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Potential of Lignins as Antioxidant Additive in Active
Biodegradable Packaging Materials

Sandra Domenek • Abderrahim Louaifi •

Alain Guinault • Stéphanie Baumberger

Abstract Due to their polyphenolic structure lignins bear

a number of interesting functional properties, such as

antioxidant activity. Natural antioxidants are very much

looked for in the aim of protection of light or oxygen

sensitive goods and are being used in active packaging.

Poly(lactide) (PLA)-lignin films were prepared by twin

screw extrusion followed by thermo-compression using

two different commercial sources of alkali lignins obtained

from gramineous plants. A good dispersion of lignin in the

matrix was observed. Mechanical properties of the com-

pounded material were merely diminished and oxygen

barrier properties slightly enhanced. The chromatographic

study of the lignins revealed that the low molecular weight

fraction of both lignins increased during the polymer pro-

cessing. The migration of low molecular weight com-

pounds in an ethanol/water solution simulating fatty

foodstuff was performed and the antioxidant activity of the

extract was analysed. It was found that the activity

increases with increasing severity of the heat treatment

because of the generation of free phenolic monomers

during processing. These results open an interesting way

for application of lignins as an active compound in pack-

aging materials. Lignins do not impair the mechanical and

barrier performance of the polymer and the plastics pro-

cessing even allows for the generation of active substances.

Keywords Antioxidant � Food packaging � Lignin �
Biodegradable polymer � Poly(lactic acid)

Introduction

Lignin is the second major component of wood and annual

plants [1] after cellulose. Derivated from native lignin,

industrial or technical lignins are available in large

amounts as byproduct of the production of cellulose pulp in

papermaking. Their quantity is supposed to keep increasing

with the development of the lignocellulosic biorefinery and

the production of second generation bioethanol. These

by-products contain highly branched, irregular phenolic

macromolecules, the structure of which is depending on

botanic origin, harvesting period and extraction process.

Industrial lignins are mainly used for energy production,

but with regards to the huge amount available, valorization

of a part of this abundant feedstock in high value appli-

cations is certainly attracting and also going to play a role

in the economic feasibility of the production of bioethanol

from lignocellulosic feedstocks [2, 3].

The blending of lignin with polymers has already been

demonstrated [4]. Due to their aromatic structure and the

occurrence of phenol residues, lignins have multiple func-

tionalities, being able to act as compatibilizers [5], plasti-

cizers [6], hydrophobizing agents [7, 8], flame retardants [9]

or optical modifiers [10] or stabilizers [11]. Furthermore,

properties potentially interesting in high value applications,
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such as antimicrobial activity [12] or cytotoxic effects [13]

have been shown. The antioxidant properties of lignins stem

from their radical scavenging capacity [13–17], following

the general mechanism of monomeric phenols. The hin-

dered phenolic hydroxyl groups being part of the lignin

structure act as proton donors and are able to stabilize the

radical in the quinone resonance structure [16]. Radical

scavenging activity is described for a large number of lignin

sources, ranging form black liquors [18] to the description

of different botanic sources such as miscanthus [19], oak

chips [20], bamboo [21] and many others. In general, rad-

ical scavenging activity of lignin is negatively influenced by

increasing heterogeneity, dispersity, molecular weight

average and carbohydrate admixtures [13, 15, 16]. Lignins

extracted in sodium hydroxide aqueous medium (alkali

lignins) have been shown to have higher activity than other

types of lignins, such as lignosulfonates, Kraft, or steam

explosion lignin, with a radical scavenging activity similar

to that of epicatechin, used as a reference antioxidant [14,

17]. Alkali lignins contain a fraction of free phenolic

monomers, mainly ferulic and p-coumaric acids [8], likely

to account for this high radical scavenging activity.

In the field ofmaterial applications, the antioxidant activity

has been investigated in the aim of using lignin as a natural

substitute of synthetic antioxidants required for the formula-

tion of polyolefins [22–25]. Pouteau et al. [26] showed that the

compatibility between lignin and polymer matrix could be

successfully predicted using the solubility parameters calcu-

lated after the Small, Van Krevelen and Hoy method.

The same mechanism protecting polyolefins against rad-

ical oxidative degradation is valuable for protection of fatty

acids. The use of natural antioxidants to protect lipids and

food has already long history [27–30]. For example, Ugart-

ondo et al. [31] showed the capacity of lignin to prevent lipid

peroxidation in human red blood cells. Polymer packaging

materials are interacting with packed goods due to mass

transfer between both partners, which is influencing food

quality [32, 33]. It is interesting to make positive use of such

an interaction to ensure a sustained delivery of an active

substance such as the antioxidant into the food stuff. In that

aim, active packaging is now increasingly used as a reservoir

for active substance delivery [34–37], complementing other

techniques such as modified atmosphere packaging [38],

edible coating [39, 40] or oxygen scavengers [41, 42].

The objective of the present study is to investigate the

potential of lignin to be used as a natural antioxidant additive

in an active food packaging. The packaging matrix chosen

was poly(lactide) (PLA) because of its renewable character.

The inclusion of natural antioxidants in PLA in the aim of

developing an active material has already been suggested in

literature [43–45]. Furthermore, some studies already exist

pointing to the feasibility of inclusion of lignin into PLA [5,

9, 46, 47]. Two commercial alkali lignins were chosen

because of their expected radical scavenging activity and

their difference in the free phenolic monomers content. PLA

was blended with lignin by twin screw extrusion and film

samples were fabricated by thermo-compression. The effect

of lignin quantity and processing on the radical scavenging

activity was assessed in an ethanol/water solution being a

stimulant of fatty foods recommended by the European

regulation for food contact materials [48].

Materials and Methods

Poly(lactide), PLA 2002D, was purchased from Nature-

Works (USA). Lignin PROTOBIND 1000, extracted by an

alkali process from a mix of wheat straw (Triticum sp.) and

sugar cane (Saccharum munja), and lignin SARKANDA,

extracted by the same process from sugar cane (Saccharum

munja), were obtained from GRANIT SA (Switzerland).

Lignin PROTOBIND 1000 and SARKANDA differed

in their content in free phenolic monomers: 8.0 and

0.5 mg g-1, respectively [8].

Sample Preparation

PLA was dried at 80 �C for 8 h in a SOMOS dryer (Mann &

Hummel ProTech, Germany). Final water content was

around 720 ppm. Lignin powder was dried in an oven under

vacuum at 60 �C for 15 h. A dry blend of PLA pellets and

lignin of desired quantity was realized and introduced into

the feeder of a twin-screw extruder (Thermo-Haake Rheo-

mix PTW 16/40, Germany). Barrel temperature was 180 �C

and die temperature 170 �C, rotating speed was set to

400 rpm. Throughput was fixed 1,000 g h-1. The extrudate

was cooled in a water bath to room temperature and pel-

letized with the help of a Scamia (France) pelletizer. Pellets

were then dried at 80 �C for 8 h under vacuum and stored

over silica gel. Sample films were fabricated by thermo-

compression under a heating press (Télémécanique 15T N1,

France) sandwiched between two Teflon sheets and two

steel plates. Samples were melted for 2 min at 185 �C

without pressure, and then pressure was applied in three

times to eliminate air bubbles: 30 s at 30 bar, 30 s at 50 bar

and 1 min at 150 bar. In order to vary the heat treatment of

the samples, the films were maintained in the heating press

at 185 �C under a pressure of 50 bar for different times.

Films thickness, which was measured with a hand-held

micrometer, lay between 200 and 300 lm. The PLA refer-

ence film was prepared only by thermo-compression.

Material Characterization

Lignin/PLA blend morphology was observed with the help

of an transmission optical microscope (Nachet, France) on
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samples of 10 lm thickness prepared by a microtome

(Leica RM 2255, France).

Glass transition temperature (Tg) and crystallinity degree

(vc) were analyzed by differential scanning calorimetry

(DSC). The DSC apparatus (Q100, TA Instruments, France)

was calibrated with the help of indium and zinc standards

before analysis. Samples (10 mg) were loaded into hermetic

aluminum crucibles (TZero) and a heat-cool-heat cycle was

performed between 0 and 200 �Cwith a heating and cooling

rate of 10 �C min-1. The enthalpy of PLA cold crystalli-

zation and melting was measured at the first heating run.

The crystallinity degree (vc) was calculated with Eq. 1,

where DHm is the enthalpy of melting, DHcc is the enthalpy

of cold crystallization and DH0
m is the enthalpy of fusion per

mol of repeating unit of the perfect crystal of infinite size,

being 93 J g-1 [49]:

vc ¼
DHm � DHcc

DH0
m

ð1Þ

The Tg was measured in the second heating run on the mid-

point of the heat capacity step. Analyses were carried out in

triplicate.

The uniaxial tensile testing was carried out at room

temperature and at 5 mm min-1 with an Instron tensile

testing machine (Instron Model 4507) equipped with

pneumatic jaws on type I BA dumbbell shaped samples (in

accordance with the EN ISO 527 standard). Each value is

an average of 5 measurements.

The oxygen transmission rate (OTR) was monitored at

23 �C, 0 % RH, and a pressure gradient of 1 atm with a

Systech 8001 apparatus. Oxygen permeability was then

obtained by dividing the OTR by the film thickness. Film

thickness was determined as the average of 9 thickness

measurements on the film sample.

Chromatography

Molecular weight distribution of PLA, lignins and blends

was determined by size exclusion chromatography (SEC).

SEC was performed on a PL-gel mixed C column (Polymer

Laboratories, 5 lm, 600 9 7.5 mm) using stabilized THF

(Carlo Erba SDS, HPLC quality) as eluent at a flow rate of

1 mL min-1. Detection was done by a diode array detector

(Dionex Ultimate 3000, France) in series with a refractive

index detector (Shodex RI 101, France). The lignin fraction

was detected at 280 nm wavelength by the diode array

detector and PLA by the refractive index detector. Injection

volume was 10 lL. Calibration was performed with

monodisperse polystyrene standards (EasyCal, Polymer

Laboratories) with molecular weight ranging from 580 to

210,500 g mol-1. Lignins and PLA-lignin blends were

acetylated using a 1:2 pyridine/acetic anhydride mixture

(v/v, 48 h at room temperature) and recovered according to

Gellerstedt [50] prior to SEC analysis. Solutions of acety-

lated lignins in tetrahydrofuran (about 10 mg mL-1) were

ultrafiltrated on a 0.45 lm PTFE filter (Millipore) before

injection.

The identification and quantification of low molecular

weight phenolic compounds migrating in an ethanol/water

(95/5 v/v) solution was run on a polydimethylsiloxane

capillary column (DB1, Supelco, 30 9 0.25 m, 0.25 lm)

GC/MS (Saturne 2100, Varian) with an ion trap spectrom-

eter detector (IE 70 eV, positive mode) under helium

(pressure 7 psi, 1 mL min-1 flow rate). Injector temperature

was 270 �C. The temperature program was the following: a

ramp from 40 to 110 �C at 30 �C min-1, then from 110 to

200 �C at 2 �C min-1 and finally from 200 to 260 �C at

3 �Cmin-1. Sample preparation comprised a migration step

from PLA and silylation. Migration was performed at room

temperature for 48 h by immersion of 4 cm2 of film in

12 mL ethanol/water (95/5 v/v [48]) under stirring. After

migration, the solvent was evaporated and the dry sample

was weighted. Then it was adjusted in 100 lL dichloro-

methane (Carlo Erba SDS) containing 0.495 mg mL-1

n-nonadecane (C19) and n-henicosane (C21) alkane stan-

dards (Sigma Aldrich). The solution was dried over Na2SO4

(Sigma Aldrich). An aliquot of 10 lL was silylated by

addition of 100 lL trimethylsilyl(1E)-2,2,2-trifluoro-

N-(trimethylsilyl)ethanimidoate (BSTFA, Aldrich) and 10

lL pyridine (Merck). The reference solution was prepared

in the same way and contained the following commercial

phenols with a concentration of 1 mg L-1: vanillin (Fluka,

purum), syringaldehyde (Aldrich Chimie, purity 98 %),

vanillic acid (Fluka, purum), syringic acid (Fluka, purum),

p-coumaric acid (Sigma Aldrich) and ferulic acid (Fluka,

purum). Semi-quantitative analysis was performed with

response factors of the internal standards C21 and C19.

Migrations were carried out in duplicate. Experimental

error was ± 20 %.

Antiradical Activity

The antiradical activities of the films were probed using a

spectroscopic method based on the disappearance of the

absorption band at 515 nm of the free radical, 2,2-diphenyl-

1-picrylhydrazyl (DPPH�) (Sigma-Aldrich, France) upon

reduction by an antiradical compound [51]. The test con-

sisted in adding 77 lL of the antioxidant solution into 3 mL

of a DPPH� solution in methanol (6 9 10-5 mol L-1) and

following the intensity of the 515 nm absorption band over

time (spectrophotometer Uvikon 810 Kontron, France). For

the test of film samples, pieces of 1 cm2 were directly

immersed into 3 mL of the methanolic DPPH� solution. For

the test of antiradical activity of migrating substances,

1 cm2 of film was immersed in 3 mL methanol or in 3 mL

ethanol/water (95/5 v/v) for 24 h at ambient temperature.
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The ethanol/water mixture was used as simulant for fatty

food, as suggested by the European Regulation, whereas

methanol was used as widespread extraction solvent for

phenolic monomers. The supernatant was recovered after

24 h and evaporated to dryness before being adjusted in

77 lL methanol for the test. Experimental error of the

determination of the remaining quantity of DPPH� was

±7 %. Ethanol (p.a. quality) and methanol (p.a. quality)

were purchased by Carlo Erba.

Results and Discussion

Composite Material Characteristics

The material properties of the lignin/PLA blends were

analyzed, in order to assure the quality of the packaging

film. The two step process used in this study (twin screw

extrusion and thermocompression) yielded a homogeneous

dispersion of lignin particles of around 5–20 lm diameter

inside the PLA matrix, which is shown in Fig. 1 for the

example of lignin PROTOBIND 1000. The molecular

weight distribution of PLA in the blended films and their

mechanical, thermal and oxygen barrier properties are

shown in Table 1. It can be observed on the neat sample that

the sample fabrication process brought about a decrease in

the molecular weight average (Mw) of PLA. Such a decrease

is often observed as PLA is very sensitive to thermohy-

drolysis caused by remaining traces of water [52]. The

inclusion of lignin into PLA had no further effect on itsMw.

The glass transition temperature (Tg) of the lignin/PLA

films was slightly lower than the one of the neat PLA, but no

significant differences between the blends were detected.

This may be attributed to a plasticizing effect. Indeed, a

decrease of the Tg of PLA due to the introduction of the

natural antioxidant resveratrol was also observed by Hwang

et al. [45] and explained by plasticizing. Moreover, aro-

matic molecules such as benzaldehyde have already shown

their ability to decrease the Tg of PLA [53]. The low

molecular weight fraction of lignin has therefore probably

a plasticizing effect. PLA/lignin films were amorphous

under the given process conditions, no degree of crystal-

linity differences were observed and so no nucleating effect

was observed. Results were the same for both lignin grades

used.

As shown in Table 1, the inclusion of more than

approximately 1 wt% of lignin decreased the yield stress,

but it stays at a relatively high value. The elongation at

break decreased slightly for the PLA/lignin SARKANDA

formulation with the increase of lignin content. However, as

PLA on itself is already a brittle material [54–58], further

decrease was difficult to detect. The measured strain at

break values of neat PLA data were in agreement with the

data given by the provider in the PLA 2002D datasheet and

with literature results [56, 59]. The relatively low decrease

of yield stress and strain at break were certainly due to the

counterbalance of two effects: the addition of high molec-

ular mass lignin lead to increase of yield strength and

Fig. 1 Lignin distribution inside PLA obtained by twin screw

extrusion and thermo-compression of PLA-PROTOBIND 1000 dry

blend for 1 (a), 5 (b) and 10 wt% (c). Magnification 950
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decrease of strain at break, while the plasticization of PLA

by low molecular mass lignin lead to decrease of yield

strength and increase of strain at break. The effect of lignin

on the mechanical properties data was also consistent with

Ouyang et al. [46] who observed a decrease in the maxi-

mum strength for the blend of PLA/cellulolytic enzyme

lignin and a slight decrease of strain at break. Comparable

behaviour was also observed for PLA/Vanillex HW lignin

samples [47]. In conclusion, the blending of PLA with

lignin did not worsen the good mechanical performance of

the materials. This pointed to compatibility between lignin

and PLA, a result also pointed out by Ouyang et al. [46] and

Li et al. [47]. This compatibility might be optimized in

choosing proper lignin grades, following the suggestion of

Pouteau et al. [26].

The oxygen barrier properties of the different materials

are also given in Table 1. Neat PLA oxygen barrier prop-

erties are in accordance with published data [54, 60–65].

Interestingly, the inclusion of at least 10 wt% of lignin

yielded a decrease in oxygen permeability of around 20 %.

As PLA crystallinity was not modified by the lignin addi-

tion, it would mean that lignin has probably lower oxygen

permeability than PLA, and might therefore be able to

introduce a barrier effect in the polymer.

In conclusion, the inclusion of both lignins at different

weight percentages did not change notably the mechanical

properties of PLA and even helped to improve oxygen

barrier properties. Therefore, a valuable packaging film for

rigid containers might be produced within the limits of

application drawn by the intrinsic properties of PLA.

Characteristics of the Lignin Charge

The structural characteristics of the lignins in the PLA

matrix were followed during the film fabrication process.

The Fig. 2 shows the evolution of molecular weight distri-

bution of the samples with the help of the chromatographic

profile in UV detection. In agreement with Zheng et al. [8]

the pure lignin samples (Fig. 2a) show a large molecular

weight distribution indicating the presence of three popu-

lations: a polymeric fraction with low concentration yield-

ing the tailing of the main peak towards small retention

times, a oligomeric fraction present in higher concentration

with a maximum about 17 min of retention time and then a

monomeric fraction corresponding to the peak at 19.5 min

only detected in PROTOBIND 1000. The Mw of lignin

PROTOBIND 1000 and SARKANDA was calculated to be

of 3,000 and 2,600 g mol-1, respectively, with, for both, a

dispersity index of 3. Such high dispersity indices are usu-

ally observed in the case of lignins [8, 66]. The monomeric

fraction present in PROTOBIND 1000 was previously

found to be composed of p-coumaric and ferulic acid,

acetosyringone, syringaldehyde and vanillin [8]. The

superposition of chromatography profiles of the PLA/lignin

blends with neat PLA are shown in Fig. 2b, c. PLA UV

profile exhibited a peak at 21 min most probably due to the

use of additives in the commercial PLA grade. Conse-

quently, this peak was present on all the profiles and hin-

dered the detection of possible low molecular weight

compounds present in lignins. However, the retention time

of the highest peak of PROTOBIND 1000 lignin shifted to

slightly lower values (from 17 to 17.5 min) and the shoulder

detected at about 18 min and at 19 min seemed to increase

(Fig. 2b), which suggested a decrease in the lignin molec-

ular weight. In the case of SARKANDA lignin (Fig. 2c), the

same shift to higher retention times (from 17 to 17.5 min) of

the main peak was observed and the appearance of a

shoulder in the main peak at approximately 18.5 min

retention time could be observed indicating that phenolic

monomers were released during the blend processing. This

monomeric fraction remained however in lower proportion

than for PROTOBIND 1000 (Fig. 2b, c). The Mw corre-

sponding to the main distribution (peak at 21 min excluded)

of the PLA-10 wt% PROTOBIND 1000 and SARAKANDA

Table 1 Physicochemical characteristics of PLA-lignin blends

Lignin (wt%) Mw (g/mol) Ip Tg (�C) v (%) r (MPa) e (%) P(O2) 9 1018

(m3 m m-2 s-1 Pa-1)

PLA pellets 209,000 1.18 60 ± 1 37 ± 1

PLA film 139,000 1.91 61 ± 1 2 ± 1 67 ± 3 7 ± 1 2.3 ± 0.3

PLA/PROTOBIND 1000 1 142,000 1.81 55 ± 1 1 ± 1 55 ± 6 7 ± 3 2.1 ± 0.1

PLA/PROTOBIND 1000 5 151,000 1.64 53 ± 2 1 ± 1 56 ± 3 7 ± 5 2.0 ± 0.1

PLA/PROTOBIND 1000 10 132,000 1.87 51 ± 2 1 ± 1 52 ± 8 5 ± 1 1.8

PLA/SARKANDA 1 126,000 1.74 56 ± 1 1 ± 1 56 ± 8 6 ± 1 2.2 ± 0.1

PLA/SARKANDA 5 144,000 1.58 54 ± 1 1 ± 1 49 ± 2 4 ± 1 2.0 ± 0.2

PLA/SARKANDA 10 135,000 1.71 52 ± 2 1 ± 1 53 ± 2 5 ± 1 1.7 ± 0.1

Mw molecular weight average, Ip dispersity index, Tg glass transition temperature, v crystallinity degree, r yield stress, e strain at break, P(O2)

oxygen permeability
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blends was calculated to be 1,300 g mol-1, which corre-

sponds to a*50 % decrease with respect to the initial pure

lignin samples.

In conclusion, upon thermal processing for film pro-

duction, the proportion of low molecular weight com-

pounds increased for both lignin grades, most probably as

the consequence of lignin partial depolymerization. These

molecules might be the origin of the plasticizing effect

observed (Table 1) and discussed before. Furthermore, the

low molecular weight fraction being composed of mole-

cules carrying free phenols, the plastics processing might

be able to generate additional molecules having an anti-

radical activity by the thermal degradation of the lignin

charge.

Antiradical Activity of PLA-Lignin Films

Radicals originating from oxygen exist naturally in the

atmosphere or can be created by thermal processing or

irradiation of packaging and food [67]. Those radicals act

as initiators of the chain oxidation of lipids. It is therefore

interesting to eliminate theses radicals from the headspace

and the bulk of the food, as an alternative route to elimi-

nating oxygen from the package. The radical scavenging

efficiency of an antiradical substance depends on the rate of

hydrogen atom abstraction from the phenyl group and also

on the stability of the resulting radical. Strategies employed

in active packaging generally include (1) the design of

active compound releasing systems and (2) undesired

compound scavenging systems [68]. In the first strategy,

the generation of low molecular weight substances inside

the packaging film and promoting their migration into the

foodstuff is interesting. In the second strategy, one of the

advantages of radical scavengers is their efficiency upon

contact without need for release of active compounds. This

has been shown for hydroxyl radicals in the gas phase

scavenged by essential oils supported on silanized glass

wool and active packaging films containing essential oils

[69]. The principle has been applied in the examples of use

of catechins in poly(ethylene terephthtalate) [70] and cat-

echins [71] or flavonoids in ethyl vinyl alcohol in using an

adapted ORAC assay [72]. Although different methods

exist to measure the radical scavenging activity of plastic

films, the antiradical activity of the PLA-lignin film

extracts was tested here with the help of the DPPH test,

because it is readily available, largely used in literature and

has already been employed for lignins [15]. Figure 3 shows

the loss of the free radical DPPH� with time for different

PLA-PROTOBIND 1000 samples immersed directly in the

methanol/DPPH� solution. The neat PLA sample did not

show any activity. Furthermore, it can be observed that the

oxidative capacity of the film increased with increasing

quantity of PROTOBIND 1000, as shown by the lower

plateau value of the residual DPPH�. Only 1 wt% PRO-

TOBIND 1000 yielded very small decrease of the DPPH�

concentration, and the signal was very noisy in the
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Fig. 2 Size exclusion chromatogram of lignins (a), PLA-PROTO-

BIND 1000 (b) and PLA-SARKANDA blends (c) fabricated by twin

screw extrusion and thermocompression. Curves correspond to the

order indicated by the arrow in the legend
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beginning, while the 10 wt% PROTOBIND 1000 film

reached a plateau value of 42 % remaining DPPH�. The

films themselves seemed to show an antiradical activity.

Interestingly, the PLA-PROTOBIND 1000 film sample

shown in Fig. 3 was extracted for 24 h in ethanol/water

(95/5 v/v). The same film sample was then immersed in the

methanol/DPPH� solution a second time and the decrease

of the DPPH� absorbance measured. It had still the possi-

bility of oxidizing the DPPH� radical. This shows that a

sustained protective action for food due to slow release

kinetics might be possible. It is worth noting however that

with the experimental setup scavenging effects on the

surface cannot be clearly separated from effects due to

surface release of phenolic compounds.

Therefore, the lignins and PLA-lignin films were

immersed in a migration solution and the quantity of

extracted phenolic compounds was assessed with the help

of a semi-quantitative chromatography method (Fig. 4). In

order to simulate fatty foodstuff, a solution of 95 % ethanol

in water (v/v) was used as proposed by the European reg-

ulation for food contact materials [48]. The data in Fig. 4a

confirmed that the content of possibly migrating free phe-

nolic monomers in PROTOBIND 1000 is higher than in

SARKANDA. The recovered quantity was much lower than

the content of approximately 8 and 5 mg/g in PROTOBIND

1000 and SARKANDA, respectively, which was deter-

mined by Zheng et al. [8] with the help of a solvent

extraction method. Ethanol/water is certainly a much less

efficient extraction solvent compared to ethyl acetate/

dichloromethane used by Zheng et al. [8]. The dashed line

signifies the false detection level due to bleeding of the

chromatography column. It can be observed in Fig. 4b that

the migration from the PLA-lignin films with only 1 wt% of

inclusion was not significant in the case of SARKANDA

and very small in the case of PROTOBIND 1000. The

detected quantities of free phenolic monomers in the

migration solution formed two groups, where the higher

group included only the PROTOBIND 1000 blends.

The antiradical activity of the different migrates from

the PROTOBIND 1000 blends with increasing quantities of

lignin was tested by the decrease of the concentration of the

free radical of DPPH� in function of time (Fig. 5). The

reaction kinetics of the PLA-1 wt% PROTOBIND 1000

film migrate was much slower than the kinetics of the 5 and

10 wt% PLA-PROTOBIND 1000 migrates because of the
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very small quantity of migrating substances, already

observed in Fig. 4b. The inclusion of only 1 wt% lignin

was therefore be not enough to yield sufficient release from

the matrix within the experimental time frame used to

obtain an antiradical activity. No differences between the

two higher concentrations were observed. The concentra-

tion of remaining DPPH� stabilized between around 50 %

after 200 min. Kinetics are consistent with data given for

slower reacting antioxidants like guaiacol [51]. The abso-

lute plateau value of DPPH� cannot be compared with

known substances, as it depends on the moles of antioxi-

dant introduced. In the present case, the extract of the PLA-

lignin films was a mixture of different substances and

quantification of the free phenolic monomers was carried

out only on the identified structures in the gas chromato-

gram. Therefore, the antiradical power of the migrate could

not be determined.

In order to further investigate the effect of thermal

processing on the release of free phenols, the film samples

of PLA/PROTOBIND 1000 were thermocompressed for

increasing times. The evolution in Fig. 4c showed that

there is an augmentation in free phenolic compounds

recovered in the migration solution which is correlated to

the length of the thermal treatment. The samples separated

into three groups where the sample treated 8 min corre-

sponded to the middle group. The antiradical activity of the

migration solutions of thermally treated PLA-lignin films

was measured and results are plotted in Fig. 6. The plateau

value of remaining DPPH� decreases with increasing

thermal treatment. Two different groups were identified,

the PLA-lignin pellets and the film treated for 4 min in one

group (plateau values between 55 and 65 %) and the other

films separated in a second group of higher activity

(plateau values between 35 and 41 %). This result is con-

sistent with the observation that the total quantity of the

low molecular weight fraction of lignin increases with the

thermal severity of processing (Fig. 4c). However, in

Fig. 4c were identified 3 different groups, which were not

found in the DPPH� test. Probably, the DPPH� test is more

sensitive to variations in the quantity of antiradical sub-

stances. Furthermore, not all phenols have the same anti-

oxidant power, which means that at in sum equal quantity

differences in the antiradical efficiency can be expected.

More detailed investigation of the quantity of each anti-

radical species will be required to deepen this question.

Conclusions

PLA-lignin films with two different sources of lignin,

PROTOBIND 1000 and SARKANDA, were prepared by a

two step twin screw extrusion and thermo-compression

process and the characteristics of the composites were

measured. Lignin and PLA were immiscible and distribu-

tion of lignin is homogeneous inside the matrix. Mechanical

properties of the blends were only slightly diminished due

to a counterbalancing effect between the reinforcement by

the high molecular weight lignin and the plasticization by

the low molecular weight lignin compounds and oxygen

barrier properties were even slightly but significantly

enhanced. The study of the lignin component revealed that

the low molecular weight fraction of both lignins increased

during processing. The immersion of the PLA-PROTO-

BIND 1000 film into the fatty food simulant yielded

migration of radical scavengers into the solution as deter-

mined by the DPPH� test and the antiradical efficiency
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increased with increasing severity of the heat treatment of

the blends. This result opens the door to the fabrication of

active packaging materials compounded with the natural

antioxidant lignin as that they do not impact the mechanical

and barrier performance of the polymer and even allow the

creation of more active substances during the polymer

processing. Further investigation of the kinetics of genera-

tion of antiradical substances and the identification of their

respective antiradical power is now required to explore the

feasibility of the process.

Acknowledgments The authors acknowledge the scientific research

fund of AgroParisTech for funding.

References

1. Boudet AM, Lapierre C, Grimapettenati J (1995) New Phytol

129:203

2. Stewart D (2008) Ind Crops Prod 27:202

3. Doherty WOS, Mousavioun P, Fellows CM (2011) Ind Crops

Prod 33:259

4. Lora JH, Glasser WG (2002) J Polym Environ 10:39

5. Graupner N (2008) J Mater Sci 43:5222

6. Baumberger S, Lapierre C, Monties B (1998) J Agric Food Chem

46:2234

7. Baumberger S, Lapierre C, Monties B, Della Valle G (1998)

Polym Degrad Stab 59:273
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