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ABSTRACT: Renewable and biodegradable UV-blocking films are in high demand for the increasing need of sustainable
environment. Lignin can offer significant UV absorption, but it deteriorates the mechanical properties of films at a high content.
In this effort, biobased 10-undecenoic and oleic acids were successfully grafted on soda lignin via solvent- and catalyst-free
processes, as confirmed by *'P and '"H NMR and Fourier transform infrared (FTIR). The resulting lignin ester derivatives and
neat lignin were then melt-blended with a biodegradable poly(butylene adipate-co-terephthalate) (PBAT) to prepare UV-
protective films. The incorporation of the modified lignins into the PBAT matrix exhibited good dispersion of lignin particles
with almost unaffected tensile properties as well as good thermal stability for up to 20 wt % loading of lignin derivatives. The
resulting films showed excellent UV-barrier property with 10 wt % lignin loading, having full protection in the whole UV-
irradiation range (280—400 nm). The UV protection of prepared films proved persistent even after UV irradiation for SO h, and
their transparency was evidently enhanced. This work demonstrates a very promising procedure to produce high-performance

and biodegradable PBAT—lignin UV-blocking films.
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B INTRODUCTION

Lignin is the second most abundant renewable and biodegrad-
able natural resource on the Earth after cellulose and the main
one based on aromatic units.”” Lignin chemical structure
originates via an enzyme-mediated dehydrogenative polymer-
ization of phenyl propanoic precursors such as coniferyl, sinapyl,
and p-coumaryl alcohols,” forming a random three-dimensional
polymeric network,* which may strongly differ depending on the
botanical origins.” The low-cost lignin production possesses
numerous advantages, for example, high carbon content,
biodegradability, and antioxidant and antibacterial activities.
However, only less than 2% of the approximated 50 million tons
of lignin produced from pulping processes per year is employed
as high-value products,”® while the rest is simply treated as
waste and used in low-value applications, such as for heat and
electricity generation.” Its brittle nature and incompatibility with
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other polymer systems are some of the main obstacles in creating
lignin-based, high-performance materials. One of the feasible
strategies to break the intrinsic constraints of lignin is by chemical
modification.'® In particular, its aliphatic and phenolic hydroxyl
(OH) groups can be readily used as a platform for esterification
or alkylation, or even for chain extension.'' The acyl donors
generally used in esterification are short-chain fatty acids,'* while
the esterification of lignin with long acyl chain compounds have
been utilized to prepare biobased composites of polyethylene
(PE) (Cyy, Cis and Cls);lz'ls polypropylene (CIS))14 and
polystyrene (Cy5)."> The effects of esterification with long fatty
acids can significantly lower the glass transition temperature of
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lignin esters, even at a low degree of substitution, and improve
the melt-flow properties of lignin—polymer blends."

Among the previous studies on lignin polymer composites,
those based on biodegradable polymer matrixes are still limited.
Lignin acts as an additive in the preparation of starch composite
bloﬁlms '917 1t has also been blended within polylactic acid
(PLA)"® and used as reinforcement for polybutylene succinate
(PBS)" and poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV).”” Poly(butylene adipate-co-terephthalate) (PBAT) is
a synthetic biodegradable thermoplastic copolyester, possessing
comparable mechanical properties to PE.”' Extensive research
and development have been carried out with PBAT in recent
decades due to its wide use in applications such as food
packaging, agriculture, and biomedical fields.”>** Despite the
numerous potential applications, its high production costs and
poor stability under irradiation, which results in severe
deterioration of its mechanical properties, still represent the
mam hmltatlons, especially for the use of PBAT as a mulching
film.”* Lignin, possessing high UV absorption®® and low cost,
may potentially contribute to elegantly overcome the afore-
mentioned limitations of PBAT. Previous studies reported the
effective dispersion of lignin in PBAT, with particle size ranging
from ca. 0.4 to 2.5 pm, leading to a retention of toughness and
slight improvements in yield stress and tensile modulus.”®
Recently, Sadeghifar et al. prepared cellulose—lignin films,
showing that lignin offers significant UV absorption to the
films with the drawback of deterloratlng the mechanical
properties of original cellulose films.”” Lignin-g-PLA copolymers
were synthesized and utilized as well-dispersed UV blockers in
PLA matrix. However, the tensile properties of the composites
with either virgin lignin or modified lignin used at a h1§her
content (4.4 wt %) also decreased compared to neat PLA.”

The present work reports for the first time the blending of
PBAT with lignin modified with biobased oleic and 10-
undecenoic acids. The modification of lignin was achieved
under solvent- and catalyst-free conditions, leading to the
esterification of both phenolic and aliphatic hydroxyl groups, as
confirmed by *’PNMR, '"H NMR, and FTIR. Neat and modified
lignins, 10-undecenoyl lignin (UCL) and oleoyl lignin (OEL),
were then melt-blended with PBAT, and the resulting
composites were processed into thin films by compression
molding. The thermal properties of the produced films were
characterized by differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA). Optical and mechanical
properties, as well as morphology of PBAT—lignin films, were
evaluated by UV—vis spectroscopy, tensile testing, and scanning
electron microscopy (SEM), respectively. The UV-protection
capability of the PBAT—lignin films was investigated, and the
UV-blocking stability of films under UV irradiation was also
reported.

B EXPERIMENTAL SECTION

Materials. Alkaline soda lignin (SL, Protobind 1000) was supplied
by Green Value SA (Switzerland). It is a sulfur-free lignin recovered
from a mix of wheat straw (Triticum sp.) and Sarkanda grass (Saccharum
officiarum), obtained after extractlon and fractionation according to the
corresponding patented process.”” SL is a low-molar-mass lignin with 2
high degree of condensation and low content in residual ether bonds.*
The lignin has a M, of 838 g-mol ™" and initial content of OH groups of
5.2 mmol-g™" calculated by *'P NMR accordmg to standard protocol
and reported in the previous work of Buono et al.** The lignin was used
as received without further purification.

Oleoyl chloride (>80%), 10-undecenoic acid (98%), and oxalyl
chloride (>98%) were purchased from TCI Europe; ethyl acetate

(99.6%, ACS reagent) and methanol (>98%, ACS reagent) were from
Fisher Scientific; 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane
(95%), chromium(III) acetylacetonate (99.99%), cholesterol (>99%),
chloroform-d (100%, 99.96 atom % D), and dimethyl sulfoxide-d
(100%, 99.96 atom % D) were from Sigma-Aldrich; and tetrahydrofuran
(THF) (99.99%) was from Carlo Erba Reagents. All chemicals were
used as received without further purification.

Poly(butylene adipate-co-terephthalate) (PBAT) pellets (Biocosafe
2003 F) were kindly provided by Xinfu Pharmaceutical Co., Ltd., China.
PBAT has a density of 1.26 g-cm™, a melt index of 3.5 dg-min™" (ISO
1133, 190 °C/2.16 kg), an aromatic-to-adipic molar ratio of 45:55, M,, of
39700 g'mol™, and a polydispersity index of 2.9. It was dried in a
vacuum oven at 50 °C for 24 h prior to use.

Syntheses. Chlorination of 10-Undecenoic Acid. The 10-
undecenoic acid (25 g, 135.7 mmol) was placed in a two-necked 250
mL flame-dried, round-bottom flask flushed with argon and charged
with a stirring bar. After addition of ethyl acetate (35 mL), the solution
was then cooled to 0 °C in a nitrogen atmosphere. An excess of oxalyl
chloride (17.5 mL, 203.5 mmol) was then added dropwise at 0 °C in 15
min. The mixture was then kept at 50 °C for an additional 3 h. The
excess of oxalyl chloride and solvent were evaporated under vacuum.
The 10-undecenoyl chloride was finally obtained in 95% yield as a clear
yellow liquid and used without any further purification. 'H NMR (400
MHz, CDCl,, 6 (ppm)): 5.80 (1H, m, =CH-), 4.96 (2H, m, H,C=),
2.88 (2H, t, CH,COCl), 2.04 (2H, m, CH,CH=CH,), 1.71 (2H, m,
CH,CH,COCI), 1.42—1.21 (10H, aliphatic chain’s protons); *C NMR
(400 MHz, CDCI3, & (ppm)): 173.64 (COCI), 139.02(=CH-),
11422 (H,C=), 47.11 (CH,COCl), 33.79 (C—CH=CH,), 29.19—
28.43 (aliphatic saturated carbons), 25.08(CH,CH,CO); IR (cm™):
3078 (=C—H stretching), 2929 and 2856 (C—H saturated stretching),
1802 (C=OClI stretching), 1641 (C=C stretching), 1443 and 1404
(C—H saturated bending), 994—911 (C—C== stretching), 724 and 681
(=C—-H bending).

Functionalization of SL. The SL was esterified by either 10-
undecenoyl chloride or oleoyl chloride with 1.0 equiv to the initial
amount of hydroxyl groups in SL calculated by *'P NMR (5.2 mmol
g™"). The resulting lignin derivatives were named as 10-undecenoyl lignin
(UCL) and oleoyl lignin (OEL). These reactions were carried out at 65
°C for 48 h without any solvent and catalyst.>** Methanol (100 mL)
was added at the end of the reaction, and the mixtures were stirred for
another 30 min to quench the unreacted chlorides. After the solvent was
removed under vacuum, the products (UCL and OEL) were dried under
vacuum for 24 h and further used without any additional purification.
Master batches of ~40 g of UCL and OEL were prepared.

Film Processing. Extrusion Step. The PBAT was extruded with 10
and 20% (w/w) of neat and modified lignins in a twin-screw
microcompounder (Xplore 15 cc, DSM, Geleen, Netherlands) with a
nitrogen purge. The processing temperature was set at 130 °C, and the
screw speed was 100 rpm. In total, 10 g per batch was introduced in the
microcompounder for a total extrusion time of 7 min (with
recirculation) to produce strands with diameters of 3—5 mm.

Hot-Pressing Step. The extruded strands were cut into S mm length
pieces and pressed by a Carver 3851-0 hot-press machine (Wabash,
U.S.A.) to obtain thin films with thicknesses of 60—90 ym. The plate
temperature was set at 140 °C. After melting the PBAT—lignin blends
for 5 min and several degassing steps, the samples were pressed into
films with a pressure of 250 bar for S min and then cooled down to room
temperature under pressure with a water circulation within the plates.
The extrusion and hot-pressing steps were also conducted on virgin
PBAT pellets serving as a blank control group.

Irradiation of the Films. The PBAT-based films were irradiated for
S0hin a Suntest CPS+ chamber (Atlas, Linsengericht, Germany), which
made use of a xenon lamp and a solar standard filler (filter according to
COLIPA and DIN 67501). The condition of simple daylight 400 W-m™>
and black-panel temperature at 63 °C was adopted.

Characterization. NMR Spectroscopy. When magnetic resonance
techniques were applied to untreated lignin, the resulting spectra were
unable to provide its quantitative structural information, as signal
overlap occurred between the various types of hydroxyl groups present
in lignin. To elucidate the fundamental structural details of lignins, the
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Scheme 1. Esterification of Soda Lignin (SL) To Yield 10-Undecenoyl Lignin (UCL) and Oleoyl Lignin (OEL)
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phosphorus reagents were used to derivate their labile protons. The
resulting phosphorus-tagged lignin polymers were then measured by the
solution phosphorus-31-based NMR methods.*® In the present work,
the *'P NMR analysis was performed on lignin samples phosphytilated
with 2-chloro-4,4,5,5-tetramethyl-1,3,2- dioxaphospholane, using cho-
lesterol as internal standard, according to standard protocol.>* One
hundred twenty-eight scans were recorded with a 15 s delay and a
spectral width of 80 ppm (180—100 ppm). For quantitative "H NMR
analysis, ~20 mg of lignin was dissolved in 0.5 mL of dimethyl sulfoxide
(DMSO-d) before the addition of 100 uL of a standard solution of
pentafluorobenzaldehyde (PFB) in DMSO-d. All NMR spectra were
recorded on a Bruker Ascend 400 MHz spectrometer. Thirty-two scans
were collected with a 10 s delay.

FTIR Spectroscopy. FTIR spectroscopy with attenuated total
reflectance (ATR) mode was used to characterize the chemical structure
of the films. The FTIR-ATR spectra were acquired using a Bruker
Tensor 27 (Ettlingen, Germany), over the wavelength range of 4000—
400 cm™" with 40 spectral scans.

UV—Vis Absorption Spectroscopy. The UV—vis absorption spectra
of SL, UCL, and OEL were performed for 250—700 nm range with a
Lambda 35 UV/vis spectrometer (PerkinElmer, Shelton, U.S.A.). For
samples with 1,4-dioxane as solvent, the 1,4-dioxane was also scanned at
the same wavelength as baseline. The % transparency of the PBAT and
PBAT—lignin films in the280—700 nm range was also determined with
transmission mode.

Thermogravimetric Analysis Coupled with Mass Spectrometry.
The TGA tests of SL, UCL, and OEL were carried out using a STA
409PC Luxx apparatus from NETZSCH (Selb, Germany). The samples,
~30 mg each, were heated to 800 °C at a heating rate of 10 °C-min~"
under argon atmosphere (flow rate = 90 mL-min~'). The evolved
species were continuously collected through a heated transfer line to a
quadrupole mass spectrometer (NETZSCH Aeolos QMS 403C).

Differential Scanning Calorimetry. The DSC thermograms of all the
predried samples were recorded on a TA DSC Q200 calorimeter (TA
Instruments). The lignin samples were first heated to 105 °C and
maintained at this temperature for 15 min to erase thermal history. They
were then cooled to 0 °C, followed by heating to 200 °C. The glass
transition temperatures (Tg) were obtained on the second heating run.
For PBAT—lignin blends, typical heating/cooling/heating cycles from
—70—180 °C at a heating/cooling rate of 10 °C-min~" were used. The T,
and melting temperature (T,,) were collected on the second heating run,
while the melt crystallization enthalpy (AH,.) was obtained on the
cooling run. All the measurements were conducted under nitrogen
atmosphere.

10344

Uniaxial Tensile Test. The tensile properties of the film samples were
tested under room temperature with an Instron 5967 universal testing
machine (Norwood, MA, U.S.A.) according to ASTM D882. They were
dried previously in a vacuum oven at 40 °C and successively
preconditioned for 48 h under the environmental condition of
measurement. At least five dumbbell-shaped specimens of 12.5 mm
wide and 75 mm long were tested for each sample. The drawing speed
employed was SO mm-min .

Scanning Electron Microscopy. The microstructure of PBAT —lignin
composites was investigated using a Quanta FEG 200 environmental
scanning electron microscope (FEI, Eindhoven Netherlands). The
strands extruded from the microcompounder were cryo-fractured in
liquid nitrogen, and their fractured surfaces were observed. The SEM
images were obtained at a pressure of 150 Pa, acceleration voltage of 15
kV, and electron beam spot size of 3.0—3.1.

B RESULTS AND DISCUSSION

Syntheses and Characterization of Lignin Derivatives.
The OH groups in SL were esterified by either 10-undecenoyl
chloride or oleoyl chloride, leading to the formation of pendant
hydrophobic aliphatic chains. Similarly to previous reports,* the
10-undecenoyl acid was first converted into its corresponding
chloride to increase the reactivity (Scheme 1). As the
esterification is conducted under solvent- and catalyst-free
condition, such a modification can also be applied to the
sulfur-containing kraft lignin,lz’m’15 which is much more
prevalent than the soda lignin.

The success of the esterification was evidenced by *'P and 'H
NMR, as well as by FTIR. As mentioned in the Experimental
Section, the *'P NMR measurements were performed on lignin
samples previously phosphytilated with 2-chloro-4,4,5,5-tetra-
methyl-1,3,2-dioxaphospholane, which allowed for determining
the overall distribution of hydroxyl groups present in lignin. In
the neat SL *'P NMR spectrum (Figure 1), the signals arising at
148.5—145, 144—136.5, and 135.2—133.2 ppm (DMSO-dj) are
assigned to the phosphotriesters of the aliphatic hydroxyl (OH),
phenolic (OH), and carboxylic groups of lignin, respectively. The
spectra of the modified lignins reveal full disappearance of the
aliphatic OH group signals (148.5—145 ppm), indicating
complete esterification of the aliphatic OH groups. However,
there are still some traces of phenolic signals, indicating a lower
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Figure 1. Quantitative *'P NMR spectra of neat lignin (SL), 10-
undecenoylated (UCL), and oleoylated (OEL) lignins with signal
assignments.

conversion ratio with respect to the values recorded for the
aliphatic counterparts.'>*® These results are in good accordance
with the previous study by Buono et al,, which reported that
~15% of the aliphatic OH groups could not be accessed,
probably because of steric hindrance.™

The successful modifications of SL were further confirmed
using 'H NMR and FTIR spectroscopy. The 'H NMR (Figure
2a) of OEL shows a strong signal at 5.32 ppm belonging to the
C=C double-bond protons (2H, signal a). The methylene
groups in oleoyl chain result in signals in the region of 1.25—1.51
ppm (22H, signal b), except for the protons close to the double
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Figure 2. 'H NMR (a) and FTIR (b) spectra of neat (SL), 10-
undecenoyl (UCL), and oleoyl (OEL) lignins.

bond appearing at 1.99 ppm (2H, signal ). The terminal chain
protons give rise to the signal at 0.86 ppm (3H, signal d), and
those in a position to the ester linkage appear at 2.28 ppm (2H,
signal e). A similar '"H NMR spectrum is obtained for UCL with
the exception of the vinylic protons appearing at 4.95—5.78 ppm
and the absence of the terminal CHj signal. The double-bond
proton’s signals are free from overlap with other lignin-related
signals and thus were used to quantify the amount of oleoyl and
undecenoyl chains grafted, which were 2.09 and 2.38 mmol'g_l,
respectively.

Considering the initial content of OH groups in SL and the
mass increased by the grafting reaction, the theoretical content of
acyl groups (7,,1) in the resulting derivatives can be calculated by
eq 1,

[OH] ot

1+ [OH]tot X Mgraftedchain (1)

where [OH], is the total content of OH groups in SL (5.2
mmol-g™") and M raftedchain Tefers to the molar mass of the grafted
chain, which for oleoyl and undecenoyl chains are 264.37 and
171.28 mg-mmol~', respectively. The values of Jacyl Were
calculated to be 2.20 for OEL and 2.79 for UCL, which are
quite close to the amounts detected from quantitative '"H NMR
analysis.

The FTIR spectra of the modified lignins confirm a complete
disappearance of hydroxyl group signals (3000—3600 cm™'),
initially present in neat SL (Figure 2b). New absorption bands
corresponding to the phenolic and aliphatic carboxylic esters
were detected at 1757 and 1740 cm™, respectively.’”*"
Moreover, the aliphatic C—H stretching at 2851 and 2924
cm™" markedly increased with increasing hydrocarbon chain
length. Two additional peaks appeared around 535 and 632
cm™), which can be assigned to the double bond C—H bending.

The UV—vis spectroscopic properties of SL, UCL, and OEL
were measured, and the results are shown in Figure 3. Compared

Kooyl (mmol~g_1) =

0.5
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=]
s
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Figure 3. UV—vis spectra of neat SL, UCL, and OEL. The concentration
of all samples in dioxane was 0.02 g/L. The inset highlights the
absorption from 700 to 400 nm.

to neat SL, the absorptions of UCL and OEL in the UV region
decreased significantly, and as evidenced in the inset shown in
Figure 3, the absorption of the modified lignins within the visible
region is also significantly reduced. It is known that the UV
absorption of lignin arises principally from its conjugated
phenolic groups,””** as well as that the color of lignin may be
lightened to some extent by the blocking of free-phenolic
hydroxyl.*' In this work, the esterification of SL consumed most
of the phenolic hydroxyl groups and at the same time increased
its overall molecular weight. Consequently, we observed a
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reduced absorption of the modified lignins in both UV and visible
ranges, compared to neat SL at the same mass concentration in
solution. The results from UV—vis spectra are in good
accordance with NMR and FTIR results.

The thermal stabilities of neat and derivatized lignins (UCL
and OEL) were investigated by TGA, and the results are shown
in Figure 4. Compared to virgin lignin, the value of thermal

a)

100 | —SL
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80} _OEL
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0 1 1 1 1 1 1 1
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0
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Figure 4. TGA (a) and DTA (b) curves of neat SL, 10-undecenoyl
(UCL), and oleoyl (OEL) lignins.

parameter Ty (calculated at mass loss of $%) for oleoyl lignin
remained almost unchanged (from 235.8 to 231.1 °C), but it
markedly decreased for the undecenoyl one, at 183.9 °C (Figure
4a). In addition, the value of residual mass for lignin derivatives
decreased to 29.1 and 17.9% for UCL and OEL, respectively,
compared to 45.7% for untreated lignin.

The coupling of TGA with mass spectrometry was used for the
determination of the species released during thermal degrada-
tion. The evolution of the total ion currents is given in the
Supporting Information (Figures S1—S3). Both lignin deriva-
tives degraded in two steps, with the shape of the differential
thermogravimetry (DTG) curves varied with the nature of acyl
side chains (Figure 4b). Common species were detected in the
first degradation step such as ethylium ions (CH,—CH,+, m/z
29) and propenylium ions (CH,=CH-CH,+, m/z 41),
indicating a probable degradation of the hydrocarbon chains.
Additionally, CO, (m/z 44) was also detected. For the UCL, a
strong signal of butenyl ions (CH,—=CH—CH,—CH,+, m/z 55)
was also observed during this step.

The second degradation step for all the lignins in our study
occurred at ~360 °C, with mainly methylium ions (CHj+, m/z
15) appearing on the spectra. Other signals including carbon
monoxide and dioxide were also detected. This step corresponds
to the demethylation of the lignin guayacyl and syringyl groups,
which is independent of the chemical esterification modifica-
tions.

Differential scanning calorimetry (DSC) was used to study the
effects on the glass transition temperature (T,) provided by the
two fatty acids grafted on SL. Generally, the T, of lignin can be
detected between 90 and 160 °C, depending on many factors
such as the lignin origin, the molecular weight, or the
corresponding extraction process.”” Here, the T, of SL was
detected at 126 + 2 °C, in good accordance with previous
studies.” The OEL derivative possesses a lower T, (103 £2°C),
as effect of the hydrogen-bond quenching (via esterification of
the OH groups) and concomitant increase in free volume
provided by oleoyl chains.** For UCL, the T, spreads over a wide
range of temperature and cannot be precisely detected (DSC
traces are available in Figure S4).

Blends of Lignin Derivatives with PBAT. Neat SL and
lignin derivatives (UCL and OEL) were melt-blended with
PBAT at 10 and 20% loading, respectively, and the resulting
composites were analyzed to investigate the influence of the
modifications on their thermal, physical, and morphological
properties.

SEM provides useful information about the morphology in the
bulk surface of polymer compositions, as presented in Figure S. It
clearly shows that the untreated SL has limited compatibility with
PBAT as large lignin aggregates (~30—40 ym) are visible. As far
as PBAT—UCL sample is concerned, reduced particle sizes (10—
20 pm) are observed, confirming that the esterification of lignin
with undecylenic acid enhances its compatibility with the PBAT
matrix. The OEL also shows very fine particles (within 10 ym)
within the cross-sectional surface; however, the zoomed-in part
of Figure Sd displays some aggregations and existence of
microvoids, indicating phase separation. The higher compati-
bility with PBAT observed for UCL compared to OEL could be
attributed to the chemical similarity between the alkenyl ester
substituents and the repeating butyrate—adipate units within the
aromatic—aliphatic copolyester chains.

The mechanical properties of the PBAT—lignin composites
were then evaluated through tensile testing at room temperature.
From the stress—strain curves shown in Figure S5, it can be seen
that all the materials had typical tensile behaviors for
crystallizable ductile polymers, with yielding and necking
followed by strain hardening. The results are summarized in
Table 1. Neat PBAT films had a tensile strength (o) of 29 MPa,
tensile modulus (E) of 46 MPa, and elongation at break (&) of
660%. The inclusion of SL into PBAT resulted in a clear change
in its tensile properties. As reported in the literature, lignin with
its amorphous 3D structure and the aromatic backbone, when
blended with thermoplastic polymers, generally is able to
enhance their strength and/or stiffness with the drawback of a
significant drop of ductility.*~**

As expected, with the introduction of 10 wt % untreated lignin,
a deterioration for both tensile strength and elongation at break
was observed, as shown in Table 1. When the content of SL
increased to 20 wt %, both parameters dramatically reduced to
~14 MPa and 320%, respectively. In contrary, when blending 10
wt % UCL and OEL in PBAT matrix, the tensile strength
remained almost unchanged compared to neat PBAT, and their
elongation at break slightly improved. On the other hand, the
Young’s modulus dropped to 33.8 + 4.2 and 20.1 + 0.5 MPa,
respectively, for UCL- and OEL-based composites due to the soft
segments of lignin derivatives.”” When the lignin derivatives
content was increased to 20 wt %, both the tensile strength and
elongation at break were reduced to some extent, but the values
remained much higher than those of PBAT—SL composites. The
better preservation of the tensile properties upon esterification
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Figure 5. SEM images of cryo-fractures of PBAT (a), PBAT—SL blend (b), PBAT—UCL blend (c), and PBAT—OEL blend (d). All the blends contain

10 wt % of lignin or its derivative.

Table 1. Comparison of Tensile Properties of Various PBAT—
Lignin Composite Films®

& elongation at o tensile strength  E Young’s modulus

samples break (%) (MPa) (MPa)

PBAT 655 + 652 29 +3.8 46 £ 5.6

PBAT-SL- 418 + 28.4 25 +24 63 £35.5
10%

PBAT-UCL- 689 + 514 29+ 34 34 +42
10%

PBAT-OEL- 679 + 47.6 30+ 34 20+ 0.5
10%

PBAT-SL- 322 £47.5 14+12 62 +£4.5
20%

PBAT-UCL- 632 + 76.6 26+ 3.5 37+ 5.0
20%

PBAT—-OEL- 522 + 788 21 +4.1 23 +£2.5
20%

“Average values and standard deviation of S—6 measurements per
system.

can be ascribed to the presence of the hydrocarbon side chains,
which exhibited a good compatibility with the PBAT matrix,
leading to a better distribution of lignin derivatives in the
composites. The stress-transfer was enhanced, which resulted in
the increase of tensile strength and ductility values and the
reduction in modulus. Similar results have also been reported
with PE-esterified lignin composites.””*” Furthermore, by taking
the standard deviations into account, the tensile test values did
not significantly vary at a higher content of OEL and UCL, but
slightly better tensile properties with the PBAT—UCL
composites could still be observed due to higher compatibility

for UCL with PBAT compared to OEL as discussed above. There
is no doubt that lignin esterification provides significant
improvement in the mechanical performances of PBAT
composites compared to those with neat lignin material.

The thermal properties of the PBAT—lignin blends were then
analyzed by TGA and DSC. TGA and DTG curves of neat PBAT
and PBAT—(modified) lignin composites are shown in Figure 6.
Thermal parameters T, s and residual mass calculated at 700 °C
are summarized in Table 2. It can be observed that PBAT
exhibited the highest initial decomposition temperature (Ty5 =
370 °C). The incorporation of lignins in PBAT resulted in lower
Ty (but still >300 °C with the exception of PBAT—OEL-20%),
while neat PBAT possessed a higher mass loss rate, degrading in a
narrower temperature range. With the exception of neat PBAT,
the degradation of all the lignin composites can be divided into
two steps. The first step was mainly associated with the
degradation of lignins. The increase of acryl chain length and
lignin content prompted the degradation. Because the mass
percentage of oleoyl groups in OEL is higher than that of
undecenoyl in UCL owing to more methylene/methine groups
with oleoyl, and in addition the degradation of acyl chains occurs
at lower temperature than the lignin skeleton, therefore PBAT—
OEL-20% had the lowest Ty 5. The second degradation step was
common to all materials and related to PBAT; however, the
incorporation of lignins decreased the mass loss rate.

The DSC thermograms for neat PBAT and its lignin
composites are illustrated in Figure 7, and the complete thermal
data are summarized in Table 2. The incorporation of lignin into
the PBAT matrix did not markedly affect the global degree of
crystallinity (8.09—9.67 J-g~"). However, it was observed that the
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Figure 6. (a, c) TGA and (b, d) DTG curves of the as-prepared PBAT, PBAT—SL blends, PBAT—UCL blends, and PBAT—OEL blends. The blends

contain (a, b) 10 or (c, d) 20 wt % of lignin.

Table 2. TGA and DSC Results of PBAT—(Modified) Lignin Composites

samples
PBAT
PBAT-SL-10%
PBAT-UCL-10%
PBAT—-OEL-10%
PBAT—SL-20%
PBAT—-UCL-20%

TGA

Tys (°C)
3703
367.3
360.5
336.6
330.1
304.7
2632

char (%)

3.50
6.75
4.98
5.12
9.14
7.53
6.34

T. (°C)
819
744
77.1
792
68.9
81.8
73.1

DSC
AH, (J/g) T, (°C) T, (°C) AH, (J/g)
8.33 -333 119.5 572
9.54 -29.5 117.1 6.09
942 -319 118.0 6.68
8.64 -37.9 117.5 6.17
9.67 -266 115.6 7.53
8.69 -337 114.7 631
8.09 -387 114.4 5.86

PBAT—OEL-20%

a) Cooling at -10 °C min™'

b) 2" heating at 10 °C min"

PBAT

SL-10%
UCL-10%

PBAT
SL10% OEL-10%
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1 o
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Figure 7. Cooling (a) and second heating (b) DSC curves of the as-prepared PBAT, PBAT—SL blends, PBAT—UCL blends, and PBAT—OEL blends.

The blends contain 10 or 20 wt % of lignin.

initial T, of PBAT shifted from 81.9 °C toward lower
temperatures upon the addition of neat lignin to 74.4 °C at 10
wt % and 68.9 °C at 20 wt %. This result indicates that neat SL
hindered the crystallization of PBAT to some extent, probably by
restraining the movement of the polymeric chains. The T, of
PBAT blends slightly decreased, which seems to be influenced
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mostly by the lignin content rather than the varieties of
(modified) lignins. The T, of the PBAT blend with SL was
slightly higher compared to neat PBAT. Such increase in T, is
most likely due to the abundance of rigid condensed phenolic
structures and strong intermolecular hydrogen-bonding inter-
actions in SL, which restrict the polymeric chain mobility.””*"
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Figure 8. (a) Transmittance of the neat PBAT and PBAT—lignin composite films at different levels of lignin loading; (b) effects of UV irradiation on
virgin PBAT and PBAT—UCL-20 wt % films on their light-transmittance behaviors.

The incorporation of the two modified lignins in PBAT triggered
a more pronounced decrease of the T, values, likely as a result of
the soft fatty acid chains grafted onto the lignin. This result was
particularly evidenced in composites with OEL and at higher
lignin content.

The materials were then analyzed by UV—vis spectroscopy in
order to investigate how the (modified) lignins affected the film
UV-blocking capacity. The results of UV—vis characterization for
neat PBAT and its lignin composite films (thickness normalized
to SO ym) before and after exposure under the UV light for S0 h
are plotted in Figure 8. The neat PBAT films protected 92.3% of
the UV—B light (280—320 nm) but had poor UV-barrier
properties in the UV—A range (320—400 nm). All (modified)
lignin—PBAT films exhibited much lower UV transparency,
shading all of the UV—B and majority of UV—A. With 10 wt %
lignin loading, the films had 97—99% of UV absorption in the
UV—A range. The addition of 20 wt % lignin in the films further
decreased the UV transmission and approached almost a
complete block in the UV—A range. The UV-protection
efficiencies of the PBAT-(modified) lignin films are comparable
to the reported values for cellulose—lignin films*” but superior to
those for PLA—lignin,28 nanocellulose—Zn0,>* and nano-
cellulose—carbon dot composite films.”> However, the trans-
mittance of the produced composite films in the visible-light
region was reduced (Figure 8a). The transparency of neat PBAT
film was ~73% (at 550 nm), while the transparency of films with
10 wt % lignin (29—43%) increased with the lengths of grafted
chains in the modified lignins. For films with lignin content of 20
wt %, the transparency of the samples further decreased to 20—
26%.

To investigate the effects of UV irradiation on the film’s UV-
protection stability, neat PBAT and PBAT—lignin composites
were irradiated under UV using a xenon lamp for 50 h and then
analyzed for the UV—vis light transmittance. Transmittance of
neat PBAT film in UV—vis region was slightly decreased after UV
exposure, due to the higher percentage of crystallinity in PBAT
induced by the photodegradation.”* Unexpectedly, the optical
transparency of the PBAT-lignin composites increased
significantly after exposure, particularly for PBAT—UCL-20%
(Figure 8b and Figure S6). The discoloration of lignin can be
attributed to two reactions. Under the UV exposure, phenolic
hydroxyl groups in lignin generate phenoxyl radicals, which will
turn into quinone structures. As quinones are eflicient
chromophores, their photo-oxidization into aliphatic acid
structures will lead to blanching of SL.>* The hydroperoxides
generated during the photooxidation of PBAT matrix could serve
as oxidizers needed in those reactions.’® On the other hand, the
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UV-absorption capacity of the composite materials remained
unchanged in the UV—B range and had slight reduction of UV
absorption (93—98% of UV absorption) in the UV—A range,
particularly for the films having 20 wt % lignin loading (>99% of
UV absorption), suggesting that the films can withstand a
relatively long UV exposure. These results clearly demonstrate
that the incorporation of modified lignin in PBAT matrix can be
applied to produce food packaging bags or agricultural materials,
where UV-barrier property is mandatory.

B CONCLUSIONS

In this study, soda lignin particles were modified by esterification
reaction with 10-undecenoyl or oleoyl chlorides using 1.0 equiv
with respect to total hydroxyl groups available at the lignin
particle surface. The success of the reaction was confirmed by >'P
and 'H NMR as well as FTIR spectroscopies. The undecenoyl-
treated lignin was found to have a higher UV-absorption capacity
but a lower thermal stability than the oleoyl-treated counterpart.
To evaluate the potential of the modified lignin derivatives, they
were blended with PBAT to produce thin films. The undecenoyl-
treated lignin showed better compatibility with the PBAT matrix
than the neat or oleoyl-grafted lignin, as revealed by SEM images.
The introduction of 10 or 20 wt % lignin derivatives provided
significant improvement in mechanical performances of the
composites compared to those with neat lignin. Thermal analysis
showed that, with the exception of 20 wt % oleoyl-grafted lignin,
PBAT—lignin composites possessed good thermal stability (T s
> 300 °C). The introduction of lignin derivatives in the PBAT
film dramatically increased its UV-blocking properties, showing
full absorption of UV light in 275—400 nm range. The composite
films maintained the complete UV-absorption ability but
enhanced the visible-light transparency even after the exposition
to UV irradiation for 50 h. We proved that the grafting of
biobased oleic or undecylenic acids onto soda lignin is a very
promising tool to improve the compatibility of lignin with PBAT
and to impart stable UV-blocking properties, while not negatively
affecting (or even slightly improving) the PBAT mechanical
properties. These biodegradable composite materials, with
tunable optical, mechanical, and thermal properties could be
exploited in the future for the production of food packaging bags
or agricultural materials, where UV-barrier property is
mandatory.
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