such as hydroxyls a carboxyls) and hydrophobic groups (such as phenolic rings).
Dissolving lignin in an organic solvent such as acetone, methanol, ethanol results in breaking the weak
hydrogen bond between its molecules. Hydrophobic side of lignin molecules turns to aggregate when
surrounded with antisolvent such as deionized water. The small aggregate acts as a nucleus and builds
gradually by the formation of layer-by-layer of lignin molecules via the aromatic π-π interactions.
Hydrophilic side (hydroxyl and carboxyl groups) forms naturally on the surface of the aggregate and
lignin nanoparticles in spherical shape are attained in order to minimize the overall interface area with
antisolvent (deionized water) molecules [36, 50, 51]. In the work, ultrasonication energy was applied
during the formation of lignin nanoparticles to attain small particles of S-LNPs. Partially formed lignin
nanoparticles were collapsed by static pressure generated from sonication probe, as illustrated in Fig. 1.
Once the resultant lignin particles were completely formed, the particles were stable and suspended in
deionized water.

Glass transition temperature (Tg) of S-LNPs was detected at 146 °C, which is 17 °C lower than that of S-
lignin (Table 1). The reducing in ash content and Tg of S-LNPs was related to its origin where acetone-
soluble lignin used for the preparation of S-LNPs. Soluble-fraction obtained from fractionation using
organic solvents such as methanol, ethanol, propanol and acetone has been reported to have lower ash
content, molecular weight and Tg as compared to its parent lignin [52–55].

Chemical structures of S-lignin and S-LNPs were determined by 31P NMR spectroscopy. In Fig. 3 (a), three
key constituents of aliphatic, phenolic and carboxylic hydroxyls were detected in both S-lignin and S-
LNPs samples. In the region of phenolic hydroxyl, 137.6 to 144.0 ppm, only guaiacyl and p-hydroxyphenyl
hydroxyls were observed without any signal of syringyl hydroxyl in C5-substitutent hydroxyl region (see
Fig. 3 (b)). Inter-monolignolic linkages of lignin such as pheylcoumaran (β-5’), biphenyl (5–5’) and ether
linkage of β-Aryl ether (β-O-4’) were identi�ed in both S-lignin and S-LNPs samples. Internal standard,
NHND, was used for quantitative analysis of each constituent. The quantitative results are compiled in
Table 1. Type and content of phenolic hydroxy contained in lignin are varied and depended on its plant
taxonomy. S-lignin possessed the greatest guaiacyl hydroxyl group at 1.26 mmol/g contributing about
96% of total monolignol which was the character of softwood lignin [12, 45]. Guaiacyl hydroxyl group
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was increased to 1.37 mmol/g in S-LNPs. A ratio of phenolic to aliphatic hydroxyl groups of S-lignin was
1.1 and it was increased to 1.7 for S-LNPs. High content of phenolic hydroxy group has been reported to
exhibit better in active functions of lignin including UV-blocking, antioxidant and anti-microbial abilities
[56–58].

 
Table 1

Functional groups and glass transition temperature (Tg) of S-lignin and S-LNPs.

Samples Aliphatic-OH Phenolic-OH (mmol/g) COOH Tg

(mmol/g) C5-substituted Guaiacyl p-hydroxyphenyl (mmol/g) (°C)

S-lignin 1.69 0.50 1.26 0.05 0.38 163

S-LNPs 1.19 0.61 1.37 0.01 0.42 146

Using acetone to purify S-lignin and producing S-LNPs demonstrated in this work can reduce inorganic
containing in S-lignin and enhance a portion of phenolic hydroxyl. It can be suggested that the production
of S-LNPs using acetone is a simple and green process as compared to relatively toxic solvents such as
tetrahydrofuran (THF), ethylene glycol, and dioxane, used in literature. The majority of the publications
producing lignin nanoparticles uses THF [59–62], ethylene glycol [63–66] and dioxane [67, 68]. Some
publications reported on using an acid precipitation to produce lignin nanoparticles [69, 70]. Manipulation
of the above solvents, aqueous solutions, or acidi�ed water is more complicated and expensive than
using acetone. Moreover, acetone from fractionation and production of S-LNPs can be recovered by
solvent evaporator and the recovered acetone can be reused.

Neat PBS �lms, and its composite �lms of PBS/S-lignin and PBS/S-LNPs were prepared by the
conventional blown �lm extrusion.

Figure 4 (a) shows white milky neat PBS �lm and brownish composite �lms incorporated with S-LNPs. An
increasing S-LNPs signi�cantly affected color of the composite �lms. The same brownish trend was
observed on the PBS/S-lignin composite �lms. Film color was identi�ed by Commission Internationale de
l’Eclairage (CIE) system. L*, a*, b* coordinates of neat PBS were 91.35, -0.56, 10.66. This indicated white
with high lightness. Color change, ΔL*, Δa*, Δb*, of the PBS/lignin composite �lms was determined
based on the coordinates of the neat PBS �lm (see Fig. 5 (a) and (b)). Obvious increase in Δb* and
decrease in ΔL* with increase lignin contents were found in both PBS/S-lignin and PBS/S-LNPs
composite �lms. This indicated that the composite �lms became darker and yellower, corelating well with
the appearance of the composite �lms presented in

Figure 4 (a). 

Figure 4 (b) shows a photograph of monolayer �lms placed over texts. The neat PBS �lms was
transparent and homogeneous. After incorporation of either S-lignin or S-LNPs, the composite �lms were



Page 10/25

still transparent and the visual appearance was well matched with the L value ranging from 91 to 82.
These �ndings were consistent with literature [19, 23, 24, 44, 71]. Color difference (ΔE) values of the
PBS/S-lignin composite �lms with 0.1, 0.2, 0.5 and 1.0 wt% were 1.5, 2.7, 5.5 and 8.7, respectively and
slightly higher ΔE of 1.9, 3.4, 6.7 and 9.6 for the PBS/S-LNPs composite �lms. 

Figure 4 (c) shows optical micrographs of the neat PBS and the composite �lms. Brown particles were
observed in PBS/S-lignin composite �lms whereas the neat PBS and PBS/S-LNPs showed no contrast
indicating homogeneous S-LNPs distributed in the PBS �lms. The nano scale of S-LNPs might result in
higher ΔE as compared to the composite �lms of PBS/S-lignin. Good dispersion and distribution of lignin
particles could impact properties of the resultant composite �lms especial for mechanical and functional
properties.  

Thermal properties of the resultant �lms were examined, DSC thermograms obtained from the 1st cooling
scan and the 2nd heating scan of the neat PBS, PBS/S-lignin_0.5 and PBS/S-LNPs_0.5 �lms are overlaid
and shown in Figure 6 (a) and Figure 6 (b), respectively. The determined melting temperature (Tm),
crystallization temperature (Tc) and crystallinity (Xc) are compiled in Table 2. The neat PBS �lm exhibited
Tc at approximately 89 °C. Two melting peaks at 110 °C and 117 °C were detected during heating process
which correlated well with the result reported in literature [72–74]. No signi�cant change in crystallization
and Tc was detected in both PBS/lignin composite �lms, whereas melting of the crystallized PBS was
changed remarkably when compared to the neat PBS �lm. The �rst melting temperatures of crystalline
PBS (Tm1) obtained from both PBS/lignin composite �lms (PBS/S-linin and PBS-LNPs) were observed
clearly at 108 °C and it was lower than that of the neat PBS (at 110 °C). This indicated that the formation
of smaller crystalline PBS was induced by adding of lignin particles. Moreover, the second melting peak
(Tm2) obtained from the PBS/lignin composite �lms at approximate 114 °C was sharper and lower than
that of the neat PBS �lm. This is consistent with the smaller crystalline PBS examined from Tm1. These
results suggest that a growth of PBS spherulite might be disrupted by added lignin particles. As shown
in Figure 6 (b), an integral area under endothermic peaks represents crystallinity (Xc) in the resultant �lms.
The Xc of neat PBS �lm was 26 %. Xc of PBS tended to slightly increase to 27% when PBS was
incorporated with lignin. Slightly increase of Xc reported in this work could be explained due to the small
amount below 1.0 wt% of lignin was loaded into the PSB matrix. Figure 6 (c) and Figure 6 (d) show DSC
thermograms of PBS �lms with different S-LNPs contents at 0.1, 0.5 and 1.0 wt%. There was no
signi�cant change in the pro�le of heat �ow and all the examined Tc, Tm and Xc. Obvious increase in Xc of
biodegradable polyester-based polymer including PLA [75], PHB [76] and PBAT [77] has been
demonstrated when using high amount of lignin. Overall, results from the DSC analysis show that
loading of lignin (both S-lignin and S-LNPs) ranges from 0.1 to 1.0 wt% has no negative effect on the
thermal properties of PBS �lms. Mechanical properties and other active functions including UV-shielding,
antioxidation and antibacterial abilities are demonstrated in the following sections.

 



Page 11/25

Table 2
Thermal properties of the neat PBS �lm and its composite �lms.

Samples First cooling scan   Second heating scan

  Onset Tc (°C) Tc (°C) Tm1(°C) Tm2 (°C) Xc(%)

Neat PBS 93.0 88.8 110.0 117.1 25.8

PBS/S-lignin_0.5 92.9 89.2 108.1 114.5 26.4

PBS/S-LNPS_0.5 93.2 89.1 107.8 114.8 27.1

PBS/S-LNPS_0.1 92.9 89.3 107.5 114.2 26.5

PBS/S-LNPS_1.0 93.4 89.4 107.9 115.7 26.8

The conventional blown �lm extrusion was employed to fabricate neat PBS �lm and its composite �lms.
Mechanical properties including Young’s modulus, tensile strength and elongation at break of the
resultant �lms were evaluated for machine direction (MD) and transverse direction (TD) and the results
are summarized in Table 3.  Mechanical properties in both MD and TD are regularly informed for �exible
�lm application. Neat PBS exhibited Young’s modulus, tensile strength and elongation at break in MD at
321 MPa, 35 MPa and 296 %, respectively. Those in TD were 390 MPa, 34 MPa and 96%, respectively.
Tukey tests were conducted at a signi�cant difference at p value < 0.05 (95% con�dence interval). PBS
composite �lms with S-LNPs at 0.1 and 0.5 wt% exhibited signi�cant improvement in Young’s modulus in
MD as compared to the neat PBS and PBS/S-lignin_0.5 �lms. Increased Young’s modulus observed in
this study is in good agreement to other polymers reported in literature [8, 75–77].  Young’s modulus was
drop and the value was comparable to the neat PBS and PBS/S-lignin_0.5 �lms, when the content of S-
LNPs increased to 1.0 wt%. This might be due to the high loading content of S-LNPs. Considering the PBS
composite �lms at same loading content of 0.5 wt% (PBS/S-lignin_0.5 and PBS/S-LNPs_0.5), the PBS/S-
LNPs_0.5 had signi�cant higher Young’s modulus in MD of 358 MPa, tensile strength in MD of 33.2 MPa,
and elongation at break in TD of 93% than those obtained from PBS/S-lignin_0.5. This is highly possible
due to small size and uniform shape of S-LNPs that in�uencing the dispersion and distribution in PBS
matrix. Moreover, this correlates well with good dispersion without agglomeration of SLPs observed
under optical microscope displayed previously in 

Figure 4 (c). Moreover, mechanical properties in both MD and TD of PBS/S-LNPs composite �lm at 0.5
wt% were similar to the neat PBS. These results suggest that using S-LNPs at 0.5 wt% does not
deteriorate the tensile properties of PBS �lm.  
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Table 3
Tensile properties of neat PBS �lm and the PBS/lignin composite �lms.

Samples Testing
directions

Young’s modulus
(MPa)

Tensile strength
(MPa)

Elongation at break
(%)

Ave. S.D. Ave. S.D. Ave. S.D.

Neat PBS MD 321.5b 23.1 34.5a,b 1.8 296.1a 14.8

TD 390.4a 20.5 33.9a 1.1 95.7a 24.4

PBS/S-
lignin_0.5

MD 312.4b 22.9 30.1c 2.1 243.5b 34.1

TD 390.7a 33.3 27.7b 2.6 35.7b 5.9

PBS/S-
LNPs_0.5

MD 358.1a 12.3 33.2a 2.0 293.1a,b 9.5

TD 368.6a 19.6 29.6a,b 2.0 93.4a 25.7

PBS/S-
LNPs_0.1

MD 329.0a 23.2 32.2b,c 1.7 291.5a,b 37.6

TD 359.7a 15.2 27.7b 3.0 90.7a 19.4

PBS/S-
LNPs_1.0

MD 318.8b 18.8 30.9c 2.2 283.5a,b 10.5

TD 384.4a 10.2 29.8a,b 3.0 59.8b 20.1

UV-visible transmittance of the neat PBS and its composite �lms containing different contents of lignins
is shown in Fig. 7 (a and b). The neat PBS �lm exhibited nearly transparent at 88 ± 0.52% transmittance
in visible region (wavelength range of 400 to 800 nm). However, the neat PBS �lm showed a poor UV-
shielding property as it could not absorb UV radiation (wavelength of 280–400 nm), having high UV
transmittance of 95 ± 0.91%. Addition of either S-lignin or S-LNPs at the content of 0.5 wt% had no
signi�cant effect on transmittance in visible region where the transmittance was 87–88%. At the lignin
content of 1.0 wt%, the PBS/S-lignin and the PBS/S-LNPs composite �lms became 84 and 85%
transmittance, respectively. The transmittance of the composite �lms reduced signi�cantly in both UVA
(315–400 nm) and UVB (280–315 nm) regions. In case of PBS/S-lignin composite �lms shown in Fig. 7
(a), UV transmittance of the �lms containing 0.1, 0.2, 0.5 and 1.0 wt% were reduced to 91%, 84%, 67% and
47%, respectively. The higher reducing trend was seen for PBS/S-LNPs composite �lms, 85%, 75%, 54%
and 40% at the �lms containing 0.1, 0.2, 0.5 and 1.0 wt%, respectively (see Fig. 7 (b)). Figure 7 (c) shows
an overlaid light transmission of all three groups: neat PBS (bold black line), PBS/S-lignin composite
�lms (blue lines) and PBS/S-LNPs (red lines). At the same loading contents, PBS/S-LNPs composite �lms
possessed better UV-shielding ability as compared to PBS/S-lignin composite �lms. This attributed to S-
LNPs high surface area and better dispersion. Enhancement (%) was calculated using PBS/S-lignin
composite �lms as references, the enhancements of the composite �lms with S-LNPs at 0.1, 0.5 and 1.0
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wt% were 10%, 19% and 14% respectively. This could be said that 0.5 wt% was the optimum loading
content of S-LNPs based on the UV-shielding results.

Figure 8 (a) shows the DSC thermograms to evaluate an oxidation induction temperature (OITtemp). An
endothermic peak at approximate 115 °C was detected in all �lms. This revealed the melting character of
PBS. During heating under the presence of oxygen, all of the �lms exhibited an exothermic behaviour. The
onset OITtemp of neat PBS �lm was 198 °C, while that of PBS/lignin composite �lms with 0.5 wt% of
lignin was retarded to the temperature close to 300 °C as shown in Fig. 8 (b). PBS �lm with S-LNPs
displayed signi�cant high onset OITtemp at 284°C while the PBS �lm with S-lignin had the onset OITtemp

at 279°C. The oxidative stabilization action of the S-lignin and S-LNPs manifested as the onset OITtemp

was correlated well with the portion of phenolic hydroxyl of the lignin [56]. S-LNPs with 1.99 mmol/g of
phenolic hydroxyl performed better oxidative stabilization than S-lignin containing 1.85 mmol/g of
phenolic hydroxyl See the aforementioned results compiled in Table 1. Moreover, good dispersion and
distribution of S-LNPs in the PBS matrix might be another factor enhancing the onset OITtemp.

Antimicrobial ability is one of the active functions of lignin, relating to the structure of polyphenol in
lignin. From literature, lignin has been reported extensively to manufacture antimicrobial materials for
sustainable, hygiene, and active packaging. However, commercial bioplastic has no antimicrobial ability.
Therefore, incorporation of lignin into bioplastic had been explored in order to preserve fully bioplastic
composites and enhance antimicrobial ability. For example lab-prototype �lms such as agar [26], starch-
based polymer [78] and cellulose[79] and commercial bioplastic such as PLA[75], PBAT [77], PHB[76] and
PBS[22] have been investigated for antimicrobial ability when incorporated with lignin. In this research,
antibacterial ability of the surface of PBS/lignin composite �lms was performed with two types of
bacteria, E. coli and S. aureus representing gram negative and positive bacterial, respectively. Results
obtained from the measurement in accordance with ISO 22196:2011 are compiled in Table 4 Considering
the antibacterial ability of E.coli, the neat PBS �lm exhibited the highest average of the number of viable
bacteria per 1 cm2 at 3.94 × 104, while the PBS/S-lignin and PBS/S-LNPs �lms at 0.5 wt% of loading
content displayed decreased number of viable bacteria to 1.36 × 103 and 1.26 × 102, respectively. This
indicates the antibacterial ability of PBS �lm is enhanced by adding small amount of lignin. At the same
concentration of loaded lignin (0.5 wt%), PBS/S-LNPs �lms demonstrated more effective antibacterial
ability against gram-negative bacteria (E. coli) at the highest R value of 2.5 and % reduction of 99.7 when
compared to PBS/S-lignin. This relates to its higher phenolic hydroxyl group that is capable of destroying
the bacterial cell walls through the reactive oxygen species (ROS) mechanism, which was proposed in
literature [80–82].
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Table 4
Antibacterial ability against E. coli (ATCC 8739) and S. aureus (ATCC 6538p) of the neat PBS, PBS/S-

lignin and PBS/S-LNPs �lms.
Samples The average of the

number of viable
bacteria/ cm2

The average of the common
logarithm of the number of
viable bacteria/ cm2

Antibacterial
activity (R)

%Reduction

E. coli (ATCC 8739)

Neat PBS 3.94 ⋅ 104 4.60 NA NA

PBS/S-
lignin_0.5

1.36 ⋅ 103 3.13 1.5 96.6

PBS/S-
LNPs_0.5

1.26 ⋅ 102 2.10 2.5 99.7

S. aureus (ATCC 6538p)

Neat PBS 8.88 ⋅ 103 3.95 NA NA

PBS/S-
lignin_0.5

3.12 ⋅ 102 2.49 1.5 96.5

PBS/S-
LNPs_0.5

3.09 ⋅ 102 2.49 1.5 96.5

In summary, we demonstrated a simple and green procedure to produce lignin nanoparticles, S-LNPs, that
used friendly conventional blown �lm extrusion. Attained lignin nanoparticles acted as multifunctional
additives for bioplastic PBS �exible �lm. This related to the presence of the phenolic OH groups within
lignin that promoted e�ciently in UV-shielding ability, thermo-antioxidative reaction and antibacterial
ability. The processability and mechanical properties of the lignin nanocomposite �lms were similar to
the neat PBS �lm.

4. Conclusions
In this work, spherical lignin nanoparticles were manufactured by a simple and green protocol. Organic
solvent, acetone, was selected for fractionation in order to remove inorganic impurity and purify the
pristine lignin (S-lignin) and phenolic hydroxyl content within the puri�ed lignin was increased. The
puri�ed lignin was converted to spherical lignin nanoparticles (S-LNPs) via antisolvent precipitation
assisted by ultrasonication. The attained S-LNPs were incorporated into biodegradable polyester-based
polymer, polybutylene succinate (PBS) without any modi�cation via the conventional blown �lm
extrusion. Adding of S-LNPs did not restrict the �lm processability. The composite �lm with 0.5 wt% of S-
LNPs (PBS/S-LNPs_0.5) exhibited comparable thermal and mechanical properties to the neat PBS �lm.
Signi�cant improvement on UV-shielding ability, antioxidation and antibacterial were achieved with small
amount of SLPs (0.5 wt%), while the �lm transparency was still satis�ed. From the overall results, we
demonstrated a practical and friendly process to produce spherical lignin nanoparticles that were
composited with PBS by the conventional blown �lm extrusion. The fully biodegradable composite
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PBS/S-LNPs �lms with active functions of superior UV protection, antioxidation and antibacterial abilities
can be alternative choices for food products that sensitive from UV light.
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Figures

Figure 1

Schematic illustration of S-LNPs preparation using anti-solvent precipitation assisted by ultrasonication.
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Figure 2

SEM micrograph of (a) S-lignin, (b) S-LNPs prepared from soluble-fraction fractionated from S-lignin and
(c) particles size distribution of LNPs measured by Malvern Zetasizer-4.

Figure 3

(a) 31P NMR spectra of S-lignin and S-LNPs where aliphatic, phenolic and carboxylic hydroxyls are
detected and (b) an enlarged view of C5-substitutent hydroxyl region.

Figure 4

Photographs of (a) rolls of the neat PBS �lm and PBS/S-LNPs composite �lms, (b) single layer �lms to
illustrate their transparency, and (c) optical micrographs of the neat PBS �lm and its composite �lms with
either S-lignin or S-LNPs.
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Figure 5

ΔL*, Δa* and Δb* results measured by colorimeter and calculated color difference (ΔE) of (a) PBS/S-
lignin composite �lms and (b) PBS/S-LNPs composite �lms

Figure 6
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Overlaid DSC traces of neat PBS, PBS/S-lignin_0.5 and PBS/S-LNPs_0.5 �lms, traces obtained from (a)
1st cooling scan and (b) 2nd heat scan, (c) 1st cooling scan and (d) 2nd heat scan of PBS/S-LNPs
composite �lms at different S-LNPs contents of 0.1, 0.5 and 1.0 wt%.

Figure 7

Overlaid of UV-vis spectra of the neat PBS �lm and its composite �lms; (a) PBS/S-lignin composite �lms,
(b) PBS/S-LNPs composite �lms and (c) all PBS/S-lignin and PBS/S-LNPs composite �lms.

Figure 8

Oxidation induction temperature pro�les of (a) the neat PBS, and (b) its composite �lms with 0.5 wt% S-
lignin and S-LNPs.
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