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www.rsc.org/ In this work, the potential use of lignin combined with ionic liquids (ILs) has been investigated

properties blends.
terephtalate)/polylactide/lignin (PBAT/PLA/Lig) were melt blending in one pot by using

on the final of biodegradable polymer Poly(butylene-adipate-co-
phosphonium ionic liquids as new additives. The effect of incorporating 16 wt% of lignin and
PLA and 1 wt% of ILs into PBAT matrix has been explored on the mechanical behaviour, the
water vapour permeability, the thermal stability as well as the morphologies of
PBAT/PLA/Lig/IL blends. In all cases, the lignin/ionic liquid combination leads to a good
mechanical performance coupled with a dramatic increase in water barrier properties. In

addition, transmission electron microscopy (TEM) analysis has been used to investigate the

influence of ILs on the different morphologies of these sustainable polymer blends.

A Introduction

In the world of polymeric materials, academic and industrial
research has focused on the development of sustainable composites
or nanocomposites based on renewable resources such as cellulose,
soy stalk, starch and lignin for various applications such as food
packaging or compostable films [1-2]. To achieve this, many authors
have investigated the combination of biodegradable polymer blends
[3-6]. Thus, polylactide (PLA) was the subject of special attention
due to these excellent properties. In fact, PLA have a good stiffness
and good water vapour barrier properties. However, its low strain at
break prevents its use for packaging industries [7-8]. For this reason,
different ways have been developed in the literature: i) PLA is
commonly blended with more ductile biodegradable polymers such
as poly(butylene-adipate-co-terephtalate) (PBAT), poly(butylene-
succinate-co-adipate, polycaprolactone or poly(butylene succinate)
[9-11]; ii) the incorporation of ionic liquids as plasticizers of PLA
matrix [12-13]; and iii) the use of renewable resources as reinforcing
agents of flexible polymers [14-21].

For the first route, the problem of miscibility between polymers
results in phase-separated morphologies [22-24]. In this case, the use
of copolymers, ionomers or the incorporation of nanoparticles
(layered silicates, silica) are required to stabilize the morphologies of
polymer blends and to improve the mechanical performances of
polymer mixtures [25-28]. For example, different authors have
demonstrated that the use of treated layered silicates leads to an

This journal is © The Royal Society of Chemistry 2013

increase of the Young Modulus coupled with a slight improvement
of only 2-3 % of the strain at break [29]. Other authors have
preferred to use in situ reactive compatibilization in the presence of
chain extender with also mixed results [30].

In recent years, few studies have highlighted the preparation of
ductile polylactide by using phosphonium or imidazolium ionic
liquids [31]. Indeed, ionic liquids are known for their excellent
properties such as their low vapor pressure, their excellent thermal
stability and their good versatility as well as their infinite
cation/anion combination [32-36]. Thus, Chen et al have
demonstrated that the use of 20 wt. % of ILs induces an increase of
the elongation at break (60 % instead of 5 %) [12]. The limiting
factor of this method is the high price of ILs.

Finally, other authors have studied the influence of renewable
resources (biodegradable fibers or lignocellulose fillers) as
reinforcements of biodegradable polymers such as aromatic or
aliphatic copolyesters [37-39]. For example, Gordobit et al have
investigated the influence of lignin on the mechanical properties of
PLA matrix. In all cases, the use of lignin has conducted to the
reduction of Young Modulus as well as a slight increase in
elongation at break (7% instead of 3%). Other authors have studied
the grafting of PLA onto unmodified lignin by using ring-opening
polymerization. These changes have resulted in increases in the glass
transition temperatures (85 °C instead of 45 °C) but also in the
mechanical properties (Young Modulus and tensile strength).

As lignin is a waste product of the biorefinery and paper industries,
the lignin which is one of the most abundant and less expensive
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resources has been used in thermoplastics and biopolymers with
mixed results. For all theses reasons, our research group has focused
on improving the final properties of PBAT/PLA blends by using
lignin (Lig) as reinforcing agent and the ionic liquids as modulable
multifunctional additives in function of their chemical nature. In
addition, to best of our knowledge, no work has studied the lignin/IL
combination on the water vapor permeability, the mechanical
behavior and the morphologies of biodegradable poly(butylene-
adipate-co-terephtalate)/polylactide mixtures.

B Experimental
B.1 Materials

The polylactide used in this study, denoted 2002D, is an amorphous
PLA from NatureWorks® with a reported Tg of 61 °C, a density of
1.25 g/em® and a melt flow index of 10-25g/10 min (Molecular
weight of 200000 g/mol). Moreover, PLA has a D content of 4.25%,
a residual monomer content of 0.3%. The PBAT was supplied by
BASF under the trade name of Ecoflex and have a density of 1.26
g/em’® (Molecular weight of 72000 g/mol). Lignin alkali with low
sulfonate content was supplied by Aldrich (Molecular weight of
28000 g/mol).
The four ionic liquids based on phosphonium cations combined with
different counter anions and different molar masses were provided
by Cytec Industries Inc. They include:
1) Trihexyl(tetradecyl)phosphonium chloride denoted IL-CI
(Mm =519 g/mol)
ii) Trihexyl(tetradecyl)phosphonium
(trimethylpentyl)phosphinate named
IL-TMP (Mm = 773 g/mol)
iii) Trihexyl(tetradecyl)phosphonium bistriflimide named
IL-TFSI (Mm = 764 g/mol)
iv) Trihexyl(tetradecyl)phosphonium
(ethylhexyl)phosphate named IL-EHP (Mm = 805 g/mol)
The structures and nomenclatures of phosphonium ionic liquids are
presented in Table 1.
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B.2 Processing and instrumental characterization of the
PBAT/PLA/Lignin with and without ILs

Nanocomposites based on PBAT/PLA/Lignin/ILs (64/16.5/16.5/1
wt.%) were prepared under nitrogen atmosphere using a 15 g-
capacity DSM micro-extruder (Midi 2000 Heerlen, The Netherlands)
with co-rotating screws (L/D ratio of 18). The procedure is as
follows: In the first time, PBAT/PLA/lignin blends are mechanically
pre-mixed and incorporated into the micro-extruder. Then,
phsophonium ionic liquids are injected into the extruder. The
mixture was sheared under nitrogen atmosphere for about 3 min with
a 100 rpm speed at 160 °C and injected in a 10 cm® mould at 30 °C
to obtain dumbbell-shaped specimens. All the compositions of the
biodegradable polymer mixtures are presented in Table 2.

Table 2. Composition of the PBAT/PLA, PBAT/PLA/Lignin with
and without ILs

Designation m(PBAT):m(PLA):m(Lig):m (IL)

PBAT-PLA 80 :20
PBAT/PLA/Lig 80 :20 :20
PBAT/PLA/Lig/IL-C1 80:20:20 :1
PBAT/PLA/Lig/IL-TMP 80:20:20 :1
PBAT/PLA/Lig/IL-TFSI 80:20:20 :1
PBAT/PLA/Lig/IL-EHP 80 :20 :20 :1

Thermogravimetric analyses (TGA) of biodegradable polymer
blends were performed on a Q500 thermogravimetric analyser (TA
instruments). The samples were heated from 30 to 600 °C at a rate of
20 °C.min"" under nitrogen flow. TGA analyzes were conducted on
two samples.

DSC measurements (DSC) of PBAT, PLA and polymer mixtures
were performed on a Q20 (TA instruments) from 30 to 200°C. The
samples were kept for 1 min at 200°C to erase the thermal history
before being heated or cooled at a rate of 10 °C.min"' under nitrogen
flow of 50 mL.min"'. The crystallinity was calculated with the heat
of fusion for PLA of 93 J/g [40] and with the heat of fusion for
PBAT of 114 J/g [41]. DSC measurements were performed on two
samples.

Transmission electron microscopy (TEM) was carried out at the
Center of Microstructures (University of Lyon) on a Philips CM 120
microscope with an accelerating voltage of 80 kV. The samples were
cut using an ultramicrotome equipped with a diamond knife, to
obtain 60-nm-thick ultrathin sections. Then, the sections were set on
copper grids.

Uniaxial Tensile Tests were carried out on a MTS 2/M
electromechanical testing system (load cell of 10kN) at 22+1°C and
50+5% relative humidity at crosshead speed of 50 mm.min™'. The
strain was calculated from the crosshead displacement. The tensile
tests were performed on five samples (dumbbell-shaped AFNOR
H3, thickness 2 mm). The samples were conditioned at 22+1°C and
50+5% relative humidity during 24h prior to tensile testing.
Small-Angle Neutron Scattering (SANS) experiments were carried on
a small angle spectrometer (PAXY, Léon Brillouin Laboratory,
Saclay, France). Two sample-to-detector distances (SDD) and
neutron wavelengths (1) were used to cover a magnitude of the
scattering vector modulus ¢ from 0.09 to 4.2 nm™ (4=1.2 nm, SDD =
3 m, and 2=0.5 nm, SDD = 1 m). The resulting level of the scattering
intensity at the high ¢ values is of the order of magnitude of the
experimental background. The incoherent contributions of the
polymer and ionic liquid phases were subtracted.

This journal is © The Royal Society of Chemistry 2012
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Water Vapor  Sorption  experiments were performed on
PBAT/PLA/Lignin films with and without ionic liquids by
compression molding at 160 °C using a conventional McBain spring
balance system, which consists of a glass water-jacketed chamber
serviced by a high vacuum line for sample degassing and permeant
removal. Inside, the chamber samples were suspended from a helical
quartz spring supplied by Ruska Industries, Inc. (Houston, TX) and
had a spring constant of 1.52544 cm/mg. The temperature was
controlled to 30 + 0.1 °C by a constant temperature water bath.
Sorption was measured as a function of the relative pressure, a=P/P,
where P is the actual pressure (in mmHg) of the experiment, and P,
the saturation pressure at 30°C for water (32 mmHg) during 24 h.
The samples were exposed to the penetrant at fixed pressures
(a=0.53), and the spring position was recorded as a function of time
using a cathetometer. Data averaged on three samples. Diffusion
coefficients and equilibrium mass uptake were extracted from these
kinetic sorption data. Water vapor sorption were performed on three
samples.

Measuring the increase of weight with time, for the samples exposed
to the vapour at a given partial pressure, it is possible to obtain the
equilibrium value of sorbed vapour, Ceq (Zowen/ 100 Zpotymer)-
Moreover, in the case of Fickian behaviour, that is a linear
dependence of sorption on square root of time, it is possible to derive
the mean diffusion coefficient from the linear part of the reduced
sorption curve, reported as Ct/Ceq versus square root of time [42],

by the Eq. (1)
C.  4/Dr\'?
G~ d(7)

Eq ()

where C; is the penetrant concentration at the time t, C, is the
equilibrium value, d (in cm) is the thickness of the sample and D
(cm?/s) the average diffusion coefficient.

From the first part of the isotherms, when the sorption can
be assumed ideal and following the Henry’s law, we derived a
sorption parameter (S):
g dCq

~dp

Eq (2)
where p is the partial pressure of the water vapour. All the samples
showed a Fickian behaviour during the sorption of water vapour at
activity a=0.53. Using Eq. (1), it was possible to derive the average
diffusion coefficient, D (cm’/s), at every fixed vapour activity (a=
P/Py) and the equilibrium concentration of solvent into the sample,
Ceq(Zsotvent/100Zpolymer).  The solubility coefficient, S, in cm’
(STP)/(cm>*atm), can be calculated from Ceq as follows:

s _ Ceq p 22,414
~ 100 MWpenetrant P

Eq(3)
Where p is the sample density, P is the penetrant pressure in atm,
MW pcherrant 18 the penetrant molecular weight in g/mol, and 22,414 is
a conversion factor.

The permeability of the samples to the vapour is given by
the product of sorption and diffusion:

P=SD

Eq (4)

This journal is © The Royal Society of Chemistry 2012
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C Results and discussion
C.1 Morphologies of sustainable polymer blends

Transmission electron microscopy is the suitable tool to reveal the
existence of PLA as a separated phase into the PBAT matrix
according to the difference in electronic densities. The concomitant
differences of scattering length densities are probed by neutron
scattering. Indeed, it permits to characterize the interfaces of the
phase nanosegregation between both polymer phases. This technique
is relevant to characterize such samples and to determine if there is
any structuration in the used g-range between 0.09 to 4.2 nm™. In
addition, the influence of the lignin as well as the effect of the
chemical nature of the ionic liquid was studied on morphologies of
PBAT-PLA blends.

C.1.1. Effect of lignin on PBAT-PLA blends

To highlight the different morphologies of the binary blend PBAT-
PLA and the ternary blend PBAT-PLA-Lig, TEM micrographs are
reported in Figure 1. Moreover, the distribution of the PLA phases in
PBAT-PLA mixtures with and without the presence of lignin was
determined by image analysis (Figure 2).

1pm

2um. - -/ ¥ ot 9 .
Figure 1. TEM micrographs of (a) PBAT-PLA and (b) PBAT-PLA-
Lig mixtures

Size of PLA phases in PBAT-PLA blends

Size of PLA phases in PBAT-PLA-Lig blends

Distribution (%)

<05 um 05-1um 1-2um 23um >3um 130250 nm 290-300 nm 300-400 nm

Figure 2. Size distribution of PLA domains obtained for the PBAT-
PLA blends with and without lignin using Imaje J software

In the case of PBAT-PLA blends without lignin, TEM images
confirmed the presence of two immiscible phases [43-44]. In
addition, PLA domains are homogeneously distributed in PBAT
matrix and had diameters between 0.5 and 3 pm. However, the size
distribution of PLA domains obtained confirmed a slight affinity of
the PLA with the PBAT matrix. Indeed, compared to systems based
on polyolefin blends, diameters of several tens of microns are
commonly observed [22, 45]. Then, these results are consistent with
the literature on PLA-PBAT mixtures where diameters in the 0.7 —
1.5 um are generally determined [9].

J. Name., 2012, 00, 1-3 | 3
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The presence of lignin in the PBAT-PLA blends led in a significant
improvement of the dispersion of PLA phases in PBAT matrix
coupled to a significant reduction in the size of the PLA nodules
from 1-2 microns to less than 400 nanometers. Thus, 65% of the
PLA domains showed diameters in the 130 — 250 nm.

1 .

PBAT-PLA p
PBAT-PLA-Lig E
PBAT-PLA-Lig-IL-TFSI
PBAT-PLA-Lig-IL-EHP |
PBAT-PLA-Lig-IL-Cl
PBAT-PLA-Lig-IL-TMP ]

01 | .. ]

SANS Intensity / a.u.
.

0.01 | L N |

Scattering Vector Modulus q / nm”
Figure 3. Scattered intensity versus scattering-vector modulus q for
the PBAT-PLA, the PBAT-PLA-Lignin with the IL-CI, IL-EHP, IL-
TMP and IL-TFSIL.

The neutron scattering permits to bulky probe the multiscale
structure of the samples (Figure 3). The broad peak obtained for all
samples corresponds to the distance between the crystallites of the
semi-crystalline polymer phases, PBAT and PLA. In the present
case, this correlation length due to the intercrystallite is 11.9 nm, the
related ¢ being equal to 0.53 nm™ obtained using a Gaussian model
to fit the peak. The long-range structure is different with and without
lignin since the upturn at low ¢ is not the same. The upturn starting
at higher q for the PBAT-PLA-Lig confirms that the correlation
length due to the PLA-rich phase decreases with the presence of
lignin.

Furthermore, the TEM micrographs show clearly the good solubility
of the lignin in PBAT matrix except the presence of few lignin
aggregates. This decrease of the PLA nodule sizes is a phenomenon
commonly encountered in polymer blends. In fact, lignin
(biodegradable filler) acts as a nanoparticle which stabilize the
mixture [46-47]. Thus, an accumulation of lignin at the interphase
induced to a formation of a barrier around the PLA phase preventing
the coalescence of PLA nodules therefore leading to the formation of
small particles [47-48]. According to the literature, Nayak et al have
demontrated that the addition of nanoclays in PBAT/thermoplastic
starch (TPS) led to the reduction in particle size of TPS [49].

In summary, the use of lignin as biodegradable filler improved the
compatibility between PBAT and PLA along with finer distribution
of PLA domains (130 — 250 nm).

C.1.2 Effect of the chemical nature of the counter anion on
PBAT-PLA-Lig mixtures

Then, the influence of the chemical nature of the counter anion was
investigated on the morphologies of ternary polymer blends
composed of PBAT-PLA-Lignin. TEM micrographs of PBAT-PLA-
Lig with the presence of phosphonium ionic liquids denoted IL-Cl,
IL-TFSI, IL-TMP and IL-EHP are presented in Figure 4 and Figure
5.

4| J. Name., 2012, 00, 1-3
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Figure 4. TEM micrographs of (a) PBAT/PLA/Lig/IL-EHP and (b)
PBAT/PLA/Lig/IL-Cl blends

'Zm

In the case of PBAT/PLA/Lig/IL-EHP and PBAT/PLA/Lig/IL-Cl
blends, the use of only 1 wt % of IL-EHP and IL-Cl has generated
completely different morphologies. First, the presence of
phosphonium ILs has changed the morphologies of the PLA
domains in form of elongated droplets. This phenomenon is not new
and has been widely observed and described in the ternary blends
comprising thermoplastics and layered silicates. In fact, several
parameters have an effect on the morphology of the dispersed phase:
i) the shear forces which tend to deform the droplets as is the case
here (Figure 4), ii) the interfacial tension forces that oppose to the
deformation. In summary, the size of the dispersed phase as well as
the shape are dependent of the competition between coalescence and
break up during the melt mixing [50-51]. Like block copolymers,
ionomers or nanoparticles, these results highlighted the role of
compatibilizing agent of phosphonium ionic liquids and open new
perspectives in polymer blends [22, 46-47].

For lack to confirm the morphology of the segregation in this g-
range, the neutron scattering (Figure 3) permit to confirm that certain
ionic liquids lead to a new structuration: the IL-EHP and the IL-CI.
These new interfaces between both polymer phases are well defined
since the beginning of the slope is a q* power. With the other ionic
liquids, IL-TFSI and IL-TMP, it is difficult to conclude on the
structuration without information at lower g even if, with the
beginning of the upturns, we can confirm the nanosegregation at
lower ¢, i.e. with higher correlations lengths.

Moreover, a second phenomenon is evidenced by the TEM
micrographs (Figure 4). The incorporation of the phosphonium ILs
also induced a change of shape and a reduction in particle sizes of
lignin. Unlike the PBAT-PLA-Lignin mixture with the presence of
large aggregates of lignin, a finer dispersion as well as a reduction of
particle size of lignin are observed. Thus, for the PBAT/PLA/Lig/IL-
EHP where an image analysis is possible, 80 % of the lignin
particles showed diameters in the 30 - 220 nm.

These results can be explained by the strong interaction between the
phosphate and chloride anions with the hydroxyl groups (OH) of
lignin. According to the literature on the cellulose/IL mixtures, the
presence of hydroxyl groups on the lignin leads to the formation of
intra- and intermolecular hydrogen bonding’s while the addition of
ionic liquids combined with anions such as chloride or acetate
promotes strong hydrogen bonds resulting in partial dissolution of
lignin particles under melt mixing [52-54].

This journal is © The Royal Society of Chemistry 2012
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Figure 5. TEM micrographs of (c) PBAT/PLA/Lig/IL-TMP and (d)
PBAT/PLA/Lig/IL-TFSI blends

Regarding the PBAT/PLA/Lignin filled with IL-TMP and IL-TFSI,
a significant decrease of the PLA domain sizes as well as an
excellent dispersion were observed. In the opposite, TEM
micrographs have revealed the formation of lignin aggregates (> 1-2
pum). These results show clearly the best affinity of IL-TMP and IL-
TFSI with the PLA matrix and can be explained by their basicity. In
fact, Livi et al have demonstrated that the use of IL-TFSI and IL-
TMP in PP/PA6 blends have interactions with the terminal acid
groups of the polyamide 6 [22].

In conclusion, the different morphologies observed are controlled by
the chemical nature of the counteranion. Thus, depending on the
nature of the matrix, it becomes possible to generate the desired
structuration for specific applications.

C.2. Thermal properties of biodegradable polymer blends

The degradation mechanisms and the influence of the ionic
liquids on the thermal behavior of PBAT-PLA-Lig blends have
been investigated by thermogravimetric analysis (TGA). The
evolution of the weight loss as a function of a temperature
performed on pure ionic liquids, lignin and biodegradable
polymer mixtures containing 1 wt% of phosphonium ionic
liquids is shown in Figure 6 and Figure 7.

C.2.1. Thermal stability of ionic liquids
The effect of the chemical nature of the counter anion on the thermal

stability of trihexyl(tetradecylphophosphonium) ILs is presented in
Figure 6.

This journal is © The Royal Society of Chemistry 2012
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Figure 6. Weight loss as a function of temperature (TGA) of the (@)
IL-EHP, (m) IL-TFSI, (+) IL-CI, () IL-TMP

(heating rate : 20 °C.min"", nitrogen atmosphere).

The combination of the counter anion associated with the
phosphonium cation has a key role on the thermal behavior of ILs. In
fact, the use of TFSI anion (fluorinated anion) combined with
phosphonium cation leads to an increase of degradation temperature
of 70 °C compared to the phosphonium salts denoted IL-C1, IL-EHP
and IL-TMP. This result has been demonstrated in the literature by
different authors [55-57]. Thus, Awad et al have demonstrated that
the imidazolium salts combined with fluorinated anions such as PFy
or BF, led to an increase of the thermal stability of 100 °C
compared to halide salts [34]. Other authors have also studied the
thermal stability of phosphonium ILs combined with hydrophilic
anion such as decanoate or phosphinate anions and they have
highlighted the lower thermal stability of these anions. In
conclusion, the most thermally stable phosphonium ILs are IL-
TFSI>IL-CI>IL-TMP>IL-EHP.

C.2.2. Thermal behaviour of the nanocomposite blends

1

o PBAT/PLA
m___ PBAT/PLALIg
4+ PBATIPLALG/IL-CI
a——— Pl

B-— PBAT/PLALiG/L-TMP
4——~ PBAT/PLALiG/IL-TFSI
4 — - PBAT/PLALGIL-EHP
4+ Lignin

*-——  PBAT

1004

Weight (%)
3

100 200 300 400 500 600 700
Temperature (°C) Universal V4.2E TA

Figure 7. Weight loss as a function of temperature (TGA) of the (*)
PBAT, (3) PLA, (1) Lignin, (o) PBAT-PLA, (m) PBAT-PLA-Lig,
(+) PBAT/PLA/Lig/IL-Cl, (o) PBAT/PLA/Lig/IL-TMP, (0)
PBAT/PLA/Lig/IL-TFSI and (¢) PBAT/PLA/Lig/IL-EHP
(heating rate : 20 °C.min"', nitrogen atmosphere).

In all cases, the TGA curves highlight an excellent thermal
behavior of the biodegradable polymer blends (> 300 °C).
However, the addition of lignin leads to a slight decrease in the
thermal stability of the polymer blends. In fact, a degradation peak at
370 °C is observed in the TGA curves. This peak corresponds to the
degradation of the lignin which has a lower thermal stability than
PBAT-PLA blend (Figure 7). Then, the addition of phosphonium

J. Name., 2012, 00, 1-3 | 5
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ionic liquids accelerates the degradation of the PBAT-PLA-Lig
mixtures. Similarly, these results are explained by the intrinsic
stability of ionic liquids: IL-TFSI and IL-Cl which are the most
thermally stable ILs moderate the thermal degradation (T;q, = 360
°C compared to 370 °C for PBAT-PLA) of the biodegradable blends
while IL-TMP and IL-EHP lead to a degradation temperatures of
340 °C and 315 °C, respectively.

C.2.3 Differential scanning calorimetry (DSC)

The DSC thermograms of the virgin PBAT, PLA as well as the
PBAT-PLA and PBAT-PLA-Lig without and with ILs are presented
in Figure 8. Melting temperature (T,,), glass transition temperature
(Ty), crystallization temperature (Tc), cold crystallization
temperature (T..), and melting enthalpies (AH,,) are summarized in
Table 3 and Table 4. Furthermore, based on the corresponding
enthalpies of 100% crystalline of PBAT (114 J/g) and PLA (93 J/g),
the degree of crystallinity have been calculated for the PBAT and
PLA phases in order to highlight the influence of lignin and ionic
liquids on each of the two phases.
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Figure 8. DSC thermograms (second heating) of the (o) PBAT, (m)
PBAT-PLA-Lig, (o) PBAT/PLA/Lig/IL-Cl, (o) PBAT/PLA/Lig/IL-
TMP, (+) PBAT/PLA/Lig/IL-TFSI and (¢) PBAT/PLA/Lig/IL-EHP

Table 3. Differential scanning calorimetry analyses of PBAT/PLA
blends and PBAT/PLA/Lignin with and without ILs (second heating

cycle)
Samples T,CC) Ty (CC) T (°C) T (°C) Te (°C)
PBAT -33+0.3 123+0.5 64+1.1
PLA 61.9+£0.4
PBAT/PLA -28.6+0.3 61.2+0.2 116.1+0.4 65+0.5
PBAT/PLA/Lig -27.9+0.4 58.6+0.5 124.6+0.4 78+0.8
PBAT/PLA/Lig/IL-C1 -29.3£0.2 57.9+0.1 124.7+0.3 70+1.2
PBAT/PLA/Lig/IL-TMP -26.6+0.4 58.8+0.4 129.1+0.3 77+0.4 117+£0.2
PBAT/PLA/Lig/IL-TFSI -26.740.2  57.1+0.3 123.2+0.3 74+0.8 114+0.2
PBAT/PLA/Lig/IL-EHP -29.3£0.6  58.6+0.3 124.9+0.5 71+0.3

Table 4. Differential scanning calorimetry analyses of PBAT/PLA
blends and PBAT/PLA/Lignine with and without ILs (second
heating cycle)
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Samples AH,, (J/g) AH,, (J/g) % (PBAT) % (PLA)
PBAT PLA crystallinity  crystallinity
PBAT 13.5+0.7 - 12
PLA

PBAT/PLA 15+1.1 13
PBAT/PLA/Lig 10.5+0.4 3.6+0.2 9.2 3.8
PBAT/PLA/Lig/IL-Cl 5.840.3 7.9+0.2 5.1 8.4
PBAT/PLA/Lig/IL-TMP 12.240.4 21.8+0.4 10.7 232
PBAT/PLA/Lig/IL-TFSI 7.3+0.4 21.840.2 6.4 232
PBAT/PLA/Lig/IL-EHP 11.6+0.2 4.2+0.3 10.2 4.4

C.2.3.1. Effect of the renewable resource on the thermal
properties of PBAT-PLA blends

About neat polymer matrices, the second heating scan of PBAT
showed a glass transition temperature at — 33 °C and an endothermic
peak at 123 °C whereas for the PLA sample, only a glass transition
temperature of 61.9 °C appeared [58-59]. Then, in the case of
PBAT/PLA blends, two glass transition temperatures (-26.5 °C for
PBAT, 61.2 °C for PLA) and an endothermic peak at 116 °C were
observed which suggest that the PBAT has no influence on the
crystallization of the PLA. According to the literature, the same
phenomenon is observed for PLA-PBAT blends (80-20) [9, 24]. In
fact, Jiang et al have investigated the influence of the incorporation
of PBAT (0-20 wt%) in PLA matrix and whatever the amount of
PBAT, only the melting peak of PLA is obtained [9].

In the opposite, the incorporation of 20 wt% of lignin in PBAT-PLA
mixtures led to the appearance of a small melting peak at 148 ° C
highlighting the presence of a new crystalline structure induced by
lignin [9, 49]. In addition, the introduction of lignin causes a slight
increase in the glass transition temperature (-28.6 °C to -27.9 °C) as
well as a significant increase of the melting temperature (117 °C to
124 °C) of the PBAT matrix. These results clearly demonstrate the
interactions between the hydroxyl groups of the lignin and the (CH-
COO), of the PBAT. In fact, other authors have also observed this
phenomenon [49]. For example, Nayak al showed that the addition
of modified clays in PBAT/starch blends leads to higher Tg and Tm
and the authors explained this result by the reduction of the size of
thermoplastic starch in PBAT. This assumption is well confirmed by
the TEM micrographs described above (Figure 1) where the addition
of lignin induced a strong decrease in the size of PLA domains.

C.2.3.2. Effectof phosphonium ionic liquids on the thermal
behaviour of PBAT-PLA-Lig mixtures

When the ionic liquids are introduced in the PBAT-PLA-Lig
mixtures, two different behaviors are observed. In the case of
phosphonium ILs denoted IL-TMP and IL-TFSI, the addition of a
small amount of ILs leads to increase of the glass transition
temperature of 2 ° C and an increase of the melting temperature (+
7°C) of PBAT matrix. Moreover the appearance of an exothermic
peak at 114-117 °C corresponding to the cold crystallization
highlights a reorganization of the amorphous phase of the PLA
matrix into crystalline ones [9, 43]. These results are confirmed by
the appearance of melting temperature of about 148 °C and by the
determination of the melting enthalpy (AH,,) which corresponds to
the data of the PLA matrix [24]. The same observations were made
by Signori et al in PLA-PBAT blends [24]. However, in both cases,
the presence of IL-TMP and IL-TFSI leads to the appearance of two
melting peaks at 148 and 153 °C. According to the literature, the
melting peak at 153 °C corresponds to the pure PLA while the peak

This journal is © The Royal Society of Chemistry 2012
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at lower temperature (148 °C) suggests the presence of a new
crystalline structure induced by the lignin/IL combination. Thus, IL-
TMP and IL-TFSI coupled with lignin led to heterogeneous
nucleation effect characterized by a decrease of the crystallization
temperature (78 °C to 75 and 73 °C for IL-TMP and IL-TFSI,
respectively). According to the morphologies observed in Figure 4,
these two ionic liquids generate the formation of lignin aggregates
which similarly act as the nanoclays. Indeed, the presence of lignin
aggregates induces the immobilization of PBAT chains [49].
Regarding IL-Cl and IL-EHP, no exothermic peak were observed
whereas a slight decreases of the glass transition temperatures of the
biodegradable polymer blends ( -28.6 °C to -30 °C) were obtained
which confirms a slight plasticizer role of these ionic liquids. In
addition, the glass transition temperatures of PLA slightly decrease
in all cases which confirm the key role of lignin and phosphonium
ionic liquids as interfacial agents of PBAT/PLA blends.

In conclusion, the chemical nature of the anion of the ILs plays a key
role in the phenomena of crystallization of the biodegradable
polymer blends and depending therefrom, the final properties of the
polymeric materials will be adjustable in function of the desired
applications.

C.3 Mechanical performance of biodegradable polymer
blends

To reveal the effect of phosphonium ionic liquids on the mechanical
performance of PBAT/PLA/Lignine blends, the uniaxial tensile
properties were investigated. The Young Modulus and the fracture
properties are shown in Table 5.

of the glass transition temperature (-2 °C) obtained by DSC. In
addition, the good affinity of the lignin with phosphate and chloride
anions which resulted in a decrease of the particle size of lignin
could explain this better stretchability of the PBAT/PLA/Lignin
blends. In terms of tensile strength, the incorporation of PLA but
also lignin combined with the ionic liquids does not induce any
change.

These results are promising and highlight the beneficial effect of
ionic liquids as new compatibilizers of biopolymers. Thus, the use of
a renewable resource combined with only 1 wt% of ILs may be an
alternative to the block copolymers, the nanoparticles and the
ionomers, commonly used in the literature [25-29].

C.4. Water barrier properties of biodegrable polymer
blends

To highlight the water barrier properties of biopolymer blends, the
water sortion (Ceq. and S) as well as the diffusion (D) and the
permeability (P) of the neat PBAT and PBAT/PLA/Lignine without
and with phosphonium ionic liquids IL-Cl, IL-TMP, IL-TFSI and
IL-EHP are presented in Table 5.

Table 6. Water sorption, water diffusion and water permeability for
neat PBAT and PBAT/PLA/Lig blends with and without ionic
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Sample Young Modulus Strain at break Stress
(MPa) (%) (MPa)
PBAT 47+1 510+17 23+1
PLA 2500+100 442 62+5
PBAT/PLA 11545 540420 2043
PBAT/PLA/Lig 150+10 410+15 21+1
PBAT/PLA/Lig/IL- 140+5 650+30 23+1
Cl
PBAT/PLA/Lig/IL- 120+10 800+50 23+2
EHP
PBAT/PLA/Lig/IL- 240+20 520+10 20+1
TMP
PBAT/PLA/Lig/IL- 190+20 450422 20+1
TFSI

Table 5. Mechanical data from tensile tests performed on neat
PBAT, PLA, PBAT/PLA and PBAT/PLA/lignine blends filled with
different phosphonium ILs.

Firstly, the addition of lignin in PBAT/PLA mixture leads to an
increase of the Young Modulus (+ 30%) as well as a decrease of the
strain at break (- 24%). In fact, lignin particles act as reinforcing
agent and this mechanical behaviour is explained by the morphology
obtained in Figure 1. Secondly, the presence of phosphonium ILs
induces different mechanical behaviours: IL-TMP and IL-TFSI
induce significant increases in stiffness compared to
PBAT/PLA/Lignin blend (+ 60% and + 30%, respectively)
combined with slight increases of the strain at break (+ 27% and +
10%). In the opposite, IL-CI and IL-EHP cause an increase in the
strain at break (+ 60% and + 95%) without reducing the Young
Modulus. These results can be explained by the influence of ionic
liquids on the thermal properties of polymer blends but also on the
morphologies observed by transmission electron microscopy.
Indeed, the crystallization of the PLA matrix generated by the
presence of IL-TMP and IL-TFSI as well as the presence of lignin
aggregates in polymer blends explain the mechanical performance of
these blends. Whereas the use of phosphonium ILs denoted IL-EHP
and IL-ClI have a plasticizer effect confirmed by the slight decrease

This journal is © The Royal Society of Chemistry 2012

liquids.
Sample Water Sorption Water Diffusion D Water Permeability
Ceq (cmz/sec) (ccsw/cm]*atm'
(g/100g) Yy*(em?/sec)
PBAT 2.37£0.0035 226%10%£1.05%10™  3.32%10%+1.40*10™
PLA 0.45+0.0024 7.75%10°£1.45%10"°  2.17*¥10%£1.20%10"°
PBAT/PLA 0.16:0.0012 9.63*10°+2.80¥10™""  9.82*107'°1.30%10™""
PBAT/PLA/Lig 0.26+0.0015 1.13%10°£1.10%10"°  2.15%107°2.00%10™""
PBAT/PLA/Lig/IL- 0.21£0.0010 6.09%1071°£3.00%10™"  9.50*%107'+8.00%10™'2
cl
PBAT/PLA/Lig/IL- 0.16+0.0016 8.04*107°4.0010™""  9.56*10"'+2.00*10""!
EHP
PBAT/PLA/Lig/IL- 0.25+0.0021 7.46%10°£1.2¥10™"  1.38*107°+2.00%10"
TMP
PBAT/PLA/Lig/IL- 0.14+0.0013 1.62%10°+2.9%10™  1.68*10°£1.01*107"!
TFSI

Concerning the two neat matrices PBAT and PLA, the data
highlighted that the water sorption of the PLA matrix is lower than
PBAT (2.37 instead of 0.45g/100g) while the water molecules
diffuse more rapidly in the polylactide matrix. Thus, the
incorporation of the PLA and its excellent distribution in the PBAT
matrix resulted in a significant increase in water barrier properties.
Then, the incorporation of lignin and various ionic liquids denoted
IL-Cl, IL-TMP, IL-TFSI and IL-TFSI causes a dramatic decrease of
the water sorption compared to the neat PBAT matrix. In fact, the
reductions are included from 89 % to 94 %. In the case of lignin,
these results are due to the strong interactions between the hydroxyl
groups of the lignin and the (CH-COO), of the PBAT matrix. While
for polymer blends containing phosphonium ILs, the hydrophobic
nature of the phosphonium cation characterized by the presence of
long alkyl chains explains the decrease of the water sorption [60-61].
According to the literature, the surface energies of the phosphonium
ILs are in the range of 30.2 — 30.7 mN.m" which is similar to
surface energies of polyolefins [62-63]. Thus, Livi et al have
demonstrated that addition of 2 wt% of ionic liquid in poly(butylene-
adipate-co-terephtalate) led decreases from 40 to 80 % of the water
sorption [64]. Regarding the water diffusion in the polymer matrix,
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the excellent distribution of PLA domains (droplets or fibers)
obtained for PBAT/PLA/Lig with and without ILs induces the
formation of a tortuous path which has the effect to delay the
diffusion of small molecules of water through PBAT matrix
(6.09%107'" for PBAT/PLA/Lig/IL-Cl instead of 2.26*10® cm*/sec
for neat PBAT) [65-66]. However, IL-EHP and IL-Cl which lead to
the dissolution of lignin aggregates combined to an excellent good
dispersion of PLA phases have a more pronounced effect on slowing
the diffusion of water. This trend is also confirmed for the water
permeability coefficients where the largest reductions are obtained
for the PBAT/PLA/Lig blends containing IL-EHP and IL-Cl. Indeed,
permeability values of 9.56*10™"" and 9.50*107'" are obtained
compared to values of 1.38*107'° and 1.68*10™'° for IL-TMP and IL-
TFSI, respectively.

According to the literature on the water vapor permeation (VWP) of
biopolymer filled with nanoparticles or polymer blends such as
PBAT/TPS, PBAT/starch, the results obtained in this study are very
promising and open a new route of compatibilization of immiscible
polymeric materials [67-68]. In fact, regarding the use of
nanoparticles as layered silicates (MMT) in the field of polymer
nanocomposites, the incorporation of 5 % to 10 % of organically
modified clays are required to mixed results (-20%, -30%) [32, 69].
Recently, Livi et al demonstrated that the incorporation of 5 wt% of
imidazolium-treated montmorillonites (MMT-I) causes a reduction
of 60 % of the water vapour barrier properties [32]. However, this
way generates several limitations: 1) the surface treatment of clay, ii)
the increase of the viscosity which has an effect on the processing of
polymer nanocomposites and iii) the control of the dispersion of
nanoparticles must be optimum to obtain the best final properties.
Other authors have also studied the influence of surfactant or
plasticizers in PBAT/starch blends but only slight decreases of the
VWP are obtained (7-15 %) [67, 70].

In conclusion, the combined use of lignin and ionic liquid leads to a
significant increase in the water vapour barrier properties of
biodegradable mixtures. Thus, PBAT/PLA/Lig blends with the use
of ILs as compatibilizers can be used for compostable film
applications.

Conclusions

In this study, various phosphonium ionic liquids have been used for
the first time as compatibilizing agents for biodegradable polymer
blends reinforced with renewable resource such as lignin. Then, the
influence of the chemical nature of the counter anion of the ionic
liquid was investigated on the morphology as well as the final
properties such as thermal, mechanical and barrier properties of
polymer blends. Thus, we have identified two different behaviors
depending on the ionic liquid used: IL-TMP, IL-EHP, IL-TFSI and
IL-Cl. IL-CI and IL-EHP lead to a significant decrease in the size of
PLA domains and lignin which clearly highlighting a better affinity
of phosphate and chloride anions with lignin. In contrast, due to their
basicity, IL-TMP and IL-TFSI have a better affinity with the
terminal acid groups of polylactide chains compared to lignin where
the presence of aggregates was observed. Nevertheless, in all cases,
the combination IL-lignin generates significant improvements in the
mechanical performance and in barrier properties of polymeric
materials. In conclusion, this work opens new perspectives in the
field of food packaging but also in the processing of compostable
films for agricultural land.
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