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a b s t r a c t
Lignocellulose bioreﬁnery processes, including the separation of plant cell-wall components, generate lignin-rich
streams referred to as “lignin fractions”. Three lignin fractions with diﬀerent phenol group content were dry
blended with high density polyethylene (HDPE) and further extruded. The materials obtained were subsequently
tested for their mechanical properties which were little aﬀected even with 5wt% of lignin. The lignin fraction
with the highest phenol group content, an ethyl acetate extract (EAL) from a technical soda lignin, showed the
best performance when blended with HDPE. Besides antioxidant and antimicrobial properties (especially on S.
Aureus) competing with other natural extract, the fraction conferred to the material insect repellent properties
towards two types of insects, an invader (Sitophylus oryzae) and a penetrator (Plodia interpunctella). These combined properties make ﬁlms made out of this material ideal candidates for protecting food that suﬀers attack
from such insects.

1. Introduction
Dry packed food and consumer goods (e.g. wheat, rice, cacao, walnuts, pasta, ﬂour, tobacco, etc…) is a common target for insects which
are able to perforate packages and cause irreversible damages [1]. This
results in food weight loss up to 40% on grains, rice can be turned to dust
and loss in nutritional content (mineral, vitamins) can occur. Moreover,
secondary pests and fungi can transmit diseases. Additionally, insects in
packed food can lead to lasting or irreversible negative impression on
a speciﬁc brand. Insects eat and contaminate food, primarily on stored
cereal seed: food loss ranges from 5% to 50% in some countries such
as Australia, USA and tropical countries (and to some extent some temperate countries due to international trade in food products) [2]. Such
infestation can occur not only at the processing plant and ware-houses,
but also in transit, at the store or in consumers’ home [3]. One strategy to prevent infestation, and thus limit quality hazards, is to design
food packaging resistant to insect attacks. Such packaging have to address two main insect targets: “penetrators” which bore holes through
packaging (paper, plastic, foil, cellophane) and “inviders” which enter
through existing holes and air vents.

Not all materials have the same resistance to such insects. A study
ranked several packaging materials according to their insect resistance.
While polycarbonate, PET and polyester nylon plastics proved to be insect proof, cellulose acetate, polyamide, PVC and thick PE (250 microns
to 10 mils) showed some insect resistance properties. The authors of this
study claimed that acrylonitrile, PLA and thinner PE (125 microns) were
susceptible to insect penetration while EVA, kraft paper, PVDC and thin
PE ﬁlms (<100 microns) showed no resistance [4]. To overcome this issue, synthetic pesticides were the only eﬀective measure for controlling
infestation. However, pesticides can be toxic to humans and the environment and were therefore excluded from packaged foods. There is thus
a need to use natural non-toxic environmentally friendly compounds,
keeping in mind that repellents are not considered as insecticides. Repellents can be added within (i) a coating, (ii) an adhesive, lacquer or paint,
(iii) a margin (welding or gluing part) or (iv) a polymer matrix [5]. N,NDiethyl-meta-toluamide (DEET), Neem [6], essential oil and its derivatives (e.g citronella, limonella, cinnamon oils) [7] are the most common
solutions proposed [8]. Regarding the speciﬁc use of such repellent into
packaging materials intended for food protection, one can mention recent examples such as (i) the use of insect repellent such as permethrin,
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cypermethrin, deltamethrin and pyrethroids in polystyrene [9], (ii) the
use of star anise oil in PP and LDPE against Plodia interpunctella [10],
(iii) the use of eugenol in banana plastic cover to repel various pests
[11], (iv) the use of propionic acid incorporated in biodegradable coatings applied onto carton intended for packaging cereal good [12], (v)
the use of citronella applied as part of a coating on the carton board [8a]
and (vi) the use of essential oils in plastic ﬁlms to protect and preserve
horticulture products and foods [13]. There is thus only a few available insect repelling solutions and technologies described in literature
with speciﬁc drawbacks such as volatility, low thermal stability, high
additive price, toxicity and high processing costs, which limit their industrial use. The present study intended to address such challenges with
the development of an insect repellent polyethylene based material. Several techniques are described in literature regarding the assessment of
materials with respect to their repellent eﬃciencies towards diﬀerent
types of “invaders” and “penetrators” [3,14]. In this work, two insect
species were selected, namely Sitophylus oryzae, as invader, and Plodia
interpunctella, as penetrator as there are known to target a very wide
range of stored products [4a]. S. oryzae is one of the main pests of rice
in the ﬁeld as well as in warehouses, being able to attack any cereal,
whereas Plodia interpunctella is a worldwide widespread moth attacking
food, and in particular nuts, chocolate and cereals. This last species has
the ability to penetrate many of the types and combinations of paper,
ﬁlms, and foils used in packaging.
In the last decades, research has been ongoing to ﬁnd application
and use of ligno-cellulose side stream materials [15]. The dry matter
from woody plants consists primarily of cellulose, hemicellulose and 20
to 35 wt% of lignin which is one of the most abundant organic polymers and the main natural source of aromatic compounds on Earth.
Lignin overall structure is based on phenyl-propanoid monomers of the
p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) types that are linked
together through C-C, C-O and cyclic structures [16]. Industrial bioreﬁnery processes, like cellulosic pulp or bioethanol production, generates
isolated lignin fractions with average molecular weight (MW) ranging
between 1000 – 20,000 Da and diﬀerent contamination rates by carbohydrates and other possible components. Those fractions called “technical lignins” are recognized as high-value functional bio-based materials
with a wide range of potential applications, yet there are only few examples of proper industrial use [17]. Using lignin fractions as additive in
food packaging might oﬀer an opportunity to exploit the multifunctionality of some industrial by-products while providing bio-based technical
solutions to improve food quality. Among the lignin fractions available,
grass soda lignins have the advantage of being already commercial and
to count among the most eﬃcient antioxidant ones [18], whereas ligninrich residues from bioethanol production process require to be valorized
to improve the competitiveness of cellulosic ethanol production [19].
A strategy to valorize technical lignins is to apply solvent extraction, a
technic which is transposable to industrial scale and that provides lignin
fractions with improved homogeneity and higher phenolic content [20].
The ﬁrst attempt to incorporate lignin as ﬁller in thermoplastics
dates back to the 70s where good compatibility between lignin and
HDPE was observed [21]. Blends with lignin up to 70 wt% were also
achieved where increased modulus and elongation at break of the material with both HDPE and LDPE were observed [22]. From this pioneering work, several polyoleﬁns blends with diﬀerent types of lignins
were more thoroughly studied which led to contradictions regarding
the actual compability of such materials as the incorporation of some
lignins like lignosulfonates results in altered mechanical properties [23].
These apparent contradictions resulting from the structural variability
of technical lignins emphasize the need to consider thoroughly lignin
functional groups to understand and optimize the properties of the materials. Besides their inﬂuence on mechanical properties, lignins have
shown to confer to polyoleﬁn thermoplastics speciﬁc properties that fall
into three main categories: (i) stability against oxidation initiated by UV,
(ii) stability against thermal oxidation and (iii) partial biodegradability

[24]. Additionally, lignin extracts displayed antimicrobial and antifungal properties [24], yet, such properties have been demonstrated only
within a few polymer matrix such as PBS [25], PVOH [26], polyurethane
[27] and PLA [28]. Moreover, insect repellency of lignins has not been
investigated so far.
The objective of the present paper was to demonstrate that technical lignins could be used as insect repellent additive of interest for food
packaging made of HDPE. For this purpose, blends of HDPE with isolated lignin fractions (from 2 to 5 wt%) were produced by extrusion.
Higher loadings of lignin could results in processability issues with the
need to add additional compatibilizers. The resulting ﬁlms were assessed
for their mechanical and thermal properties, as well as for their antioxidant and antimicrobial properties. In addition, for the ﬁrst time regarding lignin-based materials, insect repellence of these HDPE-lignin ﬁlms
was investigated, using the pristine-HDPE as a reference and the two
types of insects Sitophylus oryzae and Plodia interpunctella. Three lignin
fractions were selected for this study which diﬀered in their structure,
and in particular their content in phenol groups known to primary inﬂuence antioxidant and antimicrobial properties. One of these fractions
was a lignocellulosic residue recovered from a bioethanol production
process and the two other ones were a commercial soda lignin and its
ethyl acetate extract. For the sake of simplicity, these samples were all
designated by the term “lignin”, though containing other compounds in
variable proportion. The results allowed identiﬁcation of one of these
samples as an excellent candidate for protecting food that suﬀers attack
from such insects.
2. Materials and method
2.1. Materials and lignin compositional analysis
SABIC® VESTOLEN HDPE (unstabilized powder grade, MFI
0.2 dg/min at 190 °C, see Table S1 for molecular weight details)
was used as an unstabilized powder. A commercial soda lignin sample (PB1000), isolated from mixed wheat straw/sarkanda bagasse, was
purchased from Green Value Entreprises LLC (USA). An ethyl acetate
soluble fraction (EAL) of this sample was obtained according to a published solvent fractionation process [20]. This process uses a stationary
phase in a packed column where a lignin packed bed is made. The fractionation occurs by ﬂushing the column with a succession of solvents
of increased polarity, ethyl acetate being the ﬁrst and least polar one.
The lignin fraction is recovered after evaporation of the solvent under
reduced pressure. An acidic lignin (AL) was obtained from wheat straw
as side stream of a cellulosic ethanol production process after hydrolysis, fermentation and distillation. This sample was a mix of lignin, carbohydrates and proteins (Table 1) which was characterized according
to published methods [29]. For molar mass determination, the lignins
were analysed by alkaline SEC using two serial connected TSKgel GMPWxl columns at 30 °C with a 1 mL/min ﬂow, 0.5 M NaOH eluent, and
using sodium polystyrene sulphonates as standards (method D) [26].
2.2. Polyethylene lignin blends preparation
HDPE and lignin powders were dry blended and let dry at 70 °C in
a vacuum oven overnight. The blend was fed to a mini-extruder line
(Thermo Scientiﬁc Process 11 twin-screw, corotating extruder with a
11 mm diameter barrel a L/D ratio of 40) from the hopper with a temperature gradient ranging from 35 °C (feed zone) to 190 °C (die plate).
The screw speed was set at 250 rpm. The extruded strands were cooled
in a water bath and further granulated. Materials were made with either
2 wt% or 5 wt% of each tested lignin.
2.3. Material characterization
Diﬀerential scanning calorimetry (DSC) measurements were performed on a TA Instruments Q20 equipped with a RCS 90 cooling sys-
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Table 1
Characteristics of lignins.
TOTAL OH

[mmol/kg]

AL
5.7

PB1000
5.8

EAL
6.2

CARBOXYLIC OH
ALIPHATIC OH
AROMATIC OH
NON-CONDENSED GUAIACYL + P-HYDROXYL
LIGNINa
TOTAL POLYSACCHARIDES
URONIC ACIDS
PROTEINS
ASH (900 °C)
Mn
Mw
PD

[mmol/kg]
[mmol/kg]
[mmol/kg]
[mmol/kg]
[wt%]
[wt%]
[wt%]
[wt%]
[wt%]
(g/mol)
(g/mol)
Mw/Mn

0.2
4.5
1.0
0.5
53.3
32.41
1.23
6.51
3.98
723b
7196b
10b

0.9
1.5
3.4
1.3
88.0
1.99
0.84
2.83
1.94
800
2242
2.8

1.1
0.9
4.2
1.7
82.3
0.02
0.32
0.10
0.04
610
1271
2.1

a
Acid-insoluble lignin (AIL) corrected for ashes content plus acid soluble lignin (ASL)
after the two-step acid hydrolysis.
b
Value relative to the alkali-soluble lignin fraction (about 60% of the lignin was solubilized).

tem. About 3–5 mg of polymeric sample was weighed inside an aluminum pan and subjected to DSC measurements under nitrogen atmosphere. Unless otherwise noted, polymers were screened twice from 100 °C to 200 °C at a constant heating/cooling rate of 20 °C/min. The
Tm , and the melting enthalpy (Hm ) were determined from the second
heating curve.
Thermogravimetric Analyses (TGA) were performed by using TA instrument. All measurements were performed under nitrogen from 30 to
300 °C for the lignin and from 30 to 500 °C for the HDPE and HDPE –
EAL blend, with a heating rate of 10 °C/min.
SEM imaging were performed on Phenom ProX scanning electron
microscope to study the cross-section morphologies of HDPE and the
corresponding blends with 5 wt% lignin. Compression molded plaques
(180 °C, 90 bars) with 50 × 50 × 3.03 mm dimensions were ﬁrst prepared. A cross section on the plaque was made at cryogenic conditions
using liquid nitrogen. Samples were mounted on a metal stub using a
sticky carbon disc and coated with a gold powder to enable SEM recording.
Oxidation Induction Time (OIT) was measured by DSC on molten
polymer according to standard ASTM D3895-1998. About 3–5 mg of
polymeric sample was weighed inside an aluminum pan and subjected to
DSC measurements under nitrogen atmosphere (50 mL/min). The polymer was heated until 200 °C at 10 °C/min heating rate and left at this
temperature for 5 min. Nitrogen was switched to oxygen and the time
before an exothermal peak is detected was recorded.

using the following conditions. The pellets of the samples were compression molded into 50 × 50 × 3.03 mm plates (according to ISO 17855-2
conditions) at a temperature of 180 °C and 90 bars pressure. The samples
were decontaminated with ethanol 70° during 15 min. The plaques were
covered with PET (size 4 × 4 × 0.1 cm). The test temperature and culture
temperature were set to 32.5 °C ± 2.5 °C. The temperature of incubation was set to 32.5 ± 2.5 °C. The bacterial strains used were Escherichia
coli (DSM 1576 – ATCC 8739, number of viable bacteria in the inoculum = 1.3 × 108 CFU/mL) and Staphylococcus aureus (DSM 346 – ATCC
6538P, number of viable bacteria in the inoculum = 1.5 × 108 CFU/mL)
and analyses were performed in triplicate (negative control included).
Antimicrobial activities are given in logarithmic reduction R. R is calculated according to the bacterial concentration in the negative control
and the concentration after 24 h of contact with the treated products
(see supplementary information for further information on the mode of
calculation of Log R and Tables S2–S7 for the full result details).
2.6. Insect repellence tests
Concerning insect repellence tests, there are currently no particular
standards established. Therefore, laboratories working on the topic have
developed their own methods for both repellence test and penetration
test [3,14]. The tests that were used in this study have been developed
based on such prior art, acquired knowledge, as well as through continuous improvements to guarantee the robustness of the results. Accordingly, a signiﬁcance criteria on the results obtained have been incorporated in order to provide enough conﬁdence to the reported results from
the tests performed.

2.4. Mechanical properties
Tensile bars were made by injection molding (using Xplore microinjection moulder IM 12 with a shot volume of 12 ml) under pressure (~10 bars) in a hot mold (70 °C). Mechanical properties (tensile strength, Young’s modulus, maximum elongation at break) were
measured by using ISO 527 and Zwick-Roell machine. Tests were performed on ﬁve specimens (thickness = 60–110 𝜇m, width = 15 mm,
length = 50–53 mm) on MD direction at room temperature (test
speed = 50 mm/min). The same tensile bars were used to measure Izod
Pendulum Impact Resistance. Tests were performed on three specimens
at – 30°C, both on notched and un-notched samples according to ASTM
D256.

2.6.1. Repellence test against Sitophilus oryzae
The insect repellence test of the materials agasint invadors was carried out as follows. The polymer blends were processed by cast extrusion using a twin-screw extruder (DSE 20-40D, Brabender, Germany),
equipped with a ﬂat sheet die, obtaining sheet samples of 8–8.5 cm
wide. A temperature proﬁle from the ﬁrst barrel zone to the die was
set at 210-215-215-220-230-230 °C working at a screw speed of 90 rpm.
Bags of approximately 20 × 8 cm were made for which two diﬀerent sections can be distinguished. One half of the bag was made with the ﬁlm
obtained with the samples to be studied and the other half of the bag
was made of the HDPE reference ﬁlm. Both halves were thermosealed.
Then, 10 individuals of the weevils were incorporated into the bags and
allowed to move freely for 3 days. During these 3 days, the number
of insects that were positioned in each of the 2 zones of the bag was
recorded. The bags were kept horizontal on a table at room temperature and with light-dark cycles (8 h on and 16 h oﬀ). The data collected

2.5. Antimicrobial tests
Antimicrobial eﬃcacy measurements were performed following
ISO22196 “Measurement of antibacterial activity on plastics and other
non-porous surfaces” and was performed at Intertek Fragnes La Loyere
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Table 2
Weight loss from TGA experiments of AL, PB1000 and EAL lignin fractions.
Temp @ 1% wt loss
AL
PB1000
EAL
a

84.0
115.6
120.4

Temp @ 5% wt loss

Weight loss % @190 °C
a

207.9
202.1
169.4

3.6
4.1a
7.2a

Total weight loss % @300 °C
21.0
16.2
21.7

~ 2% is related to water weight loss.

were analyzed by multifactor analysis of variance (ANOVA) to determine signiﬁcant diﬀerences among the diﬀerent ﬁlm samples and time.
Means were compared by the multiple range test based on Fisher’s least
signiﬁcant diﬀerence (LSD) to determine statistical diﬀerences at 95%
of conﬁdence level (p value < 0.05). Statistical analyses were carried
out using Statgraphics Plus for Windows 2.1.
2.6.2. Penetration test of Plodia interpunctella
The insect repellence test of the materials against penetrators was
carried out as follows. 8 bags of approximately 8 × 8 cm were formed
with the diﬀerent materials which were ﬁlled with 15 g of a food product used to feed the insects. The bags were totally sealed. The bags were
placed inside a plastic box in vertical position to let insects attack the
bags by both sides. Then, 80 adults of P. interpunctella were placed inside
the plastic box. After 1 week, other 60 adults were additionally placed
inside the plastic box. The purpose was to have adults laying eggs for
2 weeks to ensure a continuous infestation of eggs and thus a continuous presence of larvae in the boxes, which are those that penetrate the
food packages. Then the boxes were kept with the adults for 4 weeks
inside a climatic chamber at 28 °C and 70% RH, with a photoperiod
of 18:6 hours (light:darkness). After this time, the plastic boxes were
opened, and the plastic bags were collected to be analyzed. Then, the
presence and enumeration of individuals (larvae, chrysalises or adults)
inside the bags was determined. The data collected were analyzed by
multifactor analysis of variance (ANOVA) to determine signiﬁcant differences among the diﬀerent ﬁlm samples. Means were compared by the
multiple range test based on Fisher’s least signiﬁcant diﬀerence (LSD)
to determine statistical diﬀerences at 95% of conﬁdence level (p value
< 0.05). Statistical analyses were carried out using Statgraphics Plus for
Windows 2.1.

Fig. 1. TGA of HDPE ref. (blue) and HDPE – EAL 5 wt% (green) with remaining
sample weight indicated at 190 °C, 300 °C and 400 °C

material. In the HDPE lignin blend, it amounts to 1.8 wt%. The diﬀerence between the two, i.e 1.2 wt%% can be nicely correlated to the
content of lignin which, in a pure state, lost ~22% of its mass (Table 2).
The lignin being at 5 wt% content in the LDPE, the theoretical weight
loss is thus 1.1 wt%% which matches the 1.2 wt% observed.
DSC measurements were performed to evaluate the impact of lignin,
which by itself is a non-crystalline materials due to its highly branched
structure [31], onto the initial crystallinity of HDPE (Xc = 67%) as
shown in Table 3 and Fig. S3. Results indicate that 5 wt% of lignins
PB1000 and AL had little eﬀect, as could be expected from the addition of an amorphous lignin, on the initial PE crystallinity while Tc was
slightly lowered. EAL fraction showed a small decrease of both Xc and
Tc, yet to a low level that should not aﬀect the overall material mechanical properties resulting from the semi-crystallinity of the HDPE matrix.
This tends to indicate a partial miscibility of EAL fraction with the PE
matrix, which could be explained by its lower molar mass average and
lower content in polar compounds such as carbohydrates.

3. Results and discussion
3.1. Thermal analysis of lignins and blends with HDPE
Thermal stability of each lignin sample was evaluated by TGA under
nitrogen. Results are shown in Fig. S1 and Table 2. The ﬁrst weight loss
step is typically related to the presence of moisture, which is common
in lignin materials. At 190 °C, a noticeable weight loss was observed for
each sample. This data led to impose a maximum extruder temperature
at 190 °C to minimize lignin degradation or evaporation of low MW
species during extrusion.
To conﬁrm that limited degradation of the lignin occurred during
processing, the TGA of the HDPE ref was compared to the one of the
HDPE – EAL lignin blend (5 wt% loading), both recorded under nitrogen atmosphere to avoid any thermo-oxidative degradation. As can be
seem in Fig. 1 (and Fig. S2), a typical TGA of an HDPE material was observed, with an onset of degradation at 464 °C related to the pyrolysis of
the hydrocarbon backbone [30]. The onset of degradation of the HDPE
lignin blend occurred at a slightly lower temperature (457 °C) which is
related to initial weight loss of the lignin part. At the extruder temperature of 190 °C, almost no weight loss is observed for HDPE ref (~0.1%)
while a small loss of ~1 wt% of the lignin blend occurred, showing the
rather good stability of the material during processing. Upon increase of
temperature to 300 °C, a little weight loss of 0.6% is noticed for HDPE ref
which typically corresponds to low MW oligomers escaping the molten

3.2. Mechanical properties
As mentioned above, mechanical properties of PE could be altered
by the presence of lignin due to the limited compatibility between the
two materials. This phenomenon was reviewed by Kun and Pukanszky,
and in spite or rather contradictory results from the literature, a general
trend for polyoleﬁn/lignin blends was claimed with a typical modulus
increase of the material together with a strength and deformability decrease [33]. The same authors recently showed that due to the weak
dispersion forces developed in polyoleﬁns, the mechanical properties of
the blends with lignins were poor [34]. In order to check the inﬂuence
of the lignin into the mechanical properties of our HDPE blend materials, tensile bars were made by injection molding and were subjected
to controlled tension until failure. Ultimate tensile strength, maximum
elongation as well as the E modulus of the material were determined for
the three lignin blends and compared to the HDPE reference (Fig. S4 and
Table 4). Results show that overall strain at break was retained for all
HDPE-lignin blends. However, a noticeable decrease (~15%) of stress
at break was noticed for all samples, again probably due to the limited
compatibility between the lignins and PE. Consequently, the strength
of the materials is reduced due to the potential thin interface between
4
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Table 3
Thermal properties of each HDPE-lignin blend from DSC measurements
Sample

Cooling
Tc (°C)a

2nd heating
ΔHc (J/g)a

Tm (°C)a

ΔHm (J/g)a

% cryst.b

PE % cryst.c

HDPE ref
HDPE-PB1000 5 wt%
HDPE-AL 5 wt%
HDPE-EAL 5 wt%

118.6
117.0
116.4
116.2

191
183
178
165

130.0
130.1
130.2
129.6

191
185
179
168

67
65
63
59

67
68
66
62

a

Determined via DSC.
The degree if crystallization was calculated by the following formula, where ΔH (100%) = enthalpy
∗
of 100% crystalline PE (286.2 J/g): Δ𝐻(Δ𝐻
100% = degree of crystallinity, according to ref. [32].
100%)
c
Calculated from total crystallinity with respect to the actual amount of PE in the material.
b

Table 4
Strain at break and Force from tensile tests

HDPE ref
HDPE-PB1000 5wt%
HDPE-EAL 5wt%
HDPE-AL 5wt%

Strain at break (%)

Force (MPa)

Emodulus (MPa)

20,8
19,8
19,4
19,4

98,7
82,3
84,2
87,1

107
156
174
120

±
±
±
±

1,4
1.1
1.5
1.1

±
±
±
±

3,3
2.2
7.9
8.3

±
±
±
±

46
48
58
13

PE and the lignins. This can already be seen on a macroscopic level on
the broken tensile bars after testing where a diﬀerent color in the inner bar is noticed which shows the inhomogeneity of the blends (Fig.
S4). SEM images of a cross-sections of plaques made from each sample
were recorded (Fig. S5). Results seem to indicate that the structure is the
smallest for HDPE-EAL 5 wt% when compared to the 2 other samples,
conﬁrming the better compatibility of such lignin, yet, diﬀerences are
visually minimal.
The Izod tests were aimed at studying if the toughness of the HDPElignin blends were impacted by the presence of lignin. Since HDPE materials typically possess good impact properties, tests were performed at
–30 °C (on three specimens), both on notched and un-notched samples
(Fig. 2). Using such a low temperature allowed to discriminate any negative eﬀect the lignin could bring to the material which might not have
happened by using room temperature conditions. Results indicate that
concerning the notched tests, no major diﬀerence between the samples
could be seen and that variations mostly fell under the standard deviations. A potential chain orientation from injection molding might have
played a role in such deviations. A more noticeable diﬀerence is seen on
the unnotched tests where a signiﬁcant decrease in Izod for the sample
containing AL lignin was observed while EAL lignin gave a similar performance as the HDPE reference. Such results can be explained by the
fact that AL lignin contains a high amount of polar compounds (mostly
polysaccharides) that give a lower compatibility of such lignin with the
apolar HDPE matrix.

Fig. 2. Izod test on both notched (top) and unnotched (bottom) samples

Table 5
OIT results.

3.3. Antioxidant properties
Auto-oxidation of polyoleﬁns is an exothermal process, the oxidation
reaction being characterized by an induction period which can be easily detected by DSC. The Oxidation Induction Time (OIT) is measured
by DSC on molten polymer and is a known method to assess thermal
stability of polyoleﬁns. The length of induction period increases with
antioxidant concentration and antioxidants such as hindered amines,
organophosphites and phenols usually provide such stabilization when
used at several hundred-ppm concentrations. Due to the presence of phenolic structures in lignins, antioxidant properties of these materials have
been studied intrinsically [35] but also in polyoleﬁn matrices [36]. In
this work, we looked at the inﬂuence of the amount of lignin in HDPE
(with 0, 2 and 5 wt% loading of each lignin), as well as the inﬂuence
of the phenolic content of the lignin using OIT technique (Table 5 and
Fig. 3).

Sample

OIT at 5 wt% lignin

OIT at 2 wt% lignin

HDPE ref
HDPE-AL
HDPE-PB1000
HDPE-EAL

1.1 min (0 wt%)
31.0 min
57.3 min
80.2 min

16.2 min
50.8 min
63.5 min

In agreement with the fact that the HDPE used was unstabilized, an
immediate thermal oxidation occurred within a few seconds. Interestingly, the addition of lignins gave a signiﬁcant induction time increase.
As expected from the highest phenol content of the EAL sample, the best
result was obtained for this fraction, with an OIT of ~ 80 min at 5 wt%
lignin content. This performance was similar to those obtained with
commercial synthetic primary antioxidants (such as the one derived
from 3,5-di-(tert-butyl)-4 hydroxyphenyl propionate) albeit present at
a few hundred ppm concentration [37]. Thus, these results suggest that
HDPE-EAL blends may not need further stabilizing agents.
5
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Fig. 3. OIT measurement of the 5 wt% HDPE-lignin blends (exothermic peak is up) with step 1: Nitrogen ﬂow 50 ml/min; step 2: heating from 25 to 200 °C at rate
10 °C/min; step 3: isothermal for 5 min; step 4: switch gas to oxygen; step 5: End of measurement.

further improved with lignin EAL which showed antimicrobial properties above this threshold of activity, yet again only on the gram-positive
bacteria with a log R ~ 3.74 (99.98 bacterial growth reduction after
24 h). A plausible explanation for such discrepancy is coming from the
structural diﬀerence of the membrane structure between the two types
of bacteria, where no outer lipid membrane is present in gram-positive
cell wall. As such, gram-positive bacteria were reported to be more sensitive towards antibacterial substances than gram-negative bacteria [38].
Similarly to the antioxidant property, the higher phenolic group content
of EAL could primarily explain its higher antimicrobial activity in the
material, yet there could be several other factors that could be considered. Besides this factor, the morphology of the blend and in particular
the concentration of phenolic compounds at the surface of the material can be mentioned. Indeed, the low molar mass of EAL compounds
might favor their migration at the surface of the material and subsequently induce higher antimicrobial activity. Migration of low molecular weight and polar species is a phenomenon that typically occurs
for polyethylenes as they possess a very low Tg (~-120 °C). At room
temperature, chain mobility of polyethylenes is high enough to allow
migration to the surface of polar compounds that have limited aﬃnity
with the apolar PE matrix.

Fig. 4. Antimicrobial activities of HDPE-lignin blends at 5 wt%.

3.4. Antimicrobial properties
The intrinsic antimicrobial and antifungal properties of lignins have
been already demonstrated and shown to be superior to those of cellulose and other structural polysaccharides [24]. Therefore, the antimicrobial properties of the three diﬀerent HDPE-lignin blends with 5 wt%
lignin content were assessed according to the ISO22196 method (Fig. 4).
It is commonly accepted that, according to this method, the threshold
of antimicrobial activity of a material is reached when at least 99% bacterial reduction is obtained (> log 2). While HDPE-AL material gave no
antimicrobial response, HDPE-PB1000 had a noticeable eﬀect on grampositive bacteria with a log R ~1.8 (98.4% bacterial growth reduction),
thus close to the activity threshold (commonly accepted to be with a log
R > 2, i.e 99% bacterial growth reduction after 24 h). This eﬀect was

3.5. Insect repellent properties
Thin HDPE ﬁlms obtained by extrusion (for both HDPE reference
and with 2 wt% of each lignin sample) were speciﬁcally prepared for
the insect repellence tests. While attempting to perform ~50 𝜇m thick
HDPE-AL and HDPE-PB1000 ﬁlms, diﬃculties were encountered as they
both showed some dark spots along the ﬁlm leading to inhomogeneous
materials (see pictures in Fig. S6). For HDPE-PB1000, these imperfections resulted in the appearance of a few holes in the ﬁlms. In order to
reduce the occurrence of these holes, the thickness of the HDPE-PB1000
ﬁlm was increased to 70 𝜇m (Table S8). In contrast, HDPE-EAL showed
a more homogeneous aspect with the presence of some sporadic dark
6
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Fig. 5. Thermosealed bags for the insect repellence
test on Sitophilus oryzae.

Fig. 6. Plastic box with the bags containing
food for testing insect repellence (left box:
HDPE-EAL; right box: HDPE-ref.).

Table 6
Insect repellence results on Sitophilus oryzae measured as the
number of insects in the treated zone.
Sample code

N-insects

Eﬀect

HDPE ref
HDPE-AL 2 wt%
HDPE-PB1000 2 wt%
HDPE-EAL 2 wt%

4.2a
6.7
4.55a,b
3.2

No repellence (4-6)
Attractant (>6)
No repellence (4-6)
Repellence (<4)

and even antagonist eﬀects towards insects, which can be explained by
their diﬀerences in composition. The attractant eﬀect conferred by the
AL lignin could be explained by the high amount of polysaccharides
(cellulose and hemicelluloses) making this material close to natural lignocelluloses commonly found in Sitophilus oryzae natural diet. On the
contrary, the enrichment of EAL in phenolic compounds is most likely
responsible for its insect repellent eﬀect. Here again, the phenol group
content appeared as a relevant parameter to predict lignin protecting
eﬀect.
The penetration test with the moth was performed on bags containing food that were placed inside a plastic box in vertical position to
let insects attack the bags by both sides as illustrated in Fig.6, Figs. S9
and S10. In Table 7 is shown the mean value for the counting of insects
inside the 8 bags of each sample.
As can be observed, the HDPE ref, HDPE-AL and HDPE-PB1000
were all contaminated with larvae while HDPE-EAL showed no infestation. Bags made of HDPE ref also showed the higher number of insects
inside while HDPE-AL and HDPE-PB1000 were statistically similar (p
value = 0.0543). Moreover, HDPE ref was the only sample that showed
the presence of adults. This could be consequence of a faster ability for
penetration of the larvae for this sample in comparison to the other samples. In this way, insects had more time to develop their cycle. Regarding
the number of bags that were infested, 6 bags out of 8 for HDPE ref, 4
bags out of 8 for HDPE-AL and 8 bags out of 8 for HDPE-PB1000 were
found to have insects inside (see Fig. S11 pictures of the HDPE ref bag infested by P. interpunctella). In contrast, HDPE-EAL ﬁlms showed no penetration at all, EAL appearing here again as the most performant sample.
Unexpectedly, in this speciﬁc test, HDPE-AL outperformed HDPE ref and
HDPE-PB1000, in spite of its lower phenolic content and lower purity.

a
Values for HDPE ref and HDPE-PB1000 2 wt% are statistically similar at a 95% conﬁdence level.
b
Average of 2 values performed on two diﬀerent samples.

spots along the ﬁlm, which conﬁrmed the indication that EAL was more
compatible with the PE matrix. None of them resulted in the presence
of holes in the ﬁlm.
Insect repellence tests were performed on thermosealed bags with
the Sitophilus oryzae insects inside, as shown in Fig. 5. Results from
ANOVA (Table 6) show that the counting of insects was signiﬁcantly
aﬀected by the type of sample (p value < 0.05) but not by the sampling
time (p value = 0.61), thus showing that the materials exerted its effect quite constant along the testing time (Table S9). As expected, the
HDPE reference material had no insect repellence eﬀect (score between
4 and 6). HDPE-AL proved to be attractant for weevils with a value of
6.7 while HDPE-PB1000 had no eﬀect, being statistically similar as the
HDPE reference. Finally, sample HDPE-EAL displayed noticeable repellence activity with a score of 3.2. This means that insects tried not to be
onto the treated zone of the bag, preferring the other side of the testing
bag with no additive. Thus, the three lignin samples exhibited contrasted

Table 7
Insect repellence results on Plodia interpunctella.
Material

Number of small larvae

Number of larger larvae

Number of Pupals

Number of adults

Total

HDPE-ref
HDPE-AL 2 wt%
HDPE-PB1000 2 wt%
HDPE-EAL 2 wt%

4.5 ± 1.2
0.6 ± 0.4
3.9 ± 0.6
0

2.4 ± 1.1
1.0 ± 0.7
2.5 ± 0.6
0

3.6 ± 1.6
1.5 ± 0.8
0.8 ± 0.4
0

1.6 ± 1.3
0
0
0

12.1 ± 4.5
3.1 ± 1.6
7.1 ± 1.0
0
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4. Conclusion
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