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Abstract 

To improve the compatibility of an organosolv lignin (OL) in polylactic acid 

(PLA) blends, a green approach was pursued whereby the lignin was modified 

with propylene carbonate (PC) to increase its aliphatic hydroxyl content, and 

thereby, its reactivity. The oxyalkylated organosolv lignin (OOL, synthesized at 

170 C) was analyzed by quantitative 31P NMR and showed the number of phe-

nolic hydroxyls decreased from 4.73 to 0.16 mmol g 1, and the number of ali-

phatic hydroxyls increased from 3.56 to 3.92 mmol g 1. OOL-g-PLA copolymer 

(OOLPC) samples were prepared by graft polymerization of L-lactide with the 

OOL and showed the molecular weights (Mn) to range from 12,343 to 

16,834 Da, increasing with the lignin loading of the copolymer. Scanning elec-

tron microscope indicated that the graft copolymerization reaction between L-

lactide and the OOL afforded a copolymer that was compatible with PLA. The 

highest increase in elongation at break was 7.43% for the PLA blend films pre-

pared with the OOLPC having a 5.0% loading of OOL; the tensile strength at 

this level of lignin loading was 12.03% lower. Introducing an OL into the blend 

films showed excellent ultraviolet absorption ability and thus the OOLPC 

could be used as a well-dispersed UV-blocking agent for biocompatible packag-

ing materials. 

KEYWORD S  

biocompatibility, copolymers, grafting, membranes 

1 | INTRODUCTION  

The widespread consumption of conventional plastics has 
brought about serious environmental concerns, among them 
being that nondegradable waste plastics now threaten the 
health of humanity.1 There is an emerging trend to increase 
the use of bio-based polymers as a replacement for persistent 
fossil-based polymers.2 Progress  has been made  on the  devel-
opment of cost-effective and environmentally-friendly green 
materials to replace conventional plastics; however, many of 
the alternatives still require property improvements to gain 

widespread use, and there remain opportunities to develop 
underutilized bio-based polymers. An example of the latter 
is provided by lignin, the second largest renewable and bio-
degradable biopolymer after cellulose, that is available as a 
by-product of the paper/pulp industry, and more recently, 
biofuel generation. Even today, lignin is still used for its heat 
value, simply combusted to generate electricity. Therefore, 
to improve the sustainable development and viability of 
biomass utilization, it is necessary to investigate economi-
cally efficient methods of lignin valorization, one of these 
being its incorporation into bio-based plastics. 
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Lignin is a cross-linked phenolic biopolymer material 
having desirable properties such as UV absorption, anti-
oxidant activity, biodegradability, and flame ret-
ardancy.3,4 Lignin can be cracked and converted to bio-
oil fuels and basic chemical feedstocks by thermochemi-
cal conversions such as pyrolysis and oxidation.5,6 Due to 
lignin is rich in reactive moieties such as phenolic and 
aliphatic OH groups, it is a viable candidate for the prep-
aration of green polymer materials.7 Lignin can be used 
as a feedstock for the preparation of bio-based phenolic 
resins, polyurethane foams and epoxy resins.8 In addi-
tion, lignin can also be used in the preparation of mate-
rials such as fuel cells,9 carbon fibers,10 thermoplastics,11 

and polymer films.12,13 

Polylactic acid (PLA), a thermoplastic polymer made 
by ring-opening polymerization of lactide or condensa-
tion of lactic acid monomers is an important sustainable 
polymer material.1 However, its high production cost and 
some undesirable properties, including brittleness, poor 
heat resistance, limited gas barrier properties, and poor 
UV barrier properties, can limit its application. Com-
pared with pure PLA, blends have better thermal stability 
and constant mechanical strength.14 In recent years, 
there have been many reports on blends of lignin with 
PLA, with the aims of improving and enhancing the 
properties of PLA materials and/or reducing production 
costs. Some researchers have prepared lignin-PLA com-
posites with different functions, high impact strength, 
good thermal stability, antistatic properties and/or biode-
gradability by directly mixing lignin with PLA15–17 or 
adding other materials such as PP.18 Acetylation19 or 
esterification modification with maleic anhydride20 can 
improve lignin compatibility with PLA. These blends 
show better thermal stability and constant mechanical 
strength compared to pure PLA; however, the problem of 
poor compatibility of lignin with PLA is not completely 
solved with these blends. 

Self-aggregation of lignin and the high molecular weight 
of PLA can lead to the compatibility issues between these 
polymers. Graft copolymerization is considered as one of 
the most effective methods for lignin modification,21 and 
specifically, by graft copolymerization with L-lactide, stable 
covalent bonds can be formed to improve the adhesion and 
dispersion of lignin in PLA matrices. Thus, lignin-g-PLA 
copolymers have been synthesized to improve the compati-
bility of lignin with PLA. For example, the researchers graft 
polymerization of lactide onto modified lignins, catalyzed 
by triazabicyclodecene, gave lignin-PLA materials with 
enhanced UV absorption and reduced brittleness.22 After 
plasma-induced grafting of a pyrolysis-derived lignin with 
polylactide chains, Dick et al.23 found that compared with  
lignin and lignin-g-PLA copolymer, the modification of the 
lignin particles with the plasma treatment provided the best 

reinforcement of lignin-PLA composites. Alternatively, Kai 
et al.24 prepared different alkylated lignin-g-PLA copoly-
mers by an addition of dodecane to the lignin and then 
ring-opening polymerization to obtain lignin-PLA 
electrospun nanofibers with good antioxidant activity and 
biocompatibility, however, the incorporation of lignin-g-
PLA copolymers did not enhance the mechanical properties 
of the nanofibrous composites. The addition of dodecane to 
lignin was also used by Ren et al.7 to prepare alkylated 
lignin-g-PLA copolymers for toughening PLA; the lignin-
PLA blends prepared by mixing the copolymers and PLA 
showed better UV light blocking, ductility, Young's modu-
lus, and tensile strength. Altogether, studies have shown 
that the addition of an lignin-g-PLA copolymer to PLA has 
great potential for expanding the applications for PLA. 

The grafting efficiency of aliphatic OH groups of lignin 
is higher compared to phenolic hydroxyl groups of lignin, 
and there is preferential grafting to aliphatic OH groups 
added to lignin.7,22,25 In this study, we first increased the 
number of aliphatic OH groups in lignin by oxyalkylation 
of an organosolv lignin (OL) with propylene carbonate 
(PC). This step improved the reactivity and accessibility of 
the OL for polymerization with L-lactide that was carried 
out to obtain oxyalkylated organosolv lignin-g-PLA copoly-
mer (OOLPC) samples. Finally, these  copolymers  were  
blended with PLA to prepare copolymer-PLA blends that 
were made into films for testing. The effects of the OOLPC 
properties on the mechanical and optical properties of the 
copolymer-PLA blend films were then analyzed. 

2 | MATERIALS  AND  METHODS  

2.1 | Materials 

An OL (Mn = 828 g/mol) was previously produced in the 
laboratory by the microwave-assisted pretreatment of poplar 
wood with a methanol/dioxane binary solvent system as 
described in Zhang et al..26 PLA (PLA 2003D with MFI of 
6 g/10 min) was supplied by Nature Works and L-lactide 
(99% purity) was kindly provided by Tianjin Exceedbio 
Technology Co., Ltd. PC and 1,8-diazabicyclo[5.4.0]undec-
7-ene (DBU) were purchased from Aladdin Industrial Co.; 
2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxa-phospholane 
(TMDP) was purchased from Sigma-Aldrich. 

2.2 | Synthesis of OOLs 

OL (5.0 g, 8.3 mmol OH g 1), PC (66 ml), and DBU 
(0.59 ml) were combined in a screw-cap pressure-
resistant vessel (350 ml) that was purged with N2, sealed, 
and the contents then magnetically stirred (3 h), heating 
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at different temperatures (130, 150, 170, and 190 C) using 
an oil bath. After completing the reaction for a given tem-
perature, the resultant solution was precipitated by 
pouring over an excess of deionized water. The precipi-
tated OOL was collected on filter paper by vacuum filtra-
tion, washed three times with deionized water, and then 
freeze-dried. Analysis of the OOLs by FTIR spectroscopy 
showed increased oxyalkylation with increased tempera-
ture. Given the similarity in the spectra for the OOLs pro-
duced at the two highest temperatures (170 and 190 C), 
the OOL produced at 170 C, hereafter identified as OOL, 
was selected for subsequent copolymer syntheses. 

2.3 | Synthesis of OOL-g-PLA copolymers 

OOL (0.01 g), L-lactide (0.99 g) and DBU (0.05 g) were com-
bined in a screw-cap pressure-resistant vessel (35 ml) that 
was purged with N2, sealed, and the contents then magneti-
cally stirred (3.5 h), heating at 130 C using an oil bath. The 
reaction  was quenched with acetic acid followed by precipi-
tation over an excess of methanol to obtain an OOL-g-PLA 
copolymer (OOLPC) with 1 wt% OOL, identified as 
OOLPC1. The precipitated copolymer was collected on filter 
paper by vacuum filtration and then dried in a vacuum 
oven at 50 C for 24 h. Four additional copolymers with 
5, 10, 15, and 20 wt% of OOL were prepared according to 
the above experimental procedure and identified as 
OOLPC5, OOLPC10, OOLPC15, and  OOLPC20, respectively. 

2.4 | Characterization of lignins and 
copolymers 

Fourier transform infrared (FT-IR) spectroscopy was per-
formed on a FTIR spectrometer (Nicolet 380, Thermo Elec-
tron) from 4000 to 800 cm 1 at a resolution of 4 cm 1 and 
32 scans per sample. Gel permeation chromatography 
(GPC) was conducted to determine the molecular weight 
distributions of the OL, OOL, and OOLPC samples. In each 
case, a 0.02 g sample was dissolved in tetrahydrofuran 
(THF) and analyzed following the method described by 
Hu et al.27 using a GPC instrument (Waters 1550–2410 
system) equipped with Styragel HR1 and HR2 columns 
(300 mm 718 mm) held at a constant temperature of 
35 C. The mobile phase was THF using a flow rate of 
1.0 ml/min. 1H NMR spectroscopy of the OOL and OOLPC 
samples was performed after dissolving each sample 
(0.03 g) in CDCl3 (0.60 ml). The spectra were measured 
with a Bruker Avance NEO 400 MHz spectrometer. The 
number-average molecular weight (Mn) of each grafted  
PLA chain on the OOLPC samples was calculated using the 
method of Chung et al.22 with the following equation: 

Mn ¼ 72 
HA þ 73 ð1Þ 
HB 

where HA is the integrated area of the peaks of PLA at 
5.3–5.1 ppm, and HB is the integrated peak area for the 
hydrogen atom on the PLA end group at 4.4–4.3 ppm. 
31P NMR spectroscopy was performed using a Bruker 
AVANCE III HD 600 MHz spectrometer according to the 
procedure in Hu et al.25 The calculation of hydroxyl group 
concentration was based on the integration of the following 
spectral regions: aliphatic OH (150.8–145.0 ppm), phenolic 
OH (145.0–144.3 ppm), and carboxylic acids (135.6– 
134.0 ppm).  TMDP  was used as phosphitylation  reagent  
and cholesterol served as the internal standard (IS) for the 
quantitative measurements. Samples  (0.04  g) of OL and  
OOL were dissolved in CDCl3/pyridine (1.6/1.0, v/v, 
0.5 ml). After the lignin sample was fully dissolved, 
0.2 ml N-hydroxy-5-norbornene-2,3-dicarbonylamine solu-
tion (9.23 mg/ml) and 0.05 ml chromium acetylacetone 
solution (5.60 mg/ml), both prepared with CDCl3/pyridine 
(1.6/1.0, v/v), were added as IS reagent and relaxation 
reagent, respectively; TMDP (0.10 ml) was then added and 
the 31P spectrum collected 0.25 h later. 

2.5 | Preparation of copolymer-PLA 
blends 

OOL-g-PLA copolymers were mixed with PLA to investi-
gate the properties of copolymer-PLA blends. Each OOL-g-
PLA copolymer (OOLPC1, OOLPC5, OOLPC10, OOLPC15 

and OOLPC20) and PLA were combined at the ratio of 
10:90 (wt: wt) to produce 0.2 g each of blends identified 
as OOLPCB1, OOLPCB5, OOLPCB10, OOLPCB15 and 
OOLPCB20, corresponding to the OOLPC used. Copolymer 
and PLA were combined in a pressure-resistant vessel 
(75 ml), dissolved in chloroform (10 ml), sealed, magneti-
cally stirred at room temperature for 12 h, and then cast 
into a flat glass mold to obtain films with a targeted 
0.02 mm thickness. After the solvent was evaporated, the 
films were dried under vacuum at 65 C for 24 h. All film 
thicknesses were measured with a digital caliper before stor-
ing in a desiccator over silica gel. 

2.6 | Characterization of copolymer-PLA 
blends 

The scanning electron microscope (SEM) images of the 
sputter-coated film surfaces were collected with a FEI 
QUANTA 200 scanning electron microscope with a 
voltage of 20 kV. Tensile testing was performed on a 
UTM6503 Electronic Universal Testing Machine from 
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Shenzhen Suns Technology Stock Co., Ltd., according to 
China National Standard GB/T 1040.3–2006. Copolymer-
PLA blend films (0.02 mm thick) were cut into rectangu-
lar specimens (10.0 mm 50.0 mm) and tested with a 
clamp speed of 5 mm/min. Averages and standard devia-
tions were determined by testing and analyzing five 
replicate specimens. UV spectra were collected for 
copolymer-PLA blend films using a PerkinElmer Lambda 
950 UV/Vis spectrophotometer in the range of 200 nm to 
800 nm at room temperature. UV blocking was calcu-
lated with the following equation: 

Percentage of UV blocking ¼ 1 T ð2Þ 

where T is the percentage of UV transmission. Glass tran-
sition temperatures (Tg) were measured using differential 
scanning calorimetry (DSC 214 Polymer) using a heating 
and cooling rate of 10 C/min. The samples were heated 
from 25 to 100 C, cooled to 25 C, and heated to 220 C 
and then kept isothermal for 5 min. 

3 | RESULTS  AND  DISCUSSION  

3.1 | Characterization of OOL 

To improve the reactivity of the OL, particularly that of the 
phenolic hydroxyls with L-lactide, it was oxyalkylated with 
PC. Since the OL used in this study had good solubility in 
PC, it could be directly modified using PC as the reaction 
medium. Lignin aromatic and aliphatic OH groups differ in 
their reactivity with PC with the aliphatic hydroxyls 
attacking the carbonyl carbon of PC, leading to carbonate 
linkages, and the aromatic hydroxyls attacking the alkylene 
carbon, leading to ether linkages (Scheme 1).28 

The FT-IR spectra of the OOLs synthesized at the dif-
ferent reaction temperatures (130, 150, 170 and 190 C) 
are shown in Figure 1; the spectrum of the starting OL is 
provided for comparison. Characteristic bands of lignins 
are the O-H stretching band (3372 cm 1) and aromatic 
stretching bands (1594, 1512 and 1425 cm 1), with these 
bands being present in all the spectra shown. Compared 
to the OL, slightly more pronounced bands at 2975 and 
2935 cm 1 can be attributed to the appearance of new 
C-H stretching of methyl and methylene groups, respec-
tively. The characteristic band at 1260 cm 1, a deforma-
tion vibration attributed to the primary and secondary 
alcohols, is also enhanced for the OOLs; this indicates 
that the oxyalkylation process was successful for increas-
ing the number of aliphatic OH groups. Another band of 
interest, a typical carbonate structure C=O bond 
stretching band at 1740 cm 1, is increased in intensity for 
the OOLs. Note that the carbonyl stretching vibration 

peak of PC is at 1794 cm 1, so the possibility of the 
increased carbonyl peak (1740 cm 1) being residual PC 
was excluded. Altogether, the reaction of the hydroxyl 
groups on an OL with PC was successful, and largely 
increased with the reaction temperature. 

Based on the similarity of the FT-IR results for the 
OOLs produced at the two highest temperatures (170 and 
190 C), the lower of these temperatures was deemed suf-
ficient, and therefore the OOL synthesized at 170 C 
(abbreviated as OOL throughout) was selected for further 
characterization and use in the copolymer syntheses. The 
absolute contents of aliphatic OH groups, phenolic OH 
groups, and carboxyl groups (mmol g 1) in the OOL were 
determined using quantitative 31P NMR spectroscopy and 
compared with the pre-modified OL. As shown in 
Figure 1b, the IS signal peak at 152.0 ppm, along with 
spectral ranges of 150.8–145.0, 144.3–137.2, and 135.6– 
134.0 ppm, were used to quantify the aliphatic OH, phe-
nolic OH and carboxyl groups, respectively. In the spec-
trum of the OOL, the phenolic OH group signals at 
144.3–137.2 ppm are absent, indicating that the phenolic 
OH groups on the OL had reacted with PC during the 
oxyalkylation reaction. A new peak (146.5–145.0 ppm) 
appeared within the 150.8–145.0 ppm range for aliphatic 
OH groups and is assigned to the aliphatic OH groups 
obtained after the reaction with PC. 

Since the peak intensity of the original aliphatic OH 
group in the OL was weakened, it appears that some ali-
phatic OH groups had also reacted with the PC. The con-
tent of each hydroxyl group was obtained by integration 
of the spectra, giving the results shown in Table 1. The 
phenolic OH content decreased from 4.73 to 
0.16 mmol g 1 and the aliphatic OH content increased 
from 3.56 to 3.92 mmol g 1. The total number of 
hydroxyl groups was reduced. Kühnel et al.28 reported 
two possible side reactions to account for this, and a con-
comitant increase in molecular weight; these were an 
ester exchange reaction between the ester group of the 
OOL and lignin hydroxyl groups, and a reaction of termi-
nal carbonate structures with hydroxyl groups of the 
OOL. Altogether, the results showed that lignin polyols 
were formed, having mostly aliphatic OH groups avail-
able for the OOL-g-PLA copolymer (OOLPC) syntheses. 

3.2 | Characterizations of the OOL-g-
PLA copolymers 

Ring-opening polymerizations of different ratios of OOL 
with L-lactide were then carried out to form a series of 
OOLPCs. The FTIR spectra of the OOLPCs, and the 
starting OOL for comparison, are presented in Figure 2a. 
The OH absorption band (3374 cm 1) for all the OOLPCs 
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SCHEME  1  Oxyalkylation of organosolv lignin (OL) via propylene carbonate (PC) [Color figure can be viewed at 

wileyonlinelibrary.com] 

FIGURE  1  (a) Comparison of FT-IR spectra of organosolv lignin (OL) and oxyalkylated organosolv lignins synthesized at different 

temperatures; (b) The quantitative 31P NMR spectra of OL and OOL, the latter synthesized at 170 C [Color figure can be viewed at 

wileyonlinelibrary.com] 

TABLE  1  Characteristics of organosolv lignin (OL) and oxyalkylated organosolv lignin (OOL) 

Sample 
Aliphatic OH 
(mmol g �1) 

Phenolic OH 
(mmol g� 1) 

Organosolv lignin 3.56 4.73 0.02 8.30 

Oxyalkylated organosolv 3.92 0.16 0.01 4.09 
lignin 

is significantly weaker compared to that of the OOL. This 
is attributed to the OOL hydroxyl group consumption in 
the ring-opening polymerization with the L-lactide cross-
ester. The methyl and methylene absorption bands at 
2998 and 2948 cm 1, respectively, are attributed to those 
functionalities inherent to PLA. A new and pronounced 
band is found in the spectra of the OOLPCs at 1756 cm 1; 
this band is assigned to the asymmetric stretching of 
C═O in the branched PLA after ring opening 

polymerization, apart from the much weaker C═O band 
at 1740 cm 1 for the PC moiety in the OOL. Altogether, 
these results confirmed the successful preparation of a 
series of OOLPCs by the ring-opening polymerization 
with L-lactide. 

The chemical functionality of the OOLPCs was fur-
ther analyzed using 1H NMR to estimate the Mn of the 
grafted PLA chains (Figure 2b). Compared to the OOL, 
there are two new peaks of interest in each of the OOLPC 

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
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FIGURE  2  (a) Comparison of FT-IR spectra of oxyalkylated organosolv lignin (OOL) and each oxyalkylated organosolv lignin-g-PLA 

(OOLPC) sample; (b) 1H NMR spectra of OOL and OOLPC5, the signal at 4.4–4.3 ppm is enlarged as inserted image; (c) Number-average 

molecular weight (Mn) of each grafted PLA chain on the OOLPCs; (d) Mn of OOLPCs [Color figure can be viewed at wileyonlinelibrary.com] 

spectra, assigned to protons on the grafted PLA chains 
per Chung et al.22 The peaks at 5.3–5.1 ppm are assigned 
to the recurring unit protons (HA) on PLA (in Scheme 2) 
and the small peaks at 4.4–4.3 ppm are assigned to the 
proton (HB) on the PLA end group. The signals at 
4.0 ppm and 1.5–1.0 ppm in OOL are attributed to a large 
number of aliphatic OH groups newly generated and new 
methyl protons after oxyalkylation. After graft copoly-
merization with L-lactide, the signal at 4.0 ppm disap-
pears, which is due to the reaction of the newly 
generated aliphatic hydroxyl group with L-lactide,29 and 
the signal at 1.5–1.0 ppm does not disappear and is 
shifted with the grafting of L-lactide. The appearance of 
the signal at 1.5 ppm is attributed to the hydrogen atoms 
of methyl in the lactide monomer unit of the PLA grafted 
chains.23 Peak integrations were then used in Equation 1 

SCHEME  2  Ring-opening 

polymerization of L-lactide on 

oxyalkylated organosolv lignin (OOL) 

[Color figure can be viewed at 

wileyonlinelibrary.com] 

to calculate Mn of the PLA chain (Figure 2c). These 
results suggested that the average chain length of PLA 
decreased with each stepwise increase in the proportion 
of OOL. Thus, with increasing proportions of OOL, there 
would be higher numbers of hydroxyl groups available to 
react with the L-lactide, as a competing reaction for the 
polymerization of L-lactide into PLA chain extensions. 

The Mn values of the OOLPCs were then determined 
by GPC (Figure 2d) and showed them to increase with 
the increasing proportion of OOL. The lowest Mn for the 
OOLPCs (12,343 Da) is with the lowest OOL proportion 
(OOLPC1). The Mn increases to 16,834 Da for the OOLPC 
with the highest OOL proportion (OOLPC20); at the inter-
mediate OOL proportions, the Mn values are essentially 
the same. These results suggested that with the increase 
of the amounts of OOL relative to lactide monomer, the 

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
https://chains.23
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reduced length of the grafted PLA chain was offset by 
increased lignin crosslinking, resulting in equivalent 
or higher Mn values for the OOLPCs. Other researcher 

FIGURE  3  Mechanical properties of oxyalkylated organosolv 

lignin-g-PLA copolymer blend (OOLPCB) samples; error bars show 

standard deviations of the averages [Color figure can be viewed at 

wileyonlinelibrary.com] 

FIGURE  4  Scanning electron 

microscope (SEM) images of (a) PLA, 

(b) Organosolv lignin-PLA blend (OLB), 

(c) Organosolv lignin-g-PLA copolymer-

PLA blend (OLPCB), and 

(d) Oxyalkylated organosolv lignin 

copolymer-PLA blend (OOLPCB5) 

groups have reported that cyclic PLA was preferen-
tially generated at low lignin loading (5 wt% lignin) 
and star graft copolymers were generated at higher lig-
nin loadings (≥10 wt%).30,31 For the lignin-g-PLA star 
copolymers that were formed, the chain lengths were 
shorter when generated under the higher lignin load-
ing conditions. 

3.3 | Characterizations of copolymer-
PLA blends 

Synthesized OOLPCs and a commercial PLA were used 
to prepare OOLPC-PLA blend (OOLPCB) samples. The 
results from the tensile testing of the resultant films are 
shown in Figure 3. Neat PLA exhibits the highest tensile 
strength (92.62 MPa); its low value for the elongation at 
break (5.25%) indicated high brittleness.14 The tensile 
strength of the OOLPCBs decreased with increased lignin 
content in the OOLPC. Similarly, Li et al.32 reported the 
tensile strength of a lignin-PLA blend was reduced from 
68.1 to 48.3 MPa with 10 wt% added lignin; the reduc-
tions of the mechanical properties of the blends were 
attributed to the presence of lignin particles, which 
prevented the formation of the long-range continuous 
phase of PLA. OOL-g-PLA copolymers with suitable 
grafted PLA chain lengths, and if well dispersed, have 
been reported to be useful as plasticizers for inherently 
brittle PLA materials.22 In the current study, the 

http://wileyonlinelibrary.com
https://materials.22
https://brittleness.14
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elongation at break results were mixed overall, with no 
definite increasing or decreasing trend in the values. 
With the two lowest lignin loadings, the small decrease 
in tensile strength was offset by small increases in elonga-
tion at break. Thus, for the blend with OOLPC5, that 
being OOLPCB5, the slight decrease in tensile strength 
from 92.62 to 81.48 MPa ( 12.03%) was offset by a slight 
increase in elongation at break from 5.25% to 
5.64% (+7.43%). 

As stated above, with the higher lignin loadings in 
the OOLPCs, the lower the tensile strength of resul-
tant PLA blends. Since the copolymer graft chain 
length (Figure 2c) decreased with increased lignin 
loading in the copolymer, the decrease in tensile 
strength may have resulted from lower entanglement 
of the copolymer PLA chains with bulk PLA. Also, for 
the lower Mn values, coinciding with the lower copol-
ymer lignin loadings, more uniform dispersion of the 

FIGURE  5  Light transmittance of copolymer-PLA blends in 

the wavelengths of UV and visible light [Color figure can be viewed 

at wileyonlinelibrary.com] 

copolymer in the PLA matrix should result in tougher 
blends. Altogether, the addition of OOLPCs to PLA 
resulted a small decrease in strength, with a small 
increase in toughness. Therefore, compared to PLA, 
lignin is less costly and can partially replace PLA 
without affecting the overall performance to achieve 
cost reductions. 

The surface properties of neat PLA and lignin/PLA 
films from different blending methods were assessed by 
SEM characterization and the images are shown in 
Figure 4a–d. Among the OOLPCBs produced in the cur-
rent study, OOLPCB5 had the highest elongation at break 
and was thus selected for imaging by SEM. The neat PLA 
film demonstrated a smooth surface as shown in 
Figure 4a. The OLB displays a rough surface with obvi-
ously aggregated particles which was due to the poor 
compatibility of unmodified lignin with PLA (Figure 4b). 
When unmodified OL grafted with L-lactide before 
blending with PLA, the resulted OLPCB shows smoother 
surface than OLB, indicating the improved compatibility 
by grafting the OL with L-lactide (Figure 4c). The com-
patibility of lignin/lactide copolymer with PLA was fur-
ther improve by oxyalkylation modification of lignin 
before grafting with L-lactide as suggested by the smooth 
surface of the OOLPCB5 film (Figure 4d). In addition, 
DSC characterizations of the blends were also performed 
(Figure S2). The results show that only one glass transi-
tion temperature (Tg) and one crystallization melting 
temperature (Tm) are presented in the DSC curves of all 
OOL-g-PLA copolymer-PLA blends (Table S1), indicating 
the modified lignin copolymers showed good compatibil-
ity with PLA. 

PLA is widely used as a packaging material, but its 
poor UV resistance limits its applications.33 By adding 
lignin, the UV light absorption capacity of lignin-PLA 
blends can be improved.34 As  shown in Figure 5, the  
OOLPCB films have a high UV-blocking function yet 
retain good visible light transmission. Compared with 

FIGURE  6  Photographs of 

copolymer-PLA blends (OOLPCB1, 

OOLPCB5, OOLPCB10, OOLPCB15 

and OOLPCB20) [Color figure can be 

viewed at wileyonlinelibrary.com] 

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
https://improved.34
https://applications.33
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the PLA film, the color of the OOLPCB films gradually 
became yellow as the OOL content in the OOLPC 
increased (Figure 6), which is due to the fact that an OOL 
itself is yellow.35,36 The UV absorption capacity of the 
OOLPCB films increased with increased wt% OOL in the 
OOLPC used for blending. Among the blends, OOLPCB5, 
prepared by blending PLA with OOLPC5, gave  a  compara-
ble UV blocking capacity to the blends with higher lignin 
loadings; OOLPCB20 can achieve a maximum 68% UV-C 
(100–280 nm), 74% UV-B (280–315 nm) and 78% UV-A 
(315–400 nm) blocking performance.7 Thus, OOL-g-PLA 
copolymers can be used as a well-dispersed UV-blocking 
agent for biocompatible packaging materials. 

4 | CONCLUSIONS  

In this study, the oxyalkylation of an OL with PC improved 
the reactivity and accessibility of its hydroxyl groups. With 
the increase in lignin loading, the length of PLA grafting 
chains decreased, and the molecular weight of the copoly-
mers increased. The copolymer-PLA blends, prepared by 
blending PLA with OOL-g-PLA copolymers gave smooth 
films, as evidenced by SEM. This suggests that the 
oxyalkylation of the lignin and the graft copolymerization 
with L-lactide improved its dispersion in PLA. The decrease 
in tensile strength of the blends  with  the increase in lignin  
loading can be attributed to the decrease of the PLA chain 
length of the OOL-g-PLA copolymers leading to less entan-
glement of the copolymer PLA chains and bulk PLA. Since 
the ultraviolet transmittance of the copolymer-PLA blends 
increased with the increase in lignin loading, even small 
additions of lignin, as derivatives compatible with PLA, 
may expand the utility of PLA as a packaging material that 
provides protection from ultraviolet light. 
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