CHALMERS

UNIVERSITY OF TECHNOLOGY

Compatibility of Kraft Lignin and Phenol-Organosolv Lignin with PLA in
3D Printing and Assessment of Mechanical Recycling

Downloaded from: https://research.chalmers.se, 2025-12-13 14:03 UTC

Citation for the original published paper (version of record):

Frasca, S., Katsiotis, C., Henrik-Klemens, A. et al (2024). Compatibility of Kraft Lignin and
Phenol-Organosolv Lignin with PLA in 3D Printing and

Assessment of Mechanical Recycling. ACS Applied Polymer Materials, 6(22): 13574-13584.
http://dx.doi.org/10.1021/acsapm.4c02208

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)




Downloaded via 94.234.98.202 on December 11, 2024 at 06:56:10 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IENAPPLIED
POLYMER MATERIALS

This article is licensed under CC-BY 4.0 @ @

pubs.acs.org/acsapm

Compatibility of Kraft Lignin and Phenol-Organosolv Lignin with
PLA in 3D Printing and Assessment of Mechanical Recycling

Serena Frasca, Christos S. Katsiotis, Ake Henrik-Klemens, Anette Larsson, Maria Stromme, Jonas Lindh,

Maxim V. Galkin,* and Johan Gising™
I: I Read Online

Article Recommendations | Q Supporting Information
compatibility, and recyclability of lignin blends with poly(lactic

Cite This: ACS Appl. Polym. Mater. 2024, 6, 13574-13584

ACCESS |

[l Metrics & More ’

ABSTRACT: Lignin is an aromatic biomacromolecule with many
promising properties that can be beneficial to polymer blends. The
main objective of this work was to investigate the processability,
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weight percentages, targeting high lignin content (30, 50, and 70 wt
%). Obtained blends were used in additive manufacturing via fused
3D Printing
polymer blend materials was evaluated by re-extruding them up to
four times, and their printability was also assessed. The results showed that the material retained its mechanical properties relatively
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deposition modeling. All obtained materials were thoroughly

characterized by tensile tests, thermogravimetric analysis, differ-

well for up to three cycles after which its tensile strength decreased by 30%. Phenolated organosolv lignin exhibited better printability
across a broader range of lignin content compared to kraft lignin analogs while maintaining similar thermal and mechanical

organosolv lignin were blended with poly(lactic acid) at various 0 -
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ential scanning calorimetry, and *'P NMR. The recyclability of the Lignin™©
properties.
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B INTRODUCTION

Additive manufacturing (AM) emerged several decades ago
and holds great potential for the customized, distributed, and
on-demand production of parts. While various materials,
including ceramics and metals, are available for three-
dimensional (3D) printing, polymeric materials are most
commonly used in fused deposition modeling (FDM). With
increasing concerns about sustainability and the growing
volume of plastic waste worldwide, the focus in AM has
shifted toward eco-friendly materials. The popularity of
sustainable biobased materials is increasing in 3D printing as
replacements for petroleum-based thermoplastic filaments.'
Poly(lactic acid) (PLA) is a compostable biobased alternative
to fossil-based plastics.” Lactic acid, the precursor to PLA, can
be produced from agricultural sources such as corn, and sugar
cane or second-generation feedstock such as bagasse.3 In FDM,
PLA is commonly used due to its biobased nature, lower
melting temperature compared to other polymers, and higher
safety profile.* However, PLA has low thermal stability, is
brittle, and suffers from a high degradation rate during
processing.” Fillers and plasticizers can be added to mitigate
drawbacks and provide new properties to the final material.
Among the various proposed additives, lignin, a natural
macromolecule and byproduct of pulp and paper, and ethanol
production industries, is emerging as a promising option. For
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instance, the addition of lignin can impart new properties to
PLA-based filaments while preserving their biobased nature
and potential compostability.®

Lignin is a natural macromolecule that is a crucial
component of the cell walls of primarily terrestrial plants. It
is formed through the radical coupling of propylphenols,
yielding structures with variable dispersity and no extended
sequences of regularly repeating units. Lignin possesses several
properties that make it a useful additive in polymeric materials.
It exhibits high thermal stability, flame retardant,” UV blocking
properties,”” antioxidant,"”"" and antibacterial activity."” By
variation of the amount of lignin, it is possible to affect the
hydrophobicity, stiffness, and crystallinity of PLA, thereby
further adjusting its thermochemical properties. Moreover, the
addition of lignin can impart a wood-like texture to filaments,
enabling the creation of 3D-printed objects with a wood-like
appearance and feel."> This makes lignin not only a functional
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additive but also an aesthetic one, broadening the range of
applications for PLA-lignin blends in AM.

There are two distinct approaches for mixing lignin with
PLA (a selection of literature available on the topic is
summarized and tabulated in the Supporting Information, SI).
The first approach uses lignin directly, while the second
involves lignin modification. Following this, lignin can be
mixed with PLA either through melt blending or codissolution
before being fed into an extruder. Finally, the material is
extruded into filaments or pellets, which can be used directly in
3D printing. The lignin content in PLA blends typically ranges
from 1 to 40 wt %.'>"*~"® Lower concentrations (up to 10 wt
%) are used to enhance mechanical properties such as impact
strength and elongation at break, while higher amounts (20—
40 wt %) are explored for applications requiring enhanced
thermal stability. However, higher lignin loading typically
compromises the mechanical properties of the material
compared with pure PLA. This observation is attributed to
the lignin dispersity within the PLA matrix and the
compatibility between lignin and PLA.

To address the issue of poor interfacial adhesion between
PLA and lignin, several modifications to lignin have been
proposed. The most common modification is acetylation,
which involves treating isolated lignin with acetic anhydride in
the presence of pyridine.”'" Acetylation reduces lignin’s
hydrophilicity and improves its dispersion in the PLA matrix,
thereby making the components of the blend more similar in
their hydrophobicity and hydrophilicity. This, in turn, is
expected to yield a more thermally and mechanically stable
material. To compare the material compatibility, the
Hildebrand solubility parameters can be used. It was predicted
that the Hildebrandt solubility parameters of acetylated lignin
(20 MPa®°) are closer to those of PLA (20—21 MPa™)
compared to organosolv lignin (25 MPa®®) (see SI, Table S2).
Consequently, acetylated lignin blends exhibit better mechan-
ical properties and thermal stability compared with unmodified
lignin blends. Other methods to improve interfacial bondin
with PLA include direct PLA grafting,”'”*° oxypropylation,”
silane treatment [e.g., (3-aminopropyl)triethoxysilane],*" treat-
ment with caprolactam, ” and maleic anhydride and its
derivatives.”” In all cases, such treatments improve the tensile
strength and reduce the brittleness of the blends. Besides
modification of lignin in a separate step, in situ compatibiliza-
tion with PLA can be performed during the extrusion process.
However, additional treatment and postmodification of lignin
can be detrimental to the overall sustainability of the material
and, if possible, should be omitted. For example, reactive
processing has been demonstrated for lignin under ring-
opening polymerization conditions with lactide,”® and
esterification or transesterification with PLA under reactive
extrusion.'”**

Another important aspect of material sustainability is the
end-of-life of the material, including the possibility of recycling.
The sustainability of PLA also relies on its degradability under
industrial composting conditions.”> Moreover, studies on the
environmental impact of PLA disposal have shown that
chemical, and, even more so, mechanical recyclin§ are more
sustainable End-of-Life alternatives to composting.”® With the
increasing necessity to rethink the current linear economy,
End-of-Life scenarios for biobased polymers have become
highly relevant. Distributed recycling via AM could give new
life to waste polymers and make PLA a circular material.”” The
economic value of distributed recycling is significant, with

several companies already exploring the transformation of
postconsumer plastic into feedstocks for 3D printing.*®
However, there are very few examples in literature of
thermo-mechanical recycling for blend biomaterials containing
lignin.”**

In the present work, we evaluated the compatibility of
different types of lignins with PLA. Two technical lignins were
isolated under different conditions: alkali kraft lignin (KL) and
LignoBoost lignin (LB), and one additional Phenolated
Organosolv lignin (POL). The latter was prepared using an
in situ stabilization method (see SI), as an alternative to
postmodified lignins due to its expected better compatibility
with PLA, as indicated by the Hildebrand solubility parameters
(see SI). This type of lignin can be obtained in one step
directly from raw biomass under so-called active stabilization
strategy, thereby avoiding additional modification steps.”**
Compatibility with PLA can be further improved through
reactive extrusion, similar to the approach demonstrated by
Mimini et al.'” Filaments of PLA with high loadings of POL
(up to 70 wt %) were produced by extrusion to determine the
maximum limit for the use of this type of lignin as an additive
in PLA. The filaments were tested for 3D printing, and their
thermal and mechanical properties were evaluated. In the final
part of this study, we focused on the thermo-mechanical
recycling of PLA 30 wt % POL blends to include an outlook on
the viability of reprocessing PLA blends, thereby aiming to
reduce the environmental impact of 3D printing.

B EXPERIMENTAL SECTION

Materials. Industrial PLA filament (Silver PLA filament) was
purchased from Prusa Polymers a.s., Prague, Czech Republic, the
number-average molecular weight was determined to be 84000 g/mol
(Figures S15, S16, eqs S4 and S5); for properties see SI Table SS.
Dialkali (kraft) lignin (KL) (#471003) was purchased from Merck.
Modified Organosolv lignin (POL) was obtained from fractionation
and modification of pine sawdust (see SI). LignoBoost UPM BioPiva
100 lignin (LB) was purchased from UPM Biochemicals (Helsinki,
Finland).

Preparation of Filaments. The filaments utilized for FDM
printing were extruded using a Filabot EX2 single screw extruder
(Filabot Inc., Barre, VT) at a temperature of 180 °C. Prior to mixing
and extrusion, pelletized industrial PLA filament and lignins were
dried at 70 °C overnight to prevent hydrolysis of the PLA during the
extrusion process.'® Filaments were produced on a 15 g scale, apart
from POL30-RO (100 g scale) that was chosen for recycling
experiments and multiple dog-bone specimens printing for analysis.
After the first extrusion, the resulting filaments were pelletized and
subjected to a second extrusion under identical conditions to improve
miscibility between the components. The same procedure was
followed for the fabrication of pure PLA filaments for fair comparison
of the materials properties. The composition of the blend filaments is
outlined in Table 1.

3D Printing. Type V dog-bone specimens (ASTM D638) were
fabricated using a Prusa i3MK3S printer (Prusa, Prague, Czech
Republic) equipped with a 0.4 mm diameter nozzle. The printing
temperature was set to 215 °C, while the bed temperature was
maintained at 60 °C. The specimens were printed with a layer height
of 0.15 mm and a 15% infill density. To reinforce structural integrity,
two solid layers, i.e., 100% infill, were printed at the top and bottom of
the objects. The printing of the infill of the specimens was performed
in two printing directions, i.e., horizontal and diagonal (see SI, Figure
S1). Only diagonally printed dog-bone specimens are discussed in the
article, and the horizontal data is given in SI

Thermo-Mechanical Recycling. Mechanical recycling of the
POL30 filament followed the established procedure for preparing
PLA-lignin blends, as described previously. Initially, the twice-
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Table 1. Filaments Composition

sample lignin loading lignin content”
name type of lignin (wt %) (wt %)
POL30 phenolic OrganoSolv 30 40
POL30-RO  phenolic OrganoSolv 30 36
POLS50 phenolic OrganoSolv S0 S0
POL70 phenolic OrganoSolv 70 69
KL30 dialkaline (kraft 30 37
lignin)
LB30 LignoBoost (kraft 30 30
lignin)

“Lignin content in the filament in accordance with char content.

extruded filament (POL30-R0) was pelletized and then subjected to
extrusion at 180 °C to yield the one-time recycled filament (R1). This
process was repeated sequentially with each reprocessing cycle of the
material labeled incrementally. After each cycle, the recycled filaments
were employed for 3D printing. A schematic illustration outlining the
thermo-mechanical recycling process is given in Figure 1.

PLA +

Phenolic Organosolv
lignin

Recycling

Figure 1. Thermo-mechanical recycling process for PLA and POL30
filaments.

Thermogravimetric Analysis (TGA). TGA was performed with a
TGA/DSC 3+ (Mettler Toledo, Schwerzenbach, Switzerland).
Samples with an approximate weight between 10 and 20 mg were
heated from 25 to 700 °C under nitrogen flow in uncovered alumina
crucibles at a rate of 10 K-min™". After the temperature reached 700
°C, the nitrogen flow was replaced by oxygen for the remainder of the
experiment.

Differential Scanning Calorimetry (DSC). DSC measurements
were performed in perforated aluminum crucibles on a DSC 3+
instrument (Mettler Toledo, Schwerzenbach, Switzerland). The
samples were first cooled to —35 °C and then heated to 250 °C at
a rate of 10 K-min™". Glass transition temperature, cold crystallization
temperature, degree of crystallinity %, and melting temperature values
were obtained from the second heating cycle.

The degree of crystallinity (y %) was calculated by eq 1

AH,, — AH,,
= X 100
AHS(1 — (wt %/100)) (1)

x%

where AH,, is the enthalpy of melting and AH,. is the enthalpy of
crystallization in the first heating run, AH°, is the theoretical
enthalpy of crystallization of the matrix if it was 100% crystalline, wt %
is the mass percentage of PLA in the blend. The values used for AH® |
of PLA are 93 J-g71.%

Dynamic Mechanical Analysis (DMA). DMA tests were carried
out using a DMA 850 (TA Instruments) with a heating rate of 3 °C-
min~" and a deformation frequency of 1 Hz. A strain of 0.05% was
applied, along with a static force set at 1.2 times greater than the
oscillating force. The temperature range for the measurements was
from 0 to 160 °C. The measurements were conducted in triplicates.
The sample filaments had diameters ranging from 1.2 to 1.8 mm and
lengths between 15 and 20 mm. Pure lignin measurements were

conducted using a powder sample holder under the following
conditions: 30 mg of lignin, 1 Hz oscillations, 5 gm amplitude, 3 °C-
min’;heating rate, with the sample pocket clamped with a torque of 7
inlb.”

Mechanical Testing. The maximum strength, elongation at break,
and Young’s modulus of the 3D—printed specimens were evaluated
using a universal testing instrument (AGS-X, Shimadzu, Kyoto,
Japan) equipped with a S kN load cell (the gauge length is 9.53 mm).
The crosshead speed was set to 1 mm-min~' for all tests. Each
experiment was conducted in triplicate. The maximum stress point
and elongation at break were determined. The slope of the curve in
the elastic deformation region was used to calculate Young’s modulus.
Calculations were performed by considering 100% infill in the cross
section, although 15% infill was used in all experiments. This will lead
to an underestimation of the actual values. However, our aim was to
compare the different materials, and this should not affect the
comparison.

Nuclear Magnetic Resonance (NMR) Spectroscopy. All NMR
spectra were recorded on a JEOL (400YH magnet) Resonance 400
MHz spectrometer. For 'H, "*C, and heteronuclear multiple bond
correlation (HMBC) NMR spectra of blended filaments, chemical
shifts 5 are reported in ppm relative to solvent DMSO-ds ('H: & =
2.50; C: § = 39.52) and sample concentration was 13% (w/v).
Coupling constants ] are reported in Hz.

Determination of hydroxyl group content on POL, PLA, recycled
polymer, and recycled polymer-POL lignin blends was carried out via
quantitative *'P NMR spectroscopy, based on previously published
protocol.'”** Samples were fully dissolved in 0.5 mL of a solvent
mixture of chloroform-d and pyridine (1:1.6 v/v, respectively) and
internal standard solution consisting of internal standard (IS) endo-N-
hydroxy-5-norbornene-2,3-dicarboximide (NHND, 3 mg-mL™") and
relaxation agent chromium(III) acetylacetonate (5 mg-mL™"). After
sonication for 24 h, the phosphorylating agent 2-chloro-4,4,5,5-
tetramethyl-1,2,3-dioxaphospholane (TMDP, 0.1 mL) was added.
Samples were analyzed within 24 h after the addition of the
phosphorylating agent. *'P NMR spectra were recorded using 128
scans and a relaxation delay of 10 s. Data were processed in
MestReNova software through which automatic baseline correction
and phase correction were applied. Hydroxyl group content was
determined by the integration of the following regions: NHND
(151.5-152.1 ppm), aliphatic OH (146.0—146.6; 146.6—149.0),
condensed OH (142.6—144.3 ppm), guaiacyl OH (139.0—140.0
ppm), p-hydroxyphenyl OH (137.0—138.5 ppm), and carboxylic acid
OH (134.6—135.5 ppm). The integral values were then converted to
millimolar OH groups per gram of lignin using eq 2, where R is the
integration ratio of the region of interest over the internal standard
region.

R X NHND in NMR sample (mmol)
dry weight of sample (g)

mmol OH/g lignin =
(2)

For all samples, the lignin content was calculated based on char values
at 550 °C, vide infra.

B RESULTS AND DISCUSSION

Characterization of PLA-Lignin 30 wt %. A minimum
addition of 30 wt % was selected to assess the compatibility of
the three different types of lignin with PLA. Notably, filaments
produced from PLA blends with POL and LB exhibited
uniform circular cross sections and precise diameter tolerances
(SI, Figures S11 and S12). Conversely, KL failed to produce
solid filaments due to its low melt viscosity.'” The primary
difference between LB and POL, on one side, and KL, on the
other, which may contribute to PLA hydrolysis, is the presence
of alkali residues in KL from the pulping process. The alkaline
environment generated by KL likely causes hydrolysis of the
PLA polymer, leading to a lower melt viscosity of the material
blend.*® This finding aligns well with the observed differences
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Figure 2. TGA thermogram: (a) pure starting materials and (b) filament blends of PLA-lignin. Data are presented as the mean of triplicate

experiments.

Table 2. Thermal Properties of Pure Materials and Blends (Filaments)

blend Mot (°C) T4 max (°C) Charggg o¢ (%)
PLA 318 352 6.9
POL 328 380 33.8
KL 252 318 49.6
LB 308 395 47.8
POL30 322 347 19.8
POL30-RO 337 353 16.6
LB30 317 351 19.3
KL30 246 269 25.8
POLS50 294 340 20.2
POL70 266 349 24.9

Chargq” (%) T, (°C) T (°C) T, (°C) X (%)
59 119 150 o®
134 NA
NA NA
150
15.0 59 117 150 o®
161
15.0 59 119 151 o”
19.3 59 153
19.7 59 88 167°
20.0 59 112 152 1°
168
252 58 110 147 19°
157
173

“Recalculated on wt % fractions of char pure materials @ PLA char + o lignin char, char content was calculated for weight loss % between 100 and
550 °C. “Value from the first heating cycle. TGA data are presented as the mean of triplicate experiments (for standard deviation (SD) values see

Table S6).

o
=3
z
8
5
(]
I
LB
—KL
ST —POL
Wil —pLA
T T T 1
50 100 150 200 250

Temperature (°C)

(b)
‘,T\ . >\'\~— —
: —_
3
o
o=
5
[
I
LB30
QT KL30
i} —POL30
T T : :
50 100 150 200 250

Temperature (°C)

Figure 3. DSC second heating cycles of pure compounds (a) and filaments of PLA-lignin blends (b). Data are presented as the mean of triplicate

experiments.

in filament quality and provides insight into the underlying
mechanisms influencing compatibility between PLA and
various lignin types when the lignin content exceeds $%."”
The thermogravimetric analysis (TGA, Figure 2) and first
derivative thermogravimetric (DTG, Figure S2) curves were
obtained under a nitrogen atmosphere for the extruded
filaments of pure materials and 30 wt % PLA-lignin blends.

13577

The initial degradation temperature (Tjone), the maximum
degradation temperature (Ty,,), and char residue at 550 °C
for both pure materials and blends are reported in Table 2. As
expected, the structural complexity of lignin results in a
broader range of decomposition temperatures.'”'” Compared
to the PLA filament, LB and KL degradation initiates at lower
temperatures, while POL exhibits a 10 °C higher T4 ... The
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maximum weight loss for all pure compounds occurs between
300 and 400 °C, with LignoBoost (LB) exhibiting the highest
T g max at 395 °C. Char residue at 550 °C for POL, KL, and LB
was found to be 33, 58, and 48%, respectively. The decrease in
T4 onser in the KL blend can be ascribed to the degradation of
low molecular weight compounds present in lignin, which is
consistent with observations in the pure polymer.”” Peak
degradation is not significantly affected in blends of POL or LB
relative to the pure PLA, however, the inclusion of KL exerts a
catalytic effect on polymer thermal degradation, lowering Ty .
by 100 °C relative to PLA. Additionally, char residue in the
blends is increased compared to PLA, owing to the highly
aromatic structure of lignin and its ability to form char.” While
for LB30 the reduction of mass at 550 °C is in accordance with
the 30 wt % loading percentage, the mass loss for POL30 and
KL30 samples is lower at this temperature than expected
(Char,,4, Table 2). We attribute the difference to the loss of
PLA during compounding, caused by the extruder design,
which resulted in a higher loading of lignin than expected (40%
for POL30 and 36% for KL30).

Glass transition temperature (T,), melting temperature, and
Cold Crystallization temperature ETCC) were derived from the
second heating cycle of DSC, as shown in Table 2 and Figure
3. In the case of KL, T, could not be detected during the
second heating scan as a consequence of the degradation
process of KL that occurred during the first heating cycle. In
the first heating cycle, a broad peak appears at 104 °C (Figure
S3a, previously reported as T, for KL*"), by comparison with
TGA (Figure 2a) and this peak can be attributed to loss of
moisture from the sample. Similarly, for the one-time extruded
filament, irreversible melting of the material occurred during
the first heating cycle (Figure S3b), preventing the observation
of a distinct T, in the second heating cycle (Figure 3b).

While POL and LB possess higher Ty no increase in the
glass transition temperature was observed for the respective
blend filaments. In the case of POL30, a reduction in T.. and
the presence of double melting peaks were observed. The
multiple melting behavior is ascribed to the melting of the a'-
and the a-crgfstals developed during the DCS heating cycle
(Figure 3b).”** PLA in the POL30 blend material can
crystallize, but the rate of crystallization is very slow, at least
under extrusion conditions. The degree of crystallinity (y %) in
the blend material is 0% (POL30, Table 2). In contrast, the
blend containing LignoBoost lignin (LB30) exhibited no cold
crystallization and a very small melting peak, indicating that
this type of lignin hinders PLA crystallization (Figure 3b).

Next, the printability and mechanical properties of the
different blend materials were evaluated. Both 30 wt % blends
of POL and LB were successfully used to print dog-bone-
shaped specimens (Figure S4). Although the inclusion of lignin
did not lead to enhancements in PLA mechanical properties, a
comparison between the two lignin blends revealed better
mechanical properties, for POL30. Specifically, the modulus of
elasticity, tensile strength, and elongation at break for POL
blends exceeded those of LB lignin blends in both printing
orientations (Figures 4, S10, and Table S4). Most likely, the
lower molecular weight POL allows it to act more effectively as
a plasticizer compared to LB, with molecular weights of 4600
and 5000 g mol™!, respectively (Table S3). Additionally, the
introduction of phenol groups and the lower concentration of
total hydroxy groups in the modified lignin (5.33 mmol g~* for
POL and 6.58 mmol g~' for LB) are expected to bring the
Hildebrand solubility parameters of lignin and PLA closer
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Figure 4. Mechanical properties of 3D—printed dog-bone specimens
of PLA, LB30, and different POL wt % loadings; PLA'-3D—printed
dog-bone specimens from commercial ready PLA filament. Data are
presented as the mean + SD of triplicate experiments.

together, resulting in better compatibility between POL and
PLA compared with the PLA-LB blend.

Characterization of PLA—POL at Higher wt %
Additions. In the second part of our investigation, we
explored the maximum permissible amount of lignin that can
be used as a PLA additive. To the best of our knowledge, this
study represents the first instance of producing PLA filaments
containing more than 40% lignin (Table S1).

Based on the results of thermal and mechanical tests, POL
lignin emerged as the most promising lignin type for further
investigation. Filaments containing 50 and 70 wt % POL were
successfully extruded at 180 °C, displaying perfectly circular
cross sections and tight diameter tolerances. These filaments,
alongside POL30, were utilized for 3D printing of dog-bone
shapes, and their thermal and mechanical properties were
evaluated. However, the printability was significantly influ-
enced by the lignin content in the filament. Higher amounts of
lignin (70 wt %) resulted in rougher surfaces and poor melt
flow, primarily due to the presence of small lignin clusters
within the PLA structure. Layer adhesion was also impaired,
leading to defects in the dog-bone specimens (Figure SS).
While compounding PLA with more than 50 wt % phenolic
organosolv lignin is feasible (Figure S6), it is not ideal for
filament production for 3D printing. To address the challenges
associated with such high PLA dilution with lignin, further
compatibilization should be considered to improve interfacial
interactions within the blend.*’

While degradation initiates at lower temperatures in POLS0
and POL70, Ty ., exhibits no significant change. Additionally,
an increase in the char residue at 550 °C was also observed
(Table 2 and Figure Sa). The char residue values obtained for
the blend filaments align with the calculated char percentages
based on values obtained for pure components, assuming an
additive effect (eqs S1 and S2). The ability of lignin to produce
char proves advantageous when seeking halogen-free flame
retardant properties in materials.”

DSC analysis of 50 and 70 wt % PLA—POL blends revealed
double and triple melting peaks, respectively (Figure Sb). As in
the case of POL30, the presence of multiple melting peaks can
indicate the occurrence of melting/ recrystallization/meltin%
processes with or without changes in crystal structure.*"*
Cold crystallization temperature (T.) and enthalpy of
crystallization decrease with increasing lignin content in the
blend. The degree of crystallinity, as calculated from DSC
results, was 0% for the PLA sample. The addition of 30 and
50% POL did not significantly affect the crystallinity,
remaining at 0 and 1% respectively. However, a higher POL
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content, 70 wt %, increased the crystallinity to 19%. Materials
containing up to 50% POL are essentially amorphous.

The mechanical properties of dog-bone specimens of PLA—
POL blends are displayed in Figure 4. POLS0 exhibited
mechanical properties comparable to POL30, while elasticity
and tensile strength decreased at the highest loading of 70 wt
%. The reduction in tensile strength can be attributed to the
inherently lower tensile strength of lignin compared to neat
PLA. Consequently, even if the components of the blend are
highly compatible, a reduction in the overall tensile strength is
still expected. Moreover, increasing the lignin content can lead
to lignin agglomeration, further contributing to the deterio-
ration of the mechanical properties. Notably, Young’s modulus
for POL30 and POLSO0 aligns very well with the direct printing
of commercial PLA filament. The blend filaments were also
found to be more brittle than the pure PLA, with elongation
(%) significantly reduced by the addition of lignin. The
deterioration of mechanical properties in blends containing
more than S wt % lignin is in agreement with previous
studies.'” A tensile strength drop was reported by Gordobil et
al. already at lignin concentrations of 10 wt %, at 20 wt %
concentration the tensile strength decrease was reported to be
54%.">*% Similarly, Obielodan and Alshammari studies on
PLA-Organosolv reported a tensile strength decrease for blend
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material in comparison with PLA of 68 and 50% respectively
for 10 and 20 wt % of lignin in the blends.'®** Our blends
exhibited a similar deterioration of tensile strength but at a
higher lignin concentration, making phenolic Organosolv
lignin a good candidate when high lignin concentrations
(>40 wt %) in PLA are desired. Since the mechanical tests
were conducted on 3D—printed specimens, the quality and
directionality of the printing is a relevant factor in the
assessment of blend mechanical properties. Diagonal-printed
specimens demonstrated a more promising mechanical profile
compared with their horizontally printed counterparts (Figure
S10). Layer adhesion during printing also proved to be a
significant factor in determining the mechanical properties. At
higher lignin loadings, poor layer adhesion resulted in easily
peeling layers, making printing difficult and significantly
impacting the tensile test results (Figure SS). The POL30
filament was further benchmarked by printing the 3DBenchy™**
model in half scale (the boat, SI Figure S7). This challenging
print is typically designed to evaluate the performance of 3D
printers but can also be utilized to assess filament printability.
While there is room for improvement, an overall acceptable
level of print quality was achieved with the POL30 filament,
demonstrating good layer adhesion and acceptable surface
smoothness.
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Recycling. Recycling studies were conducted to evaluate
the impact of mechanical recycling on the thermal character-
istics of the POL30-RO blend and, consequently, the feasibility
of reusing the material for 3D printing. The reprocessed blend
filament was compared to the reprocessed industrial PLA
filament to ascertain the influence of lignin on PLA
degradation following successive mechanical recycling cycles.
The PLA-POL filament underwent reprocessing until it failed
to produce 3D-printed dog-bone specimens. We observed that
the blend filament could indeed be effectively utilized for 3D
printing across three recycling cycles.

The DSC analysis of the recycled PLA filaments revealed an
increase in the crystallinity and a gradual decrease in T,
(Figure 6a). This phenomenon, as reported by previous
literature on PLA recycling, may signify polymer degradation
and formation of imperfect crystals during mechanical
recycling.”® Additionally, the presence of a second crystalline
phase in the material was evidenced by the broadening of the
melting peak and the emergence of a shoulder in the last
reprocessing cycle. In the blend filament, T, shifted to higher
temperatures after each recycling (Figure 6b). Reprocessed
PLA filaments exhibited lower viscosity,” potentially promot-
ing higher homogeneity between PLA and lignin. However, the
presence of lignin could impair the crystallization of thermally
degraded PLA. A shoulder indicative of a second melting peak
was also visible for the blend filament, although the melting
temperature remained unaffected by reprocessing.

13580

The typical DMA profile for PLA can be seen in Figure 7: a
glass transition region between 50 and 70 °C followed by cold
crystallization at 120 °C and a melting point at around 150
°C.*> The successive recycling steps of the pure PLA did not
change any of the onsets of these events, nor did it significantly
change the storage (E’) or loss (E”) modulus as the glassy or
rubbery plateau (Table 3). The standard deviation (SD) of the

Table 3. Storage Modulus (E’) and Glass Transition
Temperature with Standard Deviations

sample E’ at 25 °C (MPa) E’at 110 °C (MPa) T, E” max (°C)

PLA 3280 + 100 137 + 8 52.7 £ 04
PLA-R1 3280 + 130 133 £ 11 53.7 £ 0.3
PLA-R3 3330 + 290 140 + 8 543 + 1.0
POL30-RO 2510 + 350 256 + 42 54.8 + 2.7
POL30-R1 2070 = 150 284 + 8 52.0 + 14
POL30-R3 2990 + 330 317 + 17 49.7 + 0.6
POL 185+ 3

T, was small, whereas the SD of the moduli values were large.
The broad range in moduli values between replicates is likely
due to the filaments being somewhat twisted and not
completely straight. No significant difference was found in
modulus values between recycling steps, similarly to a previous

publication on recycled PLA.*

https://doi.org/10.1021/acsapm.4c02208
ACS Appl. Polym. Mater. 2024, 6, 13574—13584


https://pubs.acs.org/doi/10.1021/acsapm.4c02208?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.4c02208?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.4c02208?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.4c02208?fig=fig7&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.4c02208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Polymer Materials

pubs.acs.org/acsapm

500

400

w
o
o

N
o
o

Young's Modulus (MPa)

100

PLA PLA-R1 PLA-R2  PLA-R3

50 50
W Young's Modulus
M Tensile Strength
M Elongation
40 |40
©
o
2.
30 ¢ 130
2 5
2l g
2]
200 1206
= I}
5]
'_
10 10

POL30-R0 POL30-R1 POL30-R2 POL30-R3

Figure 8. Mechanical properties of 3D—printed dog-bone specimens of recycled PLA and POL30-R0. Data are presented as the mean + SD of

triplicate experiments.

POL

O\E,,O
O R:lignin side chain

Aliphatic hydroxyl

PLA

Guaiacyl Hydroxyphenyl

POL30-R3
C'; o) i H
0~ ~o (o}

7% b
O’P\o o O,H
(]
n

150 149 148 147 146 145 144 143

Figure 9. *'P NMR spectra of POL, PLA, and POL30-R3.

141 140 139 138 137 136 135 134

Upon addition of the lignin, the DMA curves change (Figure
7b). The E’ of the glassy plateau drops, most likely due to weak
points introduced by the additive. At the rubbery plateau
(around 110 °C), E’ increases (Table 3), presumably as the
lignin is still a glass, which adds strength to the rubbery matrix.
The T, value remains statistically unchanged.

With recycling of the PLA-lignin blend, the E’ and E” values
increase, both in the glassy and rubbery state (lignin is a glass
still at 110 °C, see Figure S8). It is apparent that increasing
recycling leads to a more homogeneous material with smaller

lignin particles, resulting in better cohesion and thus increased
moduli values.

The T, of the PLA-lignin blend also decreases with
increasing recycling cycles (Figure 7d). This subtle decrease
was not seen with DSC, likely due to its lower sensitivity as
compared to DMA. The reason for this is most likely chain
scission (as discussed further in the Nuclear Magnetic
Resonance (NMR) Spectroscopy section). Another explan-
ation could be a change in the confinement of the polymer
matrix. Additives with poor interactions with the polymer
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matrix can reduce the T, of the material, as the interface gives
the polymers more room for movement, ie., they are less
confined than in the bulk.*” Thus, if the contact surfaces
between PLA and lignin increase with repeated recycling, the
amount of PLA with greater degrees of freedom would
increase, consequently resulting in a lower overall T,. For
instance, the opposite effect, an increased T, due to restricted
movement of PLA at the particle interphase, was seen for
blends with talc.*®

As the DMA instrument records the length of the sample, it
is possible to monitor the shrinkage and extension of the
material; however, as the static force changes throughout the
experiment, these results are not as informative as an
unchanging static force would be. Upon the glass transition,
the materials are seen to extend and then suddenly contract.
This behavior has been observed for PLA samples processed
through extrusion®” and can be explained by thermal
shrinkage, i.e., recoiling of stretched-out polymer chains
upon the glass transition. The decreasing shrinkage upon
further recycling seen in both sets of samples suggests that the
orientation is reduced. The high temperature of the recycling
most likely leads to chain scission, and the shorter chains are
less susceptible to orientation and recoiling effects.

The mechanical and printability properties of PLA appear
unaffected by recycling; although swelling of the filament was
observed after consecutive reprocessing, the material proper-
ties remained unchanged throughout the recycling study, as
confirmed by DMA results (Figure 8). The PLA—POL blend
filament exhibited a decrease in tensile strength and Young’s
modulus by 20% after the second recycling. The addition of
lignin might aggravate PLA weakening, thereby lowering its
strength and elasticity after reprocessing. One possible
explanation is that, after multiple recycling cycles, lignin is
more dispersed in the PLA matrix. This dispersion can weaken
the polymer by increasing the spacing between PLA chains. On
the other hand, this can result in a more ductile material and
improved elongation (+8%). A more homogeneous material
can also be the result of polymer thermal degradation: the
shorter PLA chains resulting from thermal degradation may
lead to increased diffusion of lignin within the matrix.

Qualitative and quantitative hydroxyl group content in the
recycled blends was monitored via *P NMR spectroscopy and
HMBC (Figure 9 and Table S3). Figure 9 shows the *'P NMR
spectra of phenolic organosolv lignin, recycled PLA, and
recycled POL30-R0. While no signals from PLA are visible in
the *'P spectrum of PLA-R3, distinct signals are observable in
the *'P spectra of POL30-R3 and lignin. The comparison of
the spectra reveals the appearance of two additional signals at 6
146.4 ppm (aliphatic OH) and & 135.4 ppm (carboxylic acid
OH) in the recycled blend filament. These signals can be
attributed to PLA terminal hydroxyl and carboxylic groups, in
agreement with previously reported *P NMR data on
phosphitylated PLA.*® From a comparison between the OH
content (eq S3, Table S3, Figures S13 and S14) in lignin and
in POL30, a decrease in lignin’s aliphatic and phenolic OH
appear evident in the blend filament. Concomitantly, the
amount of carboxylic OH is only 10% the amount of aliphatic
OH from PLA. The lower amount of free carboxylic groups
versus aliphatic groups in PLA and the reduction of aliphatic
and phenolic lignins could be an indication of PLA carboxylic
groups reacting with lignin hydroxy groups during filament
reprocessing. A further indication of PLA—POL bond
formation is provided by the HMBC spectrum (Figure S9),

where a correlation appears between the PLA’s methine proton
(6 5.2 ppm) and a carbon atom (§ 161.9 ppm) attributed to a
phenolic quaternary carbon in phenolic lignin. While PLA
degrades during recycling cycles, lignin seems to be unaffected
by the thermal treatment as no significant change could be
detected in the amount of condensed OH and guaiacyl OH
groups after each recycling step.

B CONCLUSIONS

In this work, we produced and systematically characterized
poly(lactic acid)-lignin blends using two different unmodified
technical kraft lignins and phenolated organosolv lignin
(POL), which was produced in situ during the pulping
process. Compared to the technical lignins used in this study,
blends with 30 wt % POL and PLA exhibited good printability
and improved mechanical properties. Additionally, blends with
50 wt % POL demonstrated similar properties to those of 30%
POL, with both materials remaining amorphous under
extrusion conditions. High lignin content blends, with up to
70 wt % POL, were also produced and utilized in FDM 3D
printing to create dog-bone-shaped specimens. Furthermore,
blend formulations with up to 30 wt % phenolated organosolv
lignin showed good recyclability over three consecutive
reprocessing cycles, which included grinding, reextrusion, and
printing. Reusing and recycling plastics such as PLA provide
several significant benefits, including reducing plastic waste,
conserving resources, lowering greenhouse gas emissions, and
overall supporting sustainability efforts. With several effective
commercialized methods for recycling PLA already available, it
is crucial that any modifications to PLA not compromise its
recyclability. Enhancing PLA with new properties should go
hand in hand with preserving or even improving its
recyclability to fully realize these environmental and economic
benefits. This approach supports a circular economy where
plastics are effectively reused and recycled, minimizing waste
and conserving valuable resources. Our results demonstrate
that phenolated organosolv lignin shows promise as a
sustainable candidate for PLA-lignin blends, aligning with
these goals.
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