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Abstract:

In this study, a method was proposed to prepare biocomposites from polylactic
acid and polyethylene glycol (PEG) modified lignin using twin-screw extrusion
process. The structure of PEG modified lignin was studied by Fourier Transform
Infrared Spectroscopy (FTIR) and Gel permeation chromatographic (GPC) analysis.

The effects of different contents of soda lignin and PEG modified lignin on PLA



composites were studied by tensile test, differential scanning calorimetry (DSC),
thermogravimetric analysis (TGA), scanning electron microscopy (SEM), dynamic
mechanical analysis (DMA) and degradation analysis. The experimental results
showed that the addition of PEG modified lignin improved the heat resistance of PLA
composite. PLA could be combined with up to 30% PEG-modified lignin, with no
significant reduction in tensile strength properties. Compared with PLA-L30, the
tensile stress and elongation at break of PLA-PL30 were increased by 26.4% and
78.9%, respectively. This approach provides a new way to produce high-performance

lignin based-PLA composites.

Keywords: PLA, PEG-modified lignin, biocomposites, thermal and mechanical

properties, degradation

1. Introduction

3D printing belongs to rapid prototyping technology and additive manufacturing
technology that enable materials to be manufactured by stacking them layer by layer.
This technology is one of the core technologies of the third industrial revolution [1].
The development of 3D printing technology is very rapid, the technology has been
widely used in different industries, such as industrial manufacturing, construction,
national defense and aerospace, education and training, biomedical and other fields
[2]. The technology has obvious digital characteristics. In the current 3D printing
technology market, fused deposition molding (FDM) is the most widely used printing

technology at present. The FDM equipment is mainly composed of wire feeding



device, heating device, motion mechanism, control panel, printing device and
workbench [3]. The mainstream materials commonly used in today's market for FDM
printing are the following: Acrylonitrile Butadiene Styrene (ABS) plastics,
polycarbonate, polyamide, polylactic acid (PLA) [3].

Traditional petroleum-based polymers are non-renewable resources. The
intensive use of these polymers has harm effects on the environment. The
development and research related to these non-renewable materials is starting to
gradually decline in favour of more sustainable polymers [4]. Polylactic acid (PLA)
is one of the most commercially developed renewable and biodegradable polymer [5].
PLA can be synthesized by direct condensation polymerization of lactic acid
monomer or ring-opening polymerization of cyclic lactide monomer, both of which
can be obtained by fermentation of corn starch, sugarcane or other renewable biomass
[6-8]. In addition to the biological properties of the material itself, PLA also has
outstanding mechanical and physical properties, such as high modulus, high strength,
ease of processing, transparency and so on. The tensile strength of PLA can reach 50 -
70 MPa, elastic modulus up to 3 - 4 GPa [9]. However, the rigidity of the main chain
structure of PLA material determines the weak impact strength and low fracture
elongation of PLA, which limits its use in a wide range of fields [8, 10]. Another
major shortcoming of PLA is its low crystallization rate, which results in low PLA
crystallinity and a low heat distortion temperature, limiting its field of application.
Given the advantages and disadvantages of PLA, as well as the diversification and

complexity of its use, significant research is being carried out to improve its overall



performance through the production of low-cost PLA-biobased composites. [7, 11],
[12].

Lignin, a renewable macromolecule [13] and an abundant co-product of the pulp
industry, is of particular interest as a possible filler for PLA-based composites. It is
estimated that the paper industry can produce about 70 million tons of lignin per year,
which is mainly used for energy production. Il is estimated that only 2% of the lignin
is processed for non-energy application. Lignin, the only non-petroleum resource
capable of providing renewable aromatic compounds, has been the focus of particular
attention by many researchers, who have sought to develop its rational and valuable
use. [16]. The molecular structure of lignin is composed of many aryl ring structures
connected by ether bonds and carbon-carbon bonds, which gives lignin high rigidity
and high thermal stability [14]. At the same time, its phenol-rich structure gives
interesting properties such as antioxidant, ultraviolet adsorbent, antibacterial agent
and so on [19, 20 [17]. As a result, the design of composites based on lignin and
polymer materials not only adds value to lignin, but can also lead to the design of
high-performance polymer materials including 3D printed materials [20]. However,
researchers [11, 21-22] found that lignin can enhance the mechanical properties of
PLA to a certain extent, but the compatibility between lignin and PLA is poor, and the
strength of the composite cannot be further improved. At the same time, The
performance of lignin /PLA prepared by blending is poor, which affects the feasibility
of commercialization, mainly because of the thermal degradation of lignin during

processing, and the uneven agglomeration and dispersion caused by its strong polarity,



resulting in the decline of interface binding force [23]. So chemical modifications are
required to improve the composite interface. The Nam team modified lignin by
acetylation to enhance the compatibility of Lignin and PLA and prepared the
bio-based PLA / lignin composite membraneby solvent volatilization [24]. Wasti et al.
[22] studied adding the plasticizer PEG to PLA/Lignin composite to improve the
mechanical properties of the composite. Steam explosion pretreatment of biomass was
used for the application of PEG plasticized lignin, and the results showed that the
thermal properties of the prepared PEG modified lignin were improved. There are few
studies (referneces ) on the application of PEG modified lignin as biological filler in
PLA, the compatibility of PEG modified lignin with PLA, and the thermal,
mechanical and morphological properties of biocomposites.

In this study, we will focus on developing a new method of PEG-modified lignin
as filler in 3D printing material polylactic acid and explore the feasibility of FDM 3D
printing. Alkaline lignin and PEG modified lignin were prepared by steam blasting
pretreatment of beech wood under two processes of alkali delignification and acid
catalyzed polyethylene glycol (PEG) delignification. The properties of lignin were
characterized by high performance liquid chromatography (HPLC), Fourier transform
infrared spectroscopy (FTIR) and Gel permeation chromatographic (GPC). The lignin
/ PLA composite was prepared by twin-screw extruder mechanism. The mechanical
properties, morphology, thermal properties and water absorption of the composite
were studied. The effects of lignin on the properties of PLA were examined by

Differential Scanning Calorimetry (DSC), Thermogravimetric analysis (TGA),



Dynamic mechanical analysis (DMA), mechanical properties and so on. The
microstructure of the composite was analyzed by SEM. At the same time, the
degradation rate of biocomposite in the aquatic system was studied. Based on this, the
application of PLA materials in various fields was expanded, and the goal of replacing
traditional petroleum-based polymer materials was realized. The central hypothesis of
this study was that PEG modified lignin can improve the compatibility of lignin / PLA

and thus improve the mechanical properties.

2. Materials and Experiments
2.1 Materials

In this study, beech (Fagus longipetiolata, Lorraine, Vosges France) was crushed
to 3 - 8 cm. The beech sawdusts were dried to a moisture content of 8.3% in a natural
state as raw material for lignin preparation. Polyethylene glycol 600 (PEG 600), the
sodium hydroxide and the sulfuric acid were purchased from Merck KGaA,
Darmstadt, Germany. PLA (Grade 4032D, Mw = 94,000 g/mol) was provided by
Nature works LLC (Minnesota, USA). Three buffers (phosphate buffer (pH = 4.0),
sodium carbonate buffer (pH = 10.0), and phosphate Buffered Saline (PBS, pH = 7.4))
obtained from Xiamen Sea Standard Technology Co., LTD were used for degradation

tests.

2.2 Preparation of PEG-modified lignin/PLA biocomposites

2.2.1 Steam-explosion (SE) pretreatment



Beech sawdusts (200g) were impregnated in 1% sulfuric acid solution for 15
hours. After soaking, the solids were removed and dried at 50 °C for 24 h. Then the
impregnated beech wood were putted into the steam explosion device, and the steam
explosion experiment parameter was 210 °C for 2.5 min. After treatment, the biomass
were collected from steam explosion device, and the filtered solid residue was washed

with distilled water to remove the degradation substances, and dried at 70 °C for 48 h.

2.2.2 Soda lignin preparation

The steam explosion treated biomass was placed in a 500 mL flask, 1% NaOH
solution was added in flask. The flask was putted ia thermostat water bath at 80 °C for
2 h. After extraction, the filtered solid residue was washed to neutral, dried at 70 °C
for 48 h. The pH value of the filtrate was adjusted to 5.0 - 5.5 by 5 mol/L H,SO,
solution, and then the mixture was thoroughly dialysis with distilled water (dialysis in
a 5 L container for 1 week; Change the distilled water twice a day). After

centrifugation (12100 rpm, 10 min), the soda lignin was dried at 40 °C for 48 h.

2.2.3 Polyethylene glycol (PEG)-modified lignin preparation

PEG-600 containing 0.3% sulfuric acid was reacted with the steam explosion
treated biomass at 140 °C for 90 min, and the solid-liquid ratio was 5/1. After the
reaction, 0.2 mol/L NaOH solution was added in the mixture as diluent and stirred
evenly. Then the solid residue after vacuum filtration was washed and filtered with

distilled water. The liquid phase was evenly mixed with the washed water. The pH of



the filtrate was adjusted to 5.0-5.5 with 5 mol/L H,SO, solution, and then the mixture
was thoroughly dialysis with distilled water (dialysis in a 5 L container for 1 week;
Change the distilled water twice a day). After centrifugation (12100 rpm, 10 min), the

PEG-modified lignin was dried at 40 °C for 48 h.

2.2.4 Composite filament preparation

Polylactic acid (PLA) was ground into powder by a grinder to ensure adequate
mixing with the lignin. PLA and lignin were dried at 80 °C for 6 hours, respectively.
The composition of the filaments was according to the Table 1. Twin-screw extruder
(Thermo Science ™ Process 11, Villebon-Sur-Yvette, France) was used to mix PLA
powder and lignin, and the two mixing zones of the screw profile can guarantee a high
level of uniform dispersion of lignin in PLA. The twin-screw extruder had 8
temperature zones, the setting range was 1- 8: 154 -C, 160 °C, 170 °C, 175 °C,
178 °C, 180 °C, 180 °C, 180 °C, 180 °C. The screw nozzle diameter was 4 mm. The
speed was set at 50 rpm. By controlling the rotation of the spool and the speed of the
conveyor belt, a filament with a diameter of 1.75 £ 0.1 mm that can be used for 3D
printing was obtained, and these filaments were dried at 50 °C for 24 h to remove free

water from the surface.

Table 1 The composition of the filaments

Sample notations PLA (wt%)  Soda lignin (wt%) PEG modified lignin (wt%)

PLA 100




PLA-L10 90 10

PLA-L20 80 20
PLA-L30 70 30

PLA-PL10 90 10
PLA-PL20 80 20
PLA-PL30 70 30

Note: PLA- Polylactic acid, L-Soda lignin, PL- PEG modified lignin.

2.2.5 D printing process

The FDM printer used in the experiment was MakerBot Replicator 2 (MakerBot
Inc., USA), and the software for regulating and monitoring in the 3D printing process
was Repetier Host 1.0.6. A 3D dynamic mechanical analysis (DMA) model with the
dimensions of 40 mmx10 mmx2 mm was prepared, and a dog bone sample according
to ASTM D638 type V was obtained. The filaments used for 3D printing were
prepared by the twin-screw extrusion mechanism, the diameter of the filaments were
controlled at about 1.75mm, the temperature of the nozzle during printing was 210 °C,
the temperature of the working platform was 60 °C, the filling Angle was set to 45°,
the filling type was selected as 100% solid filling, the filling interval was selected as

0%, and the sample printing speed was 30 mm/s.

2.3 Lignin characterization

2.3.1FTIR



The chemical structure of lignin was analyzed by Fourier transform infrared
spectrometer (Thermo Electron Nicolet 380, Thermo Scientific, United States). First,
the dried lignin and potassium bromide powder were fully ground in a mortar and
pressed into tablets. Then the prepared potassium bromide tablets were placed into the
instrument and scanned 32 times at room temperature in the range of 4000 - 400 cm™.

The resolution was 4 cm™, and the data collection was completed.

2.3.2 Lignin composition

Lignin composition was analyzed according to the analytical methods of the
National Renewable Energy Laboratory (NREL). 0.1 g sample was treated with 4mL
(72% H,SO, ) at 40 °C for 60 min. Then, the mixture was diluted to 4% and
autoclaved at 121 °C for 67min. Glucose, pentose, and ethanol were tested by HPLC
(UltiMate 3000, Thermofisher, USA) with UV and parallax detectors. The mobile

phase was 5 mmol / L H,SO4. The flow rate was 0.6 mL/min.

2.3.3 Gel permeation chromatographic (GPC) analysis

The molecular weight of lignin [25] was determined by gel permeation
chromatography (GPC, Agilent1200, USA). A certain amount of the sample was
accurately weighed and dissolved in tetrahydrofuran (THF) to obtain 2 mg / mL
solution. The solution was filtered by an organic filter with a pore size of 0.22 pm,
and then proceeded to the chromatographic column (PLgel Mixed-D, 7.5 x 300 mm,

Agilent, USA). The mobile phase was pure THF, and the flow rate was | mL / min.



The injection volume was 10 ulL. The standard curves were calibrated with four
polystyrene standard samples of different molecular weight (molecular weight: 66000,

9200, 1320 and 580 g/mol, respectively).

2.4 DSC

The crystallization and melting behavior of the samples were measured by
differential scanning calorimetry (DSC, 204 F1,Germany Nechi instrument
manufacturing Co., LTD ). The sample was taken about 4g, and putted into the
aluminum crucible. The samples were heated from room temperature to 200 °C at a
rate of 10 °C / min. After the heating stops, the temperature was stopped for 5min to
eliminate the thermal effect, and then the temperature was cooled to room temperature
at 10 °C / min. After the cooling was completed, the temperature was kept for 5min.
At last, the temperature was raised from room temperature to 200°C at 10°Gmin. The
crystallization behavior and melting behavior of the samples under different
conditions were studied by analyzing the DSC curves during cooling and second
heating. The crystallization percentage (X;, %) was estimated using the following

equation:

H —H
X (%) = —"—%x100 % @
H xw

Note: X. was crystallinity. Hcc was enthalpies of crystallization. Hm was
enthalpies of Melting. H® was the enthalpy of PLA when completely melted, its

value was 93.7 J/g. w was the weight fraction of PLA.



25 TGA

The thermal stability of the material was carried by a TG209 thermogravimetric
analyzer (Netzsch, Germany). The test weight of the sample was 8 mg. The test
environment was nitrogen atmosphere and the protection gas was also nitrogen. The
flow rates were 20 mL / min, the heating rate was 10 °C / min, and the test
temperature ranged from room temperature to 800°C. The thermogravimetric curve

was obtained by scanning.[] []

2.6 DMA

DMA was performed in single cantilever mode using a dynamic
thermo-mechanical analyzer (SDTQ800, VV21.3, Build 96, USA). The test temperature
was raised from room temperature to 100 °C, the heating rate was 5 °C / min, the
frequency was 1 Hz, and the strain was 0.3%. The dynamic mechanical properties
were tested in an air atmosphere, and the storage modulus (E"), loss modulus (E") and
loss factor (zand) of the sample were measured and recorded. All mechanical

properties data were based on the average results of 5 different tests.

2.7 Mechanical testing

The dog bone samples were tested by EN 1SO 527:1996 on instron tensile testing
machine (Model 5569, Norwood, MA, USA). The tensile test rate was 1 mm / min,
the bending rate was 1 mm / min, and the maximum bending tolerance was 6mm. The

tests were carried out at room temperature. 5 samples were taken from each group for



testing, and the average value was obtained.

2.8 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM, Quanta 200, FEI, Netherlands) was used to
observe the fracture surface morphology, the distribution of each phase component
and the interface bonding of the composite. Before the test, in order to make the
sample better conductive imaging, it was necessary to spray gold twice under vacuum

conditions.

2.9 Water absorption

The water absorption of composite materials was carried out in accordance with
the Chinese standard GB/T1034-2008 "Experimental method for Water absorption of
plastics”. First, the composite materials were dried in an oven at 80 °C for 6 h to
remove free water, and then its weight (W) was weighed with an analytical balance.
After weighing, the sample was putted into a 500mL beaker and an appropriate
amount of distilled water was poured into it to make sure that the sample can be
completely immersed in water for 50 days. After 50 days, the composite materials
were dried in vacuum drying at 80 °C for 6 hours. Then the weight was recorded as
W;. Five samples were measured in each group, and the test results of the five
samples were averaged to ensure the accuracy of the experiment. The water
absorption of PLA biocomposites were calculated according to the following

equation:



W, -w,|

W

0

« 100 )

Water absorption (%) =

2.10 Immersion in solvent

The PLA / lignin composite was cut into 2.5 x 30 x 2 mm sample, and placed in
buffer solution (pH = 4, pH = 10) and PBS solution (pH 7.4) at room temperature for
hydrolysis performance test. The initial weight (Wy) of each sample was recorded
before testing. After 50 days in solution, the sample was washed by distilled water,
dried in an oven at 40 °C for 24 h, and the weight of each sample was recorded as W;.

The weight loss was calculated according to formula (2).

3. Results and Discussion
A figure describing the method of production of lignin could help ! + one or 2
sentences here to explain the process in short
3.1 Lignin characterization
3.1.1FTIR

Two kinds of lignin were preliminarily analyzed by FTIR. The result was shown
in Fig. 1. The FTIR band fractions of lignin was shown in Table 2 [26]. In Fig.1a, the
characteristic peak of -OH in the lignin extracted by PEG delignification shifted
toward a lower wave number (3345 cm™) compared with soda lignin (3423 cm™). The
results showed that the molecular structure of PEG and lignin formed a large degree
of intramolecular hydrogen bond. The absorption peak strength at 2873 cm™ was

higher than that of soda lignin, due to methylene and methyl groups in PEG-modified



lignin [27]. As can be seen from Fig. 1b, new peaks appeared at 1352 cm™ and 1250
cm™, which belonged to C-H shear vibration and C-O shear vibration of PEG
respectively. In addition, compared with soda lignin, the ether groups of
PEG-modified at 1121 cm™ lignin were widened and moved toward lower wave
number. New peaks were appeared at 1111 cm™ and 949 cm™. In fact, 1111 cm™ and
949 cm™ assigned to the vibrations of C-O-C and C-OH in PEG [28], respectively. It
should be noted that the characteristic signals of the PEG group remain present even

after intensive washing of the PEG-lignin, suggesting a covalent graft.

(2) (®)

— Lignin — Lignin
— PEG modified Lignin ~—— PEG modified Lignin
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1111

Transittance (%)
Transittance (%)

1706

T T T T T T T T T T T T T T T T T
4500 4000 3500 3000 2500 2000 1500 1000 500 0 2200 2000 1800 1600 1400 1200 1000 800 600 400 200

Wavenumber (cm™) Wavenumber (cm")
Figure 1 FTIR spectra for different lignin samples (a) lignins within 4000-400 cm™,

(b) lignins within 2000-400 cm™

Table 2 Position and assignment of IR bands measured by FTIR

Band (cm™)  Vibration Assignment

3423 phenolic OH + aliphatic OH
O—H stretching vibration
3417 phenolic OH + aliphatic OH +




3345

2942

2873

2850

1706

1596

1505
1455

1421

1352
1326
1269
1250
1220

1121

1111

1025

949

914

C—H stretching vibration

C-H symmetric stretching in
methyl

C—H stretching in methylene
group

C=0 stretching in unconjugated
ketone

aromatic skeletal vibrations plus
C=0 stretching

C—C stretching vibration

C—H deformations

C—C stretching vibration

C—H shear vibration

C— O stretching vibration

C— O stretching vibration

C— O stretching vibration

C— O (H) stretching vibration

C-H in-plane deformation

vibration

C— 0 — C, stretching vibration
Aromatic C-H in  plane

deformation

C-OH, asymmetric scissoring
vibration
Ar C-H, out-of-plane

PEG OH

phenolic OH + aliphatic OH +
PEG OH

CHsz + CH;

CH3; + CH»

OCHjs

aromatic skeleton

CHsz + CH;

aromatic skeleton combined with
C-H in plane deformations

PEG CH;3; + CH,

S

G

PEG

phenolic OH




deformation vibration

C-H, out of plane in positions 2,
827 G+S
5and 6

3.1.2 Lignin composition

Table 2 showed the yield and composition of the two kinds of lignin. In both cases,
acid insoluble lignin (AIL) was greater than 90%, indicating that the lignin prepared
in this study had high purity. After acid-catalyzed PEG delignification, the purity of
lignin was improved to a certain extent. In addition, according to previous study [29],
some residual carbohydrates that may come from the lignin-carbohydrate complex
have been detected. The contents of glucose and xylose after alkali delignification
were higher, indicating that this method promoted the degradation of polysaccharides

in a larger extent.

Table 3 Lignin yield and carbohydrate compositions of the lignin fraction

Yield Compositions (%)
Sample

(%) AIL Glc Xyl Ara Gal Rha GalUA GIcUA Total
Soda  14.39 94.14 0.74 0.05 023+ 021+ 1.04

lignin + * *

I+

0.01 0.01 *




121 175 0.09 0.01 0.07

PEG 13.57 99.03 0.39 0.85
020+ 0.13%
modified + + + +
0.01 0.01
lignin 1.01 118 0.01 0.01

3.1.3 GPC analysis

The weight-average molecular weight (Mw) and number-average molecular
weight (Mn) of lignin were measured by GPC. The Mw, Mn and Mw/Mn of milled
wood lignin was Mw=1926 and Mn=1265, Mw/Mn=1.52. It can be seen from Table 4
that the Mw, Mn and Mw/Mn of both soda lignin and PEG modified lignin was
decreased, mainly because steam explosion promotes the hydrolytic breakdown of
lignin B-O-4 inter-units and reduced its molecular weight [28, 30]. It was also found
that the Mw and Mn of PEG modified lignin were higher compared to soda lignin,
confirming the pegylation reaction between PEG and lignin [30]. In addition, the
dispersion index (Mw/Mn) of PEG modified lignin increased, indicating that PEG
delignification not only degraded the lignin macromolecules to a some extent, but also

led to an increase of molecular weight heterogeneity.

Table 4 Weight-Average Molecular Weight, Number-Average Molecular Weight, and

Mw/Mn of Lignins

Sample My M Mw/M;,

Soda lignin 701+11 4337 1.62 +0.04




PEG modified lignin 1231+ 12 672+8 1.83 +0.03

3.2 DSC

Fig. 2 gave the differential scanning calorimetry (DSC) of Lignin/PLA
composites, and Table 5 was the transition temperatures and enthalpies of PLA and
PLA/lignin composites. As shown in Fig. 2 and Table 5, the glass transition
temperature (Tg) of pure PLA was 59.3 °C. The soda lignin/ PLA composites
(PLA-L10, PLA-L20, PLA-L30) had two melting peaks [20], which were due to the
melt - recrystallize - melt process of PLA. The pure PLA at melting temperature had
only one peak, but in soda lignin /PLA, except for the 10% composite material, the
other composite materials exhibited two melting peaks. This observation may be
explained by a change in the crystallization behavior of the PLA matrix in the
presence of lignin, with the region showing imperfect crystallization melting at a
lower temperature.. The melting temperature with a perfect crystallization degree is
lower, showing that the composite material had two melting absorption peaks [21]. In
addition, with the increase of soda lignin content, the intensity of the melting peak in
Fig. 2 gradually increased, indicating that the amount of imperfect crystallization
gradually increased. For 10 wt of soda lignin, the Tg of the composite increased to
61.8°C, indicating that the temperature of the softness and rubber properties of the
composite increased to a certain extent. The cold crystallization temperature (Tcc)
was shifted from 119.4°C to 114.4°C, indicating that soda lignin could promote the

cold crystallization of PLA [32]. When lignin content was > 20 wt%, Tg and Tcc of



the composite gradually shifted to low temperature with the increase of lignin content,
because the molecular mobility of PLA matrix was changed by adding soda lignin.

Interestingly, an increase in PLA crystallinity with increasing soda lignin content
has been observed: crystallinity rose gradually from 6.40 % to 9.07 % and then to
13.34 % for lignin contents of 0 % (PLA), 10% (PLA-L10) and 20 % (PLA-L20)
respectively. Based on literature data, this can be explained by a nucleating effect of
lignin on PLA[33]. However, when the lignin content reached 30%, the crystallinity
of the composite (PLA-L30) dropped to 7.79%, due to the complex and irregular
structure of the lignin. The presence of rigid units in the main chain and its
cross-linked structure limit the movement of PLA chains. [20]. In addition, a high
concentration of lignin favors its agglomeration, leading to biphasic separation with
PLA and affecting its ability to crystallize.

The Tg of PEG-modified lignin/PLA composites was slightly higher than that of
pure PLA, indicating that the upper limit for the service temperature of PEG-modified
lignin/PLA was slightly increased, expanding its fields of application. From Fig. 2
and Table 5, compared with the unmodified PLA composites, the melting temperature
(Tm) of PEG-modified lignin/PLA composites had only one peak, indicating that the
melting temperature with complete crystallization was not shifted. On the other hand,
the Xc of PEG-modified lignin/PLA was reduced, probably because of the branched
chain of PEG-modified lignin and the rigid crosslinking structures which restricted
the movement of PLA chains [22], affecting the crystallization ability and

crystallization rate of the composites. Mw, Mn and Mw/Mn of PEG modified lignin



(Table 4) were larger than those of soda lignin, confirming grafting of PEG units and
Tcc also increased (Table 5), probably because of the long chain of PEG which made
the cold crystallization of the composite more difficult [22]. The Tm of modified
lignin/PLA composites was maintained at around 154 °C, and the increase over pure
PLA (153 °C) was negligible, demonstrating that the addition of modified lignin does

not degrade the composites' heat resistance.
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Figure 2 DSC thermograms of PLA and PLA/lignin composites

Table 5 Transition temperatures and enthalpies of PLA and PLA/lignin composites



Sample Tg (°C) Tecc (°C)  Hec(J/g) Tm(°C)  Hm (J/g) Xc (%)

PLA 59.3 119.4 9.4 153.0 154 6.40
PLA-L10 61.8 114.4 27.3 156.9 35.8 9.07
PLA-L20 60.4 111.7 17.4 157.6 29.9 13.34
PLA-L30 59.2 110.9 19.9 154.7 217.2 7.79
PLA-PL10 65.8 122.7 11.2 155.0 17.9 7.15
PLA-PL20 61.6 120.8 141 154.5 18.9 5.12
PLA-PL30 60.4 114.8 17.9 153.1 20.6 2.88
3.3TGA

Fig. 3 showed the thermogravimetric (TG) and derivative thermogravimetric
(DTG) of pure PLA and PLA/lignin composites. It can be seen from the Fig. 3 that the
degradation starting temperature (Tg4s) of pure PLA was 295.5 °C, the maximum
weight loss temperature (Tgmax) Was 357.9 °C, and PLA had been almost completely
thermally degraded at 381 °C. The thermal stability of lignin/PLA composites can be
divided into three degradation stages [20], the first is to evaporate water before
150 °C, the second is mainly the degradation of PLA between 150 - 400 °C, and the
third is the gradual degradation of lignin after higher than 400 °C. As the lignin
content increased, the T4s and weight loss rate of composites decreased, the Tgmax
fluctuated, and the residue rate increased. This indicated an improvement of flame
retardancy of the material, because the residue produced by the thermal degradation

of lignin can effectively prevent the contact of oxygen with the combustion area



(mainly PLA), thereby playing a flame retardant effect [34]. The specific
thermogravimetric analysis data were shown in Table 6.

Compared with unmodified lignin, the Ty and Tgmax Of PEG modified
lignin/PLA composites were increased. An increase in Ty of PLA-PL10 compared
to PLA-L10 from 233.1°C to 299.1°C was observed. This may be explained by lignin
recondensation during the Pegylation reaction of lignin, induced by the acidic
conditions used, producing thermally stable crossed linked lignin substructure.
Compared with the pyrolysis process of pure PLA and unmodified lignin/PLA, the
pyrolysis speed after modification was faster, mainly because PEG branched chain
began to form chain-initiating groups under the effect of thermal activation, which
provided a basis for subsequent chain breaking reactions [22]. After reaching a certain
temperature, the chemical bonds of the molecular chain began to break on a large
scale, which also led to a decrease in residues. These results therefore show an

increase in the thermal stability of PEG-modified lignin/PLA.
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Table 6 Thermal properties of different samples

PLA-L1 PLA-L2 PLA-L3 PLA-PL1 PLA-PL2 PLA-PL3
Sample PLA

Tes/°C 2955  233.1 215.7 210.1 299.1 295.4 296.7

Tdmax/o
357.9 313.8 294 .3 288.4 350.5 346.2 347.1
C
Residue
-- 2.49 9.61 11.61 0.77 6.51 4.82
1%
3.4 DMA

DMA has been widely used to characterize the thermomechanical properties of
composites to understand the viscoelastic behavior of matrix. Fig. 4 showed the
storage modulus (E'), loss modulus (E"), and loss factor (tand) of composites from
room temperature to 80°C. From Fig. 4a, the E' of all samples shows a significant
decrease with increasing temperature. According to the tand in Fig. 4b, the Tg of the
PLA matrix was about 55 °C. PLA deformation is mainly caused by changes in bond
length and angle. When the temperature reached Tg, the segment movement of PLA
caused a peak in tand and displayed the characteristics of rubber. From Fig. 4a, it can
be seen that the initial position E’ value of the composite was higher than that of pure
PLA, indicating that the stiffness of PLA was increased by the addition of soda lignin
and PEG modified lignin [31]. For soda lignin/PLA, Tg decreased with the addition of

soda lignin, probably due to the low li gnin/matrix compatibility. With the addition of



PEG-modified lignin, E’ decreased compared with soda lignin/PLA composites at the
same content, indicating that PEG-modified lignin had some plasticizing effect and
improved the chains flexibility [22]. With increasing PEG-modified lignin content, E’
first increased until reaching a maximum for PLA-PL20. For PA-PL30
agglomeration phenomena leading to biphasic separation can be proposed [22]. These
results are similar to those of ATG.

The Tan 6 was the loss factor, expressed as the ratio of the loss modulus to the
storage modulus. As can be seen in Fig. 4b, the tan & value gradually increased as the
temperature raised until it reached Tg, and then gradually decreased. In accordance
with DSC results, Tg shifted to low temperature with the increase of soda lignin
content, which indicated that the increase of content affected the free movement
ability of the molecular segment of PLA [35]. Tg of PEG-modified lignin/PLA were
higher than those of pure PLA, indicating that the addition of modified lignin was
beneficial in promoting the free movement of PLA segments. Tand value increased,
possibly due to the presence of voids.

The loss modulus (E") was the ability of a material to dissipate applied energy.
E” was sensitive to different molecular movements, transitions, morphological and
structural heterogeneity. The curves of PLA and PLA composites were shown in Fig.
4c. At room temperature, pure PLA was found to have a lower E” than composites
[35], the addition of lignin and PEG-modified lignin leading to an increase in

molecular friction.
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3.5 Mechanical testing

As a degradable polymer material, PLA has high strength and modulus, but the
high price of PLA limits its wide application in agriculture and industry. The
preparation of composite materials by adding cheap lignin to polylactic acid is an
effective way to reduce the price of PLA products. Fig. 5 showed the mechanical
properties the lignin-based composites. The tensile strength and elongation at break
were 67.51 MPa and 6.91% respectively for pure PLA , 51. 23 MPa and 3.71% for

PLA-L10 and 45.71 MPa and 2.72% for PLA-L20, 40.67MPa, and 1.94%. for



PLA-L30. These results clearly indicated that the addition of lignin reduced the
tensile strength and elongation at break of the material. In accordance with literature,
this can be explained by the presence of lignin particles, which disrupt the formation
of long-range continuous phase of PLA molecule [22]. As can be seen from SEM Fig.
6, the larger the size of the filler, the smaller the specific surface area, resulting in a
smaller interface area and stress transfer between the matrix and the filler. In addition,
the hydrogen bonding and polar interactions between soda lignin agglomeration and
PLA matrix may also affect stress transfer between the matrix and filler. This was
consistent with literature reports [36]. At the same time, the addition of soda lignin
increased the tensile modulus of the composite to a certain extent. The tensile
modulus reached 3.74 GPa for PLA-PL10 and 4.15 GPa for PLA-PL30, respectively
5.71% and 18.6% higher than that of pure PLA indicating that the addition of soda
lignin can improve the overall stiffness and modulus of the composite [36].
Interestingly, the tensile strength of PLA-PL10 compared to PLA-L10 increased
from 51. 23 MPa to 62.55 MPa, an improvement of almost 22%. This confirmed the
plasticizing effect of PEG-modified lignin. Combined with Fig. 6, it can be found that
the modified lignin was better dispersed in PLA the particle size being smaller,
resulting in a larger specific surface area, which increased the interfacial force
between the matrix and the filler. At the same time, the intermolecular interactions
between PEG branched chain and PLA further increased the strength of the composite.
For the highest modified lignin content (PLA-PL30) and in line with the previous

results, the decrease of tensile strength (51.41 MPa) observed is justified by



agglomeration phenomenon [22, 37]. The modulus of elasticity of PEG-modified
lignin/PLA composites was smaller than that of unmodified composites because of the
presence of the plasticity of PEG branched chains. All these results show that
PLA-PL10 has excellent overall mechanical properties, preserving the tensile strength

and elongation at break of pure PLA while increasing the material's modulus of

elasticity.
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composites

3.6 Scanning Electron Microscopy
The surface and tear fractured surface of pure PLA and composites were

observed, as shown in Fig. 5 and Fig. 6. From the Fig. 5, even if the content of lignin



or PEG modified lignin was up to 30%, lignin can be uniformly dispersed in the PLA
matrix. With the increase of lignin content, the particle size of lignin gradually
increased. PEG-modified lignin had a smaller particle size than soda lignin at the
same content. When the content of PEG-modified lignin reached 30% (Fig. 6h),
cavities on the surface of the composite were observed due to agglomeration [22].

The SEM for the tear fractured surface of the composite was shown in Fig. 7.
PLA-L10 (Fig. 7b2) had a certain toughness indicating that the material section has a
small amount of tensile wire drawing and has good tensile strength [33, 38]. For
PLA-L20 and PLA-L30 (Fig. 7d2 & Fig. 7f2), a large number of continuous gaps
between PLA and filler appeared in the tear fractured surface of the composite,
indicating a lack of interfacial bonding and a poor compatibility.

At the fractured surface of PLA/PEG-modified lignin composites, except where
the lignin was pulled off as shown by arrows in Fig. 7c2, 7e2 and 7g2, a very good
PEG-modified lignin dispersion was observed and it was even almost impossible to
distinguish the PLA matrix phase from the filler. This observation confirmed the
above speculations regarding the strong force between the PLA and the PEG modified

lignin and justified the improvement of tensile strength previously reported [22, 38].
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3.7 Water absorption and degradation in solvent

Fig. 8a gives the water absorption of lignin/PLA composites with different
lignin contents by immersing in deionized water [39]. As can be seen from Fig. 8a,
PLA/lignin composites displayed higher water absorption than pure PLA and the
water absorption rate increased with the lignin content. This is due to the hydrophilic
nature of lignin and the presence of OH units promoting intermolecular hydrogen
bonds with water molecules [40, 41]. In addition, the presence of pores at the

interface PLA/filler described above for composites with high lignin contents (Fig. 6



and Fig. 7) promotes water penetration after full immersion. On the other hand,
PEG-modified lignin/PLA composites had lower water absorption than unmodified
composites, mainly because a better interface between modified lignin and PLA
matrix [22]. Fig. 8b was the residual amounts of lignin/PLA with different lignin
content composites immersed in three buffer solutions. All samples exhibited higher
degradation rates than pure PLA in the three buffer solutions. The greater the amount
of lignin, the better composite's degradation performance. As seen in Fig 8b,
degradation depends on the pH of the medium: increasing pH favors degradation . At
the same content, PEG-modified lignin/PLA composites showed a lower degradation
rate than soda lignin/PLA composites [42], which was mainly due to the good

compatibility between tPEG-modified lignin and PLA.
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Figure 8 Water absorption of PLA with various lignin contents over 50 days(a) and

degradation in different solvent media over 50 days (b)

Conclusion



In this paper, the comprehensive properties of PEG-modified lignin in PLA
composites were studied. PEG-modified lignin displayed a good dispersion and
compatibility with PLA and increased its melting and glass transition temperatures,
The composite material produced by the mixing of PEG modified lignin and PLA can
not only reduce the cost of high production cost, improve poor heat resistance,
maintain tensile properties, but also make up for the shortcomings of a single material,

achieve complementary advantages, and have good practical value.
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