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1. Introduction

Structure—property relationships in renewable
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We investigate the direct and indirect effects of micro- and nano-kraft lignin, kL and NKL, respectively,
at a quite low amount of 0.5 wt%, in poly(lactic acid) (PLA)-based composites. These renewable
composites were prepared via two routes, either simple melt compounding or in situ reactive extrusion.
The materials are selected and prepared using targeted methods in order to vary two variables, i.e., the
size of kL and the synthetic method, while maintaining constant polymer chain lengths, (-/p-lactide
isomer ratio and filler amounts. The direct/indirect effects were respectively investigated in the
amorphous/semicrystalline state, as crystallinity plays in general a dominant role in polymers. The
investigation involves structural, thermal and molecular mobility aspects. Non-extensive polymer-lignin
interactions were recorded here, whereas the presence of the fillers led to both enhancements and
suppressions of properties, e.g., glass transition, crystallization, melting temperatures, etc. The local and
segmental molecular dynamics map of the said systems was constructed and is shown here for the first
time, demonstrating both expected and unexpected trends. An interesting discrepancy between the
trends in the calorimetric measurement against the dielectric Ty is revealed, providing indications for
‘dynamical heterogeneities’ in the composites as compared to neat PLA. The reactive extrusion as com-
pared to compounding-based systems was found to exhibit stronger effects on crystallizability and
mobility, most, probably due to the severe enhancement of the chains’ diffusion. In general, the effects are
more pronounced when employing nano-lignin compared to micro-lignin, which is the expected beneficial
behaviour of nanocomposites vs. conventional composites. Interestingly, the variety of these effects can be
easily manipulated by the proper selection of the preparation method and/or the thermal treatment under
relatively mild conditions. The latter capability is actually desirable for processing and targeted applications
and is proved here, once again, as an advantage of biobased polyesters such as PLA.

along with the superior performance™ has made these mate-
rials essential in everyday life, industry and academia. Over

Polymers and polymer-based materials are in wide use for more the last two decades, there has been growing interest in
than a century. The relatively effective and economic processing biobased and renewable materials that align with the latest
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trends of circular and green economy, i.e., sustainability.**
The conventional polymers dominating the market over the
previous century have been synthesized using fossil-based
sources (petroleum-based) and employing significantly non-
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has focused on the development of polymers based on renew-
able resources, such as agricultural products and byproducts,
e.g., acids formed during metabolic physical processes (lactic
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Among the most known and already used sustainable poly-
mers is poly(lactic acid) (PLA), also called polylactide.”'*'* PLA
is an exquisite biobased aliphatic polyester, being mainly
derived from renewable resources such as potatoes, corn
starch, beets or sugarcane.">'* So far, the most effective synth-
esis method for PLA has been the ring opening polymerization
(ROP)"™ of lactide formed by lactic acid, with the latter being a
byproduct of agricultural compounds fermentation.'®"” Next to
its ‘green’ character, PLA exhibits high thermal and chemical
stability,"® moderate glass transition (T, ~ 20-70 °C) and
melting (e.g., Tmy ~ 140-190 °C) temperatures.'®'***> More
interestingly, the semicrystalline character of PLA provides
the ability to tune a series of properties, such as the mechanical
performance®*** and thermal conductivity, via the easily
manipulable crystallinity and semicrystalline morphology
(dense/sparse).>>” Interestingly, depending on the structure,
molecular weight and the thermal treatment, PLA can be
transformed from completely amorphous to quite highly crys-
talline form.>®>"*>?% Except for the PLA’s performance within
the application, there is a general desire to facilitate its physical
degradation, for example in soil - compostability, which in the
case of bulk PLA is rather slow.®*° Additionally, PLA exhibits
high potential for combination with other polymers (copolymers,
blends, interpenetrating polymer networks, and stars)'***3%2 as
well as with inorganic/organic fillers and nanoparticles.***** The
latter case, ie., polymer nanocomposites (PNCs), is also at the
centre of interest of the present study.

Regarding specific applications, PLA has already found use
in a vast range of them, namely, in bio-engineering and bio-
medicine (tissue engineering and drug delivery),>™” in food
packaging,”'%*® and even in 3D-printing devices.**™*! Further-
more, PLA has been proved to be a proper substrate for the
development of functional surfaces with enhanced antioxida-
tive and/or antimicrobial properties for several biochemical
applications.'*?

A significant number of studies in the literature regarding
PLA-based composites deal with PLA reinforced by small and
large amounts of inorganic particles of various geometries and
surface modifications, e.g., spherical metal oxide particles
(silica), nano-clays, graphene and graphene oxide nanosheets
and carbon nanotubes. These have mainly aimed to enhance,
among others, the mechanical performance, crystallinity, and
tune the permeability of small molecules and improve the
electrical and thermal conductivities. On the other hand, less
attention has been paid to the simultaneous improvements
of performance with the enrichment of biocompatibility (non-
toxicity) and the ‘green’ character. The latter are not compati-
ble, in general, with the employment of the conventional
nano-additives mentioned above. A solution to this need has
come quite recently with the employment of particles/
compounds originating from bio-resources as well. Such a
compound is lignin, being usually addressed as kraft- or
soda-lignin.*? Lignin is an aromatic biopolymer of relatively
high T, (>100 °C)** being isolated from lignocellulosic bio-
mass and is the second most abundant natural polymer after
cellulose.***® Lignin is characterized by high biocompatibility
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and low toxicity, and it exhibits a variation in functional groups,
while it occupies a large amount of carbon that may be potentially
transformed to composites and carbon-rich materials.**> Among
others, the addition of lignin in polymers, including PLA, facili-
tates antioxidation and antibacterial performance.*®™*°

Despite the vast amount of published works on PLA and
related systems, not many of them deal with totally biobased
PNCs; moreover, quite a few focus on PLA-lignin PNCs.*™?
Thus, there is still room for such basic research studies. In this
basic-research study, we present an investigation of the struc-
ture-properties relationship of the addition of kraft Lignin, in
particular, in the micro-(as received) and nano-metric form, at
the small loading of 0.5 wt% in PLA. Despite the ‘polymeric
character’ of lignin, due to its higher T, compared to that of
PLA, along with the low lignin loading, we may consider these
systems as composites and nanocomposites of a PLA matrix.
Additionally, we comparatively study the PLA/lignin composites
and nanocomposites upon their preparation through two indi-
vidual routes, namely, by melt compounding against in situ
polymerization of PLA in the presence of lignin. The direct
effects of lignin, the lignin size and the PNC synthesis method
are assessed in the amorphous state of the polymer, whereas
the indirect effects are investigated in the semicrystalline state,
when being available. For the study of these effects, we com-
paratively seek for any interfacial interactions, alternations in
the glass transition, crystallization and melting aspects, the
local and segmental molecular mobility, the electrical conduc-
tivity and thermal diffusivity. To these aims, we employed the
following experimental methods: Fourier transform infra-red
spectroscopy (FTIR), differential scanning calorimetry (DSC),
polarized light microscopy (PLM), and the sophisticated tech-
nique of broadband dielectric spectroscopy (BDS). The data are
critically analyzed and evaluated employing widely adopted
methods and models. To the best of our knowledge, for the
said systems and followed parameters, this is the first time to
present results using the abovementioned techniques; further-
more, the molecular-dynamics map is presented for the first
time here as well.

2. Experimental section

2.1. Materials

Two series of relatively new PLA-kraft lignin (kL) composites
recently prepared by our groups®® are studied here. Each series
of polymer composites consists of neat linear PLA and two
composites of PLA filled with 0.5 wt% micro-kL and nano-kL.
The detailed preparation method along with initial structural
characterization can be found in a recent work by Makri et al.,*’
while the basic aspects are briefly reported in the following
section. Raw kL is microscopic and has been purchased from
UPM (Helsinki, Finland, product code name ‘BioPiva300’). The
kL was found to consist of particles of a wide range of sizes on
few to many tens of um.*? On the other hand, the nano-lignin
‘NKkL’, with an average particle size of ~650 nm, was kindly
provided by Creative Nano PC (Athens, Greece).

Soft Matter, 2024, 20, 5014-5027 | 5015
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The first series involves the melt compounding of PLA with
lignin (code name: ‘PLA comp.’ + kI/NKL). The used PLA is the
Ingeo™ Biopolymer 2003D of NatureWorks (Minneapolis, MN,
USA), with the ratio of the i/p-isomers equalling 96/4, a mea-
sured molecular weight M, of ~72 kg mol™" and a polydisper-
sity of 2.4, that was kindly supplied by Plastika Kritis S.A.
(Irakleio, Greece). Obviously, the M,, of PLA is the same in bulk
and in the composites and this has been experimentally
confirmed.*

For the second series, the PLA polymerization, ie., ring
opening polymerization of r-lactide, took place in the presence
of kL and NKL (in situ) in a Brabender® Plasti-Corder® Lab-
Station torque rheometer. The r-lactide (of 99% purity and 1/p
mass ratio 95/5) had been purchased from Corbion N.V.
(Gorinchem, The Netherlands). The employed ‘in sitw’ method
actually imitates the ‘reactive extrusion, Rex’ process;> thus,
this second series is described here by the code name: ‘PLA
Rex.” + KL/NKL. Usually, the in situ polymerization results in a
drop of M,,>"*>° however, here the M,, differences were minor
as the lignin amount was purposely chosen extremely small. M,
of neat PLA Rex. was found to be ~65 kg mol ', while the
polydispersity was estimated to be ~2.7.*°

So, we study totally six (6) samples listed in Table 1. The
samples were initially formed as films and cylindrical disks of
~1-1.5 mm in thickness, formed within a thermal press
employing homemade molds.

2.2. Experimental techniques

Conventional differential scanning calorimetry (DSC) was
employed to study the thermal transitions, namely, glass tran-
sition, crystallization, and melting, in a nitrogen atmosphere
and within the temperature range from —100 to 190 °C. The
measurements were performed by means of a TA Q200 calori-
meter (TA Instruments, USA). Upon erasing the thermal history
by heating at 190 °C, we employed two thermal protocols,
i.e., (scan 1) involving fast cooling and heating at 10 K min™*
and (scan 2) standard linear cooling at 10 K min~" and heating
at 10 K min~ .

The semicrystalline morphology for all samples was
screened via polarized light microscopy (PLM) during melt-
crystallization, ie., during cooling at 10 K min™" beginning
from the melt state. The PLM micro-images were captured
using a Nikon Optiphot-1 polarizing microscope equipped with
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a Linkam THMS 600 heated stage, a Linkam TP91 control unit
and a Jenoptic ProgRes C10Plus camera.

FTIR-ATR spectra were recorded on a Tension 27 FTIR
spectrometer (Bruker, Billerica, MA, USA) equipped with a

diamond ATR accessory at a spectral resolution of 4 cm™" in

the wavenumber range from 600 to 4000 cm ™.

Broadband dielectric spectroscopy (BDS)’® was employed to
assess the molecular mobility of PLA in bulk and within the
composites, in the initially amorphous state, employing a
Novocontrol BDS setup (Novocontrol GmbH, Germany). The
sample was in the form of a sandwich-like capacitor, with the
sample (polymeric) being placed and melt-quenched, between
brash disks (electrodes). Silica spacers of ~100 pm in thickness
were used for that. The measurements were conducted at
various temperatures in the range from 10 to 120 °C upon
heating and within the broad frequency, f, ranging from 10" to
10° Hz. The molecular mobility was investigated and evaluated
via the complex dielectric permittivity, ¢*( f,7), in particular
from its imaginary part, &”( f,7) which is related to the dielectric
loss.”®

3. Results and discussion

Before presenting and discussing the experimental findings, it
should be noted that we have made such a choice of polymeric
systems, initial materials, amounts and synthetic routes so that
some major parameters are kept almost constant, namely, the
PLAs’ 1-/pratio and M,, and the kL loadings. This makes the
present study to directly aim the effects imposed by the kL size
(micro vs. nano) and the composites synthetic route (‘comp.’ vs.
‘Rex’). Next, the study will discuss the indirect effects via the
implementation of crystallinity, in terms of nucleation, crystal-
linity degree and semicrystalline morphology (dense or sparce).

In Fig. 1, we present the ATR-FTIR spectra for all systems,
including neat NKL, in the amorphous state. In the composites,
as expected, the signal is dominated by the vibrations/stretch-
ings of molecular groups/bonds originating from PLA. The
results are in accordance with previous PLA-based systems®”*
in terms of the number and position of the various absorbance
peaks (basic origins described within Fig. 1).

The main reason for employing FTIR here, in particular in
the amorphous state of PLA, is the investigation of the existence
of KL-PLA interactions. If present, and depending on their

Table 1 Samples under investigation and values of interest by DSC: glass transition temperature, Tq, corresponding changes in heat capacity, Acy,, melt
crystallization temperature, T., melt crystalline fraction during cooling, CF., cold crystallization temperature and crystalline fraction, T.. and
CF.. respectively, melting temperature and crystalline fraction, T, and CF,,, respectively

Scan 1 (cooling at high rates)

Scan 2 (cooling at 10 K min™")

Sample CF. Wt%) Ty (°C) Acp(J g 'K") Te (°C) CFee (%) Te(°C) CFc (%) Tg(°C) Acy Jg7' K') CFec (%) Tm (°C) CFn (%)
PLA comp. 0 59 0.43 123 19 — 0 59 0.42 19 151 19
+ 0.5% KL 0 58 0.49 124 16 — 0 58 0.48 17 150 17
+0.5% NKL 0 58 0.49 122 19 — 0 58 0.48 19 149 20
PLA Rex 0 43 0.52 86 42 86 18 43 0.37 29 163 51
+ 0.5% KL 0 50 0.51 90 42 88 12 51 0.46 33 166 51
+0.5% NKL 0 48 0.50 94 41 87 11 48 0.47 37 165 49
5016 | Soft Matter, 2024, 20, 5014-5027 This journal is © The Royal Society of Chemistry 2024
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Fig.1 (a) ATR-FTIR spectra of PLA and all PLA-lignin composites in the

amorphous state, along with neat nano-lignin for comparison. The
molecular origins of the main peaks are shown in the plot. (b) Detailed
view of the peak corresponding to the C—O vibration of PLA, upon
shape normalization to the peak maxima. The inset to (b) provides an
example of recording of strong interfacial interactions via FTIR in
polyester-based PNCs loaded with only 1 wt% nanoparticles, adapted
from a previous work.>’ (c) Focus on the high-wavenumber range of the
FTIR spectra.
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amount/strength, these interactions would be expected to
involve the ester group of PLA, i.e., of the carbonyl, which is
the most polar one,*® for example, affected by hydrogen bond-
ing with the surface hydroxyls of lignin. The effect of such
interfacial interaction would be recorded in FTIR via the vibra-
tion modes of the ester bond (C=O0) in the wavenumber range
~1700-1800 cm ™~ ',** as a migration or additional contribution
of the FTIR peak toward smaller wavenumbers. Such recording
has been revealed in the past in PLA- and other polyesters-
based composites and is assigned to the formation of more
bound ester group modes involved within the interfacial
interactions.*"*”>°

Herein (Fig. 1(b)), there are no such effects in our compo-
sites, at least not easily resolved. Thus, we may conclude that
non-worth noting interfacial interactions exist, between PLA
and kL or PLA and NKL. This should not be a simple matter
of the low kL loadings, as a similar FTIR view was recorded
in previous PLA/lignin systems with higher lignin loadings
(up to 2.5%).>”

On the other hand, in previous PNCs with 1 wt% filler
loadings, tremendous effects on ester bond bands have been
reported (inset to Fig. 1(b)).>*>”

3.1. Glass transition and crystallinity aspects

We proceed with the results by conventional calorimetry.
In Fig. 2(a), we present the fast cooling of initially melted
samples (i.e., scan 1). This cooling was performed using the
command ‘jump to temperature’ of the TA software, and the
apparatus performs the fastest possible cooling. The T(¢) profile
for that (not shown) is not linear, whereas in the temperature
range of the expected crystallization of PLA, the cooling rate
was roughly estimated as ~90-100 K min~'. During this fast
cooling, none of the polymers exhibited any crystallization
exothermal peak. Therefore, the samples have been kept amor-
phous. According to previous knowledge***® despite the
absence of spherulites, we expect the existence of crystal nuclei
(not recordable by conventional DSC) due to the involvement of
strong supercooling.®

Interestingly, during cooling at a lower rate, here 10 K min~
in Fig. 2(b) (scan 2), the PLA-comp. systems still remained
amorphous, while the PLA-Rex ones exhibited single melt
crystallization peaks between 60 and 110 °C. We will attempt
to explain this difference in the following part.

In Fig. 3(a), the subsequent heating traces for both scan 1
and 2 are presented. Therein, all samples exhibit single glass
transition steps (30-60 °C) and cold crystallization exotherms.
Cold crystallization is indicative of incomplete crystallization
during the prior cooling. The temperature ranges of cold
crystallization are quite different between the PLA-comp.
(100-150 °C) and the PLA-Rex (80-100 °C) systems. Similar is
the situation for melting. It is clear that for the two series,
interestingly, all thermal transitions are recorded in different
temperature regions, with these differences, however, being
non systematically lower or higher for a given series. If so, we
would suspect the implementation of significant differences in
the corresponding M,;s, however, this is not the case here as the

1
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Fig. 2 Comparative cooling DSC traces for all samples, shown for (a) scan 1 and (b) scan 2. The heat flow is shown in W g~ units, i.e., normalized to the

mass of the sample.

M,s are comparable. Therefore, other parameters seem to affect
the differences, among others, the existence of chain-chain
interactions, polymer-lignin associations, alternations in the
free volume (away or close to the lignin entities) and/or exis-
tence of conformational modifications of the PLA chains. These
are expected to be reflected in polymer mobility, as recorded
here via the static glass transition (DSC, Fig. 3(b)) and mole-
cular dynamics in BDS (later section).

The glass transition steps are followed in more detail for the
amorphous state in Fig. 3(b), shown comparatively for all
compositions. Both qualitative and quantitative differences
are recorded.

Given the variety of effects observed, we will discuss them on
the basis of the various values estimated for all thermal events,
namely, characteristic temperatures (Tg, T, Tee, Tm), heat
capacity changes, Ac,, and crystalline fractions, CF. These are
described and listed in Table 1. To calculate the CF, we
compared the enthalpy change, AH;, of the melt- or cold-
crystallization, AH, or AH,., respectively, with the heat of fusion
of fully crystalline PLA (here taken as 93 J g~ ').%"

In Fig. 4 and 5, the most important values are presented in
terms of column diagrams and shown comparatively for the
two series of PLA/lignin.

In the amorphous state, neat PLA-comp shows a T, of 59 °C,
while in neat PLA-Rex, T, equals 43 °C. This suggests the easier
mobility of chains (less constrained) in PLA-Rex than in
PLA-comp. The same conclusion comes when comparing the
corresponding Ac,, values (Fig. 4(b) and Table 1), i.e., 0.52 and
0.43 J ¢ ' K™, respectively. These differences are not expected
to arise from the different M, values of the two PLAs. For the
sake of completeness, based on previous knowledge on the
Ty(M,) dependence for PLA,"°** we report that the expected
M, threshold for chain entanglements is ~8-25 kg mol . Our
PLAs are above that threshold, namely, the T, is stabilized
with respect to M,,. Thus, the T, differences between the neat
PLA-Rex and PLA-comp should be due to the fact that PLA-
comp is commercial and may potentially contain a plethora of

5018 | Soft Matter, 2024, 20, 5014-5027

stabilizers, whereas the home-made PLA-Rex does not, which
can further suppress chain mobility.

Coming back to the striking effect demonstrated in crystal-
lization (Fig. 2(b)) between the neat PLAs of the two series, we
may now conclude that the enhanced crystallizability of PLA-
Rex compared to PLA-comp originates from differences in
polymer chain kinetics. The lower T, denotes the existence of
more mobile polymer chains and subsequently both easier
nucleation and lamellae formations (chain foldings).

Another less likely explanation on that could be sought
through structural characterization in combination with the
different synthetic routes. We recall that neat PLA-Rex
was synthesized under identical conditions (chemistry, time
periods, temperatures, etc.) as in the composites, but without
the presence of lignin. For these systems, we may look back
at the FTIR data, in particular Fig. 1(c). Therein, it seems that
the FTIR spectra of vibrations of -OH and H-O-H exhibit
stronger or better distinguishable structures in PLA-Rex
compared to PLA-comp systems. This could be an indication
for the existence of more -OH terminal units (active sites)
in PLA-Rex, that are known to favor the chain-chain associa-
tions and, subsequently, to potentially facilitate nucleation/
crystallization®®®> as happens here. The existence of more
terminal -OH could be compatible with the moderately lower
M,, of PLA-Rex, as more chain ends are expected for the polymer
with the shorter chains. Unfortunately, the quantification of
the -OH fractions for these materials is technically quite
difficult.

So, it is more likely that the enhanced crystallizability of
PLA-Rex is due to its easier chains’ mobility/diffusivity as
compared to PLA-comp.

Coming to effects on lignin, in the PLA-comp series, Ty of
neat PLA-comp is 59 °C and is barely reduced by 1 K with the
addition of lignin (Fig. 4(a)). This denotes a slight acceleration
of segmental mobility. The corresponding Ac, of neat PLA-
comp equals 0.43 J g~" K~ " and increases to 0.49 J g~ " K ' in
the two composites (Fig. 4(b)), suggesting the existence of either

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) DSC traces during heating at 10 K min~?, for all samples shown
comparatively for scan 1 (solid-colored lines, initially amorphous) and scan
2 (dash-dotted grey lines). Heat flow is shown upon normalization to the
samples’ mass. (b) Detailed view of the glass transition step of scan 1
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higher mobile amorphous fraction (MAF)®***%’

increased chains’ mobility.

Qualitatively opposite effects are recorded in the PLA-Rex
series (Fig. 4). The T, of neat PLA-Rex equals 43 °C and is
increased by 7 and 5 K by the addition of kL and NKL,
respectively, whereas the Ac, drops from 0.52 to 0.51 and
0.50 J g ' K, respectively. Both effects indicate a worth-
noting hindering of polymer chains’ mobility and, most possi-

or, in general,

bly, suppression in the MAF within the composites. Usually,
such suppression is observed when a fraction of the polymer
chains are immobilized at the interfacial layer with the
fillers®®®° due to strong attractive interfacial interactions. The
“filler-interfacial polymer’ entities may usually act as obstacles
to the mobile chains’ diffusion away from the interface, thus,
the T, usually increases, similar to the case of PLA-Rex/kL here.
This seems incompatible here based on the findings from FTIR

This journal is © The Royal Society of Chemistry 2024
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spectra (no strong interactions evidenced). However, we may
not exclude the concentration of PLA chains close to or around
the kL and NKL, without a high degree of direct interfacial
interactions. We will come back to this point, along the light of
BDS results on molecular dynamics. In any case, these record-
ings on glass transition in the amorphous state are another
major difference between the composites prepared by in prin-
ciple different routes.

The attention is now turned on the effects of lignin on
crystallinity (Fig. 5). In Fig. 5(a), we present the temperature of
crystallization, in particular the melt- and cold-crystallization,
T. and T, respectively. As noted above, the PLA-comp series
exhibits uniquely cold crystallization, i.e., only during heating
and upon subjection to large supercooling. T.. barely changes
(122-124 °C, Table 1 and Fig. 5(a)), while similar is the situation
for the crystalline fraction, CF.. ~ 16-19 (£1)% (Table 1 and
Fig. 5(b)), in PLA-comp, being in general small. Regarding the
quality of the crystals, represented in DSC by Ty, this seems to
drop since Ty, decreases from 151 (PLA-comp) to 150 and 149 °C
due to the addition of kL and NKL (Fig. 5(c)). The results
suggest minor effects imposed by the presence of lignin.

In the PLA-Rex series, T. (by scan 2) and T,. (by scan 1) lie
within lower temperature ranges. Both T, and T, of neat PLA-
Rex (85 °C) are elevated in the composites. The elevation of T,
usually suggests that lesser supercooling (i.e., the ‘T, — T¢
distance) is needed for the initiation of crystals’ development,
or else, more crystal nuclei exist at the same high temperature.
We recall that during melt crystallization, compared to cold
crystallization, polymer chains exhibit high mobility, thus,
spherulites are formed quite faster and possibly larger spher-
ulites are made (details supplied later with PLM results). In our
case, the role of additional crystal nuclei could be played by the
lignins or, at least, some of them. On the other hand, the
elevation of T, generally, suggests the opposite effect, as there
seems to exist a retardance of crystallization initiation. This is,
nevertheless, compatible with the prior recording on retarded
chains’ mobility in the composites. In Fig. 5(b), CF,. of PLA-Rex
is more than doubled as compared to PLA-comp, while the
addition of kL and NKL induces mild suppression. Suppression
is also recorded in CF. in the composites. Both effects are
compatible with the retarded chains’ mobility and partly with
the formation of an interfacial rigid polymer layer around kL
and NKL.>**7%7

Finally, opposite effects of lignin are recorded between the
two series, regarding the melting temperature (T,,, Table 1).
While a mild lowering of the crystals’ quality was recorded in
PLA-comp, the Ty, of PLA-Rex (163 °C) exhibits an increase of
2-3 K in the presence of lignin, indicating a mild increase of the
quality of spherulites. The term quality refers to the size or/and
density (lamellar packing) of the spherulites.

To visualize the melt-crystallization of our systems, we
performed PLM during cooling of initially melted polymers.
The results are shown in Fig. 6. Therein, in accordance to
calorimetry, the PLA-comp systems showed no crystallization
or, at least, not recordable by PLM. PLA-Rex systems crystallized
during cooling and the results were compatible with those
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obtained by DSC. For example, at the intermediate stages
of crystallization, the composites exhibited a larger number
of crystallites, with the largest number observed for the PNC
as compared to the micro-composite. At the ending stage of
crystallization, the overall sample volume is filled with crystals
in all cases, whereas the PNC exhibited a denser semicrystal-
line morphology and higher homogeneity in terms of the size of
crystals (many tiny crystals). These results confirm the
enhanced nucleation in the PLA-Rex systems, whereas it seems
that the corresponding elevation of Ty, is not indicative of
the crystals size. In addition, the relatively small CF. values
(12 and 11% for kL and NKL, respectively, Table 1) are
not compatible with the final crystallization views in Fig. 6.
Combining together all these data, most probably, T,, here is
related to a sparser lamellae chain packing that can be more

5020 | Soft Matter, 2024, 20, 5014-5027

directly proved using structural techniques such as X-ray
diffraction.

3.2. Molecular dynamics

The discussion is now turned onto molecular mobility/
dynamics, via the analysis of BDS results.”®’® BDS enables
the recording of the imaginary part of dielectric permittivity
as a function of frequency and temperature, &’( f;T). &”

considered to screen the ‘dielectric losses’>®”® and correlate
the &’(f) peaks arising from specific groups of dipole moments
to actual molecular motions and other charge transport/relaxa-
tion/trapping. The peak maxima frequencies, fia.x, and the
corresponding f region are related to the relaxation times ()
of the relaxing dipoles at given temperatures. A good example

This journal is © The Royal Society of Chemistry 2024
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of these can be seen in the present recordings shown in Fig. 7
for all samples.

With increasing temperature, the relaxations usually
migrate towards higher f;,.x due to increased thermal energy
and reduced 7. This is actually the recording of ‘molecular
dynamics’, a precious advantage of BDS among other experi-
mental techniques. Regarding PLA, there is already a rich
literature on its molecular dynamics, in simple (bulky)”* "
and complex forms (PNCs, copolymers, under spatial confine-
ment, etc.),”"”>”7° which sets the origins of the various recorded
relaxation processes mainly known.

At T < Tg, the dielectric response as shown in Fig. 7 is
governed by relaxations of local character, herein, the so called
local f relaxation. f has been assigned to localized fluc-
tuations”"’® or local twisting motions’> in the polymer chain,
in particular, related to the carbonyl group. The process is
recorded in all samples, as expected (Fig. 7). At T > Ty,
a significant signal uprise is recorded which originates from
the relaxation of dipole moments perpendicular to the polymer
chain backbone. Obviously, this is related to the segmental
dynamics due to the evolution of the glass transition. The
corresponding strong ¢’(f) peak recorded is commonly
addressed as the main o segmental relaxation.’®’® Here, «
is recorded in all cases. At even higher temperatures/lower

This journal is © The Royal Society of Chemistry 2024

i.e., melt-crystallization for the PLA Rex-based systems).

frequencies, the signal becomes gradually dominated by strong
ionic conductivity and interfacial charge effects, recorded by a
signal increase of more than one order of magnitude.”®

The main focus here is on « relaxation, which is the
dielectric analogue of the glass transition. In Fig. 8(a), we show
comparatively for all samples the o relaxation at the fixed
temperature of 70 °C, at which the overall peak is mainly inside
our frequency window. It can be easily seen by bare eye that in
the case of PLA-comp, with the addition of lignin, the «
relaxation has migrated toward lower frequencies, in other
words, it is decelerated. In contrast, in PLA-Rex, the addition
of lignin leads to an acceleration of o (transition to higher
frequencies). Please note in Fig. 7(a), (c) and (e) that at
temperatures around 80 °C, a strong suppression of « relaxa-
tion takes place. Keeping in mind that the materials are
initially amorphous and combining the DSC data of
Fig. 3(a), one can easily conclude that this effect is due to
the implementation of cold crystallization, namely, immobi-
lization of a fraction of polymer chains within the newly
formed crystals.”?

To facilitate a more direct comparison with the calorimetric
findings, for selected samples (neat PLAs and corresponding
PNCs), we constructed the so called ‘isochronal &"(T)’ plots’® for
the selected f of 3.16 kHz and showed the data alongside the

Soft Matter, 2024, 20, 5014-5027 | 5021
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Fig. 7 BDS isothermal spectra in the form of frequency dependence of ¢”(f) in the overall range of temperature studied. The various dipolar processes
recorded (local f and segmental «) are indicated on selected curves.

DSC heating thermograms (Fig. 8(b)). The temperature regions
of glass transition are comparable between the dielectric and
calorimetric recordings. Besides that, opposite behaviours of
the segmental process are recorded between BDS and DSC as
far as the effect of kL addition is concerned. Such discrepancy
is more or less usual in the literature, especially when ‘complex’

5022 | Soft Matter, 2024, 20, 5014-5027

polymeric systems are involved.®®®° A probable reason for
recording such discrepancy has been proposed to be the
existence of dynamical heterogeneities, potentially influenced
by variations in cooperativity lengths at different tem-
peratures,®*> as monitored by different physical processes,
here, thermally (DSC) vs. dielectrically (BDS).

This journal is © The Royal Society of Chemistry 2024
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To provide a more in-depth view of dynamics, the BDS data
were critically analyzed by fitting model functions, following
widely adopted routes.’®”® Examples of fitting of &”(f) peaks
employing the known asymmetric Havriliak-Negami (HN) or
symmetric Cole-Cole (CC) functions®* are demonstrated in
Fig. 9. As usual in polymers, HN and CC were proper and
sufficient to fit the o and f relaxations, respectively.”® During
the fitting, linear terms were used to mimic the ionic conduc-
tivity effects, while in PLA-comp + 0.5% NKL, additional relaxa-
tion, named ‘process I’ was resolved. The fitting process
enables the evaluation of the relaxations time scale, in terms
of the reciprocal temperature dependence of f;,.x. This is shown
in the constructed dielectric relaxation map of Fig. 10, also
called as an ‘Arrhenius plot’.

From the overall view provided in Fig. 10(a), two groups
seem to exist in both the local and segmental dynamics, the
faster and slower ones. This grouping coincides with the ‘comp’
and ‘Rex’ series separation. What is exceptionally interesting
here is that the faster local dynamics is accompanied by faster
segmental ones as well. This is not the general case for all
polymers; however, we have observed such associations for
many different polyesters (Chapter 4 in ref. 56). The association
has been proposed to be due to the fact that the group
responsible for the molecular origin of f is located at the chain
backbone rather than a side branch.

As expected, in Fig. 10, f exhibits a linear, or else, an
Arrhenius-like time scale, whereas the o relaxation exhibits a
‘curved’ trend described well by the Vogel-Fulcher-Tammann-
Hesse (VFTH) equation.”® The second case is characteristic of
segmental dynamics, with the curvature actually denoting non
constant activation energy and the character of cooperativity.®®
In general, for each individual PLA series, f of neat PLA is not
seriously affected by the presence of kL or NKL. The situation is
different for « relaxation. The data of o relaxation are repro-
duced and better focused on in Fig. 10(b). Therein, we clearly
observe that kL and NKL imply weak deceleration in PLA-comp,
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whereas, they impose strong acceleration in the case of PLA-
Rex. Following previous works™® (and references therein), using
the VFTH fitting results (curved lines in Fig. 10), we estimated
the ‘dielectric glass transition temperatures, Tggie’, and
present them in Fig. 11(a). Aside Ty gic1, We also estimated the
fragility index, m, of o relaxation employing Bohmer’s
formalism.®® In our case, m can be used as a measure of
cooperativity. The corresponding data are shown in Fig. 11(b).

The PLA-comp systems exhibit higher T gio;, while kL and
NkL impose a mild increase. At the same time, m slightly drops.
Partially opposite effects occur in PLA-Rex, as the lower Ty gic|
values are further reduced by kL and NKL. Simultaneously, kL
and NKL impose a significant drop in m. NKL imposed clearly
stronger impacts on both values as compared to kL. The drop in
T, suggests some kind of plasticization of the polymer mobility.
This is supported by the drop in fragility which could indicate the
increase in cooperativity length, &,*® possibly due to the increase in
inter-chain distances, or else, increase the free volume of the area
away from the lignins. This is compatible with the previously
mentioned increase of the polymer concentration around the
lignins and subsequently the decrease of polymer density away
from them. Such a situation has been observed before in PLA-
based systems®"*"*3? as well as in other polymers.®>

Afinal point regarding dynamics is the recording of the clear
presence of process I uniquely in the case of PLA-comp + 0.5%
NKL (Fig. 10(a)). Interestingly, this process exhibits a linear
time scale of both faster and slower modes compared to those
of «, along with a moderately high activation energy (~ 0.8 eV).
The process does not seem to arise from lignin itself, at least,
when compared with the few findings from the literature on
neat lignin (inset to Fig. 10(a)).** A similar process has been
recorded in PLA-based PNCs involving strong interfacial
attractions®”®” and resembles the dynamics of polymer chains
strongly attached to solid surfaces.®® Due to the lack of similar
findings from the literature for PLA/lignin, we may not con-
clude to the definite origins of the said process.
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(a) Dielectric glass transition temperature and (b) fragility index of o relaxation for all samples in the form of column diagrams (more details in the
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Looking back at the results of T, and the worth-noting
difference between the neat ‘in-house’ PLA-Rex and the ‘com-
mercial’ PLA-comp, we concluded that the differences arise,
most probably, from the additives (impurities) interfering
within the latter. It would be interesting to follow this point
in the near future, for example, by purifying the commercial
PLA, perform synthesis of PLA/lignin by the latter and compare
the structure/performance results of these systems with those
of the present work.

Last but not the least, in the ESI,{ we show and discuss
results on the electrical conductivity and thermal diffusivity,
as recorded by BDS and light flash analysis (LFA, Section S1
in ESIf), respectively. The most significant alternations
therein involve the significant roles of the rubbery vs.
the glassy state (ionic conductivity) and that of the amor-
phous vs. the semicrystalline state of the polymer (heat
transport).”>®**~°> In this connection, the properties of the
initial PLA and that of lignin were found to have an indirect
effect, namely, on the T, and the semicrystalline morphology.
Please note that the various effects recorded on the ions or
heat transfer demonstrate the potential to tune them via
processing and the nanocomposite composition. Among
others, this may help to mimic in the future, the transfer of
small molecules (e.g., oxygen, humidity, other gases, etc.) that
occur within certain applications, needing the involvement of
renewable polymer-based materials.

4. Conclusions

The two series of sustainable PLA/lignin composites, loaded
with micro and nano kraft lignin involving two synthetic routes,
were found, in general, homogeneous systems, regarding the
thermal transitions and crystallizability. The melt-compound
synthesized PLA and the corresponding composites were found
to barely crystallize, whereas the reactive extrusion (in situ)
synthesized ones exhibited increased nucleation and crystalline
fractions. The direct effects of lignin on glass transition and
molecular dynamics were investigated in the amorphous state
and were found mainly opposite between the two series.
A dynamical heterogeneity seems to interfere, as manifested
by a discrepancy between the trends in the calorimetric against
the dielectric T,s. The overall results were rationalized in terms
of possible effects/alternations in the free volume, or else, in
the polymer density around the lignins and away from them.
The nano-lignin demonstrated mainly stronger effects as com-
pared to the micro-lignin. We recorded a variety of effects
co-affecting the thermal properties (crystallinity, semicrystal-
line morphology, T,) and the transport phenomena (both
increasing and decreasing). We have successfully employed
recently proposed models here to explain the studied physical
mechanisms, which is a small additional contribution to basic
research. Lastly, we should mark that the variety of effects
records sets these other similar ‘green’ materials as suitable
means for the manipulation of various properties, always
envisaging targeted applications.

This journal is © The Royal Society of Chemistry 2024
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