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Maleic Anhydride-Modified Polyolefins as Compatibilizer
for Lignin-Reinforced Polypropylene Composites
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School of Chemistry and Chemical Engineering, Yangtze Normal University, Fuling, Chongging 408100, China

Lignin is an attractive renewable reinforcing agent for
polyolefins, which is also an excellent free-radical scav-
enger and promising low-cost antioxidant for polymers,
however, exhibiting poor compatibility with non-polar
polymers. In this work, modified polyolefins containing
maleic anhydride group like polybond (PB) were used as
compatibilizer and incorporated into polypropylene
(PP) with lignin to improve the blending ability of the
polar filler in the non-polar matrix. The composite con-
taining individual lignin possesses a much smaller elon-
gation at break than neat PP, whereas owing to the
significantly improved dispersion by compatibilizer, the
incorporation of compatibilizer into PP/lignin blends
gives rise to remarkably increased elongation at break.
Besides, lignin greatly slows down the UV-induced deg-
radation of PP and dramatically enhances anti-oxidant
effect of PP composites in the existence of compatibili-
zer, in which the elongation at break of PP/PB/2%]lignin
retains 77% of its original value when it reduces by 92%
for neat PP after 240 h of UV irradiation. POLYM. COM-
POS., 40:2594-2601, 2019. © 2018 Society of Plastics Engineers

INTRODUCTION

Lignin is a natural macromolecular material, which
accounts for nearly 30% of the organic carbon on earth,
second only to cellulose [1,2]. It, with cellulose, forms the
chief part of woody plant tissues [3]. As a by-product from
paper production industry, causing pollution to environ-
ment, lignin is readily available at low cost, with a reported
annual world production volume of about 50 million tons.
In contrast to lignin’s abundance in nature, humans have
scarcely made full use of lignin [4,5]. Currently lignin is
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mainly burned as fuels, which gives it very low value.
Since lignin is one of the few renewable sources of aro-
matic macromolecules and possesses rich phenolic and ali-
phatic hydroxyl groups, enormous efforts have been
devoted to the development of value-added applications for
lignin [5-8]. For example, lignin has been used as a macro-
monomer to synthesize thermosetting polymers, such as
epoxy resins [9], and polyurethane [10,11]. Lignin is also
widely used as a precursor to prepare carbon-based mate-
rials, such as carbon fiber, carbon nanotubes (CNTSs), car-
bon aerogel, and activated carbons [12—15]. Besides, it can
also be incorporated into thermoplastic polymers as reinfor-
cing or toughening agents [16—19].

As widely reported, the addition of lignin into polymers
can modify mechanical and other physical properties of the
polymers [20-22]. For example, thermal stability of epoxy/
lignin composites could be enhanced by the incorporation
of lignin [23,24] In comparison with inorganic fillers, the
advantages of lignin as fillers in polymers mainly lie in its
light weight, low cost, and renewable nature [5,25]. In
addition, owing to its abundant phenolic groups, lignin is
also a free-radical scavenger, and can be used as a natural
antioxidant. It has been employed as low-cost sustainable
stabilizers in thermoplastics, like polyolefins, to improve
the oxidative, thermal, and light stability of the polymers
[26-29]. However, lignin contains a large number of polar
groups. It has, therefore, poor compatibility with non-polar
polymers as polyethylene and polypropylene (PP), causing
very poor dispersion of lignin in these polymers [30-33].
As a result, the great potential of lignin as efficient free-
radical scavenger and reinforcing/toughening agents in
non-polar polymer systems so far has not been adequately
demonstrated.

In this connection, classically important factors such as
phenol content and intrinsic reactivity of the lignin mole-
cules are less important than physical factors that can facili-
tate their dispersion in polymers. For instance, when
modified lignin was employed to replace pristine lignin, the
dispersion of lignin in non-polar polymers is typically not
improved significantly and hence the enhancement in mate-
rial performances can hardly be achieved [27,34]. To
address this issue, recently greater efforts have been
devoted to improve the dispersion of lignin in polymer
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matrices via physical means [30-33]. And in our former
work, freeze-drying manipulation was successfully devel-
oped to improve compatibility of polar lignin and non-
polar PP, which significantly enhance the mechanical and
thermal properties of PP, and improve the anti-oxidant
properties of lignin in PP composites, however, which is
limited only to the water-soluble lignin [35]. In particular,
there is also a high demand for improving the dispersion of
this fascinating low-cost multifunctional sustainable filler
in high-volume non-polar polymers commonly used for
outdoor applications.

In our work, polar group modified polyolefins were
introduced into the PP/lignin composites that, with the aim,
to improve the compatibility of polar fillers and non-polar
polymer matrices and thereby enhance tensile mechanical
and UV-resistant properties of the obtained composites.
Herein, impressively, for the first time the improved disper-
sion of lignin in PP achieved by compatibilizing agent not
only enhances reinforcement effect of the lignin in PP, but
also drastically enhances their UV-oxidant stabilities.

EXPERIMENTAL

Materials

PP (Cosmoplene HIOIE, melt flow index = 3.5
/10 min, density = 0.9 g/cm’) and were supplied by Poly-
olefin Company (Singapore) Pte. Ltd. Polybond-3200 (PB,
melting point = 157°C, density = 0.91 g/cm’, maleic anhy-
dride level = 1.0 wt%) is homo-PP modified by maleic
anhydride, which was supplied by Chemtura Corporation.
PP-graft-maleic anhydride (PP-MA, M, = 3900, M,, =
9100, melting point = 156°C, density = 0.934 g/cm3),
alkali lignin with low sulfonate content and all other che-
micals were purchased from Sigma-Aldrich Chemicals
Incorporation (USA) and used without further purification.

Preparation of PP/PB/Lignin or PP/PP-MA/Lignin
Composites

The PP and 10 wt% of PB or PP-MA were mixed first
by using Hakke mixer for 5 min at 180°C, and a certain
amount of lignin were added into the PP/PB blends for
another 15 min. Prior to compounding, PP pellets and other
raw materials were all dried in a vacuum oven at 50°C for
24 h to remove moisture.

Characterization

The dispersion state of lignin in PP and the morphol-
ogies of the lignin samples were examined using an Olym-
pus BXS53 polarizing optical microscope (POM) at a
magnification of 1 x 100, as well as a field emission scan-
ning electron microscope (SEM, JEOL JSM 6340F) after
coating the samples with gold. Thermo-gravimetric analysis
(TGA) was conducted using a TA Q500 TGA at a heating
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rate of 10°C/min from room temperature to 700°C in N,
condition. Degradation temperature (7y) is defined as the
temperature at 50 wt% weight loss. Fourier transform infra-
red spectroscopic (FTIR) measurements were performed
using a Perkine-Elmer Instruments Spectrum GX FTIR
spectrometer at room temperature from 500 to 4,000 cm™",
with each sample scanned 16 times at a resolution of
4 cm™'. The tensile properties were measured using an
Instron 5567 machine according to ISO standard 527 at a
crosshead speed of 10 mm/min using dumbbell-shaped
specimens (ISO 527-2-Typer 5A, 500 N load cell), which
were prepared using Thermo Hakke microinjector
(Germany) at 210°C with a pressure of 800 bar. More than
five specimens were tested for each set of variation.

UV Stability Tests. The dumbbell-shaped test speci-
mens of lignin-reinforced PP composites were placed in an
Atlas Suntest XXL+ UV lamp chamber, which had a layer
of reflective aluminium foil inside to ensure that all the
specimens would have an even exposure to UV. The UV
irradiation was conducted at 35°C for 240 h with light
intensity of 50 W/m?.

RESULTS AND DISCUSSION

Blending and Dispersion of Lignin in PP

To improve the compatibility of lignin and PP, chemi-
cally modified polyolefins containing maleic anhydride
group as PB were incorporated into PP matrix with lignin
by melt mixing, which were confirmed by FTIR analysis,
it was conducted and the results are shown in Fig. la. It
can be seen that for PP/PB compared with neat PP, an
intense band at ~1,640 cm™' appears, which is attributed
to stretching vibration of carbonyl (C=0O) in maleic anhy-
dride group. And for PP/PB/lignin composites, peak at
~1,718 cm™" can be attributed to stretching vibration of
carboxyl (C=0) in lignin, whose intensity increases with
lignin content.

Besides, the PP/PB/lignin composites exhibits much
higher thermal degradation temperature (7y) than neat PP,
whereas, it is worth noting that the increase of lignin con-
tent from 2 to 4 wt% causes even a slight fall of the 7.
Since the Ty of PP/PB blend is much higher than that of
neat PP and PP/PB/lignin composites shown in Fig. 1b, the
enhanced Ty of PP/PB/lignin compared with neat PP is
mainly due to the effect of PB. In other words, lignin acts
as a role of lowering Ty of the polymer, and it is probably
due to the oxygen-containing groups of lignin that acceler-
ate the thermal degradation in N, atmosphere. On the other
hand, PP-MA with lower molecular weight was also
applied as compatibilizer by replacement of PB, exhibiting
a lower Ty of PP/PP-MA blend than neat PP, and the
PP/PP-MA/lignin composites therefore have further lower
T4 than neat PP, which is shown in Supporting Information
Fig. S1.
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FIG. 1. FTIR spectra (a) and TGA curves (b) of neat PP (i), PP/PB blend (ii), PP/PB/lignin composites with
2 wt% lignin (iii) and 4 wt% lignin (iv). [Color figure can be viewed at wileyonlinelibrary.com]

As known, the performance of polymer composites
strongly depends on the dispersion state of the fillers in the
polymer matrices. For instance, a better dispersion may
result in enhanced interactions between the polymers and
fillers [36], and the mechanical properties of the composites
may thereby be improved owing to the more effective
stress transfer from the matrices to fillers. To investigate

the effect of polar group containing compatibilizer on the
dispersion state of lignin in PP, PB was introduced into PP
matrix as well as lignin incorporation via melt compound-
ing. Besides, PP/lignin composite without the application
of compatibilizer and neat PP are also prepared under the
same conditions for comparison. The POM images in
Fig. 2b show that the sizes and shapes of the lignin

FIG. 2. POM (x100) of neat PP (a), PP/lignin composite with 2 wt% lignin (b), PP/PB/lignin composite with
2 wt% lignin (c), PP/PB/lignin composite with 4 wt% lignin (d). [Color figure can be viewed at
wileyonlinelibrary.com]
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FIG. 3.
containing 2 wt% lignin.

particles (the dark regions) are almost not changed after the
melt compounding that is, they are still spherical or irregu-
lar large sizes shaped particles. In contrast, particle size of
lignin in the PP matrix after introducing PB is much smal-
ler, where many short fine dark particles are observed for
the blends of lignin, PB and PP (Fig. 2¢ and d). The polar
maleic anhydride group containing PP has a good compati-
bility with the polar lignin, which therefore significantly
decreases the size of lignin particle in the PP matrix and
facilitates their dispersion in the PP matrix. The relatively
excellent dispersion of the lignin in PP/PB matrix is con-
firmed by SEM images given in Fig. 3. Thus, in existence
of compatibilizer, the lignin can be dispersed more uni-
formly and exhibits much smaller shape compared with
that in the individual PP matrix.

Tensile Mechanical Properties of Lignin-Blended PP
Composites

As lignin consists of rigid aromatic macromolecules, it
is recognized as an abundant and low-cost reinforcing
agent in relatively flexible polymers. To investigate the
reinforcement effect of lignin under the action of compati-
bilizer, a series of PP and lignin composites were prepared
for tensile tests. Typical tensile stress—strain curves of
PP/lignin composite samples are presented in Fig. 4 for
easy comparison with that of neat PP. The compositions
and preparation conditions for the composite samples are
also summarized in Table 1. For example, PP/2%lignin
refers to the composite containing only 2 wt% of individual
lignin, while PP/PB/2%lignin represents the composite
containing 2 wt% of lignin, and 10 wt% of compatibilizer
PB is also included. The tensile properties of the compos-
ites are also listed together with those of neat PP in this
table.

From Fig. 5 and Table 1, it is clear that the addition of
individual lignin into PP increases its tensile modulus and
yield stress, whereas at the same time, it lowers the yield
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strain and elongation at break of the composites. By the
further addition of compatibilizing agent PB can further
enhances their modulus, as modulus of PP/PB/lignin is
higher than neat PP and PP/PB blend. In other word, lignin
containing PP/PB composites exhibits much higher modu-
lus than their counterpart with the same amount of lignin
but no compatibilizer. And the modulus also increases with
the lignin content that is, reinforcing effect becomes more
prominent influenced by PB. The enhanced tensile modulus
may be attributed to the aromatic and rigid structure of lig-
nin, and obvious improved compatibility of polar lignin
and non-polar PP by PB leads to further enhanced filler—
matrix interactions and certainly the reinforcement of mod-
ulus [36].

Similarly, it is easy to understand that as a rigid filler,
lignin also induces a signficant decrease in yield strain, it
was also demonstrated by that the exiting compatibilizer
further decreases the yield strain for PP/PB/2%]lignin, exhi-
biting lower strain (0.142) than that of PP/2%lignin
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FIG. 4. Tensile stress—strain curves of neat PP (i), PP/lignin composites
with 2 wt % lignin (ii), PP/PB blend (iii), PP/PB/lignin composites con-
taining 1 wt% (iv), 2 wt % lignin (v), and 4 wt% lignin (vi). [Color figure
can be viewed at wileyonlinelibrary.com]
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TABLE 1. Mechanical properties of neat PP and lignin blended PP composites tested with tensile speed of 10 mm/min.

PB content Lignin content Young’s Yield Yield Elongation at
Sample (Wt%)! (Wt%) modulus (MPa) stress (MPa) strain (mm/mm) break (%)
neat PP 0 0 611 +£32 356 +£0.2 0.168 + 0.004 700 £ 73
PP/2%lignin 0 2 649 + 31 374 £09 0.150 = 0.012 545 £ 91
PP/PB 10 0 641 £ 8 36.9 £ 0.6 0.165 £ 0.007 826 + 68
PP/PB/1% 10 1 645 £ 16 364 + 0.5 0.151 + 0.005 855 £ 42
lignin
PP/PB/2% 10 2 674 + 18 36.8 £ 0.6 0.142 £ 0.003 771 + 46
lignin
PP/PB/4% 10 4 675 £ 15 36.3 £ 0.3 0.122 + 0.003 763 £ 15
lignin

! PB content in the PP/PB blends;
2 Lignin content in the lignin blended PP composites.

(0.150), whereas at the same time, PP/PB blend shows little
change of the yield strain compared with neat PP. Further-
more, as the extent of lignin increases, yield strain dramati-
cally decreases, which is depending upon the improvement
of the dispersion state of lignin filler in the PP matrix as
well as its rigid structure.

Unlike the changes in modulus and yield stress, the
change in elongation at break brought by the addition of
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PB and lignin is more impressive, as shown in Fig. 5 and
Table 1. The composite containing 2 wt% lignin without
PB (PP/2%]lignin) possesses a much smaller elongation at
break (545%) than neat PP. On the contrary, the introduc-
ing of compatibilizer as PB into PP significantly increases
their elongation at break (826%), and the further incorpora-
tion of small amount of lignin can further give rise to the
increased elongation at break. In particular, PP/PB/1%
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FIG. 5. Tensile mechanical properties of lignin containing PP composites before and after UV irradiation.
(a) Young’s modulus, (b) yield stress, (c) yield strain, and (d) elongation at break of neat PP, PP/lignin compos-
ites with only 2 wt% lignin, PP/PB/lignin composites containing 1 wt%, 2 wt% lignin, and 4 wt% lignin. [Color

figure can be viewed at wileyonlinelibrary.com]
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lignin has the longest elongation at break, 855%, which
increases by nearly 22% of neat PP (700%) and 56% of
PP/2%]lignin (545%). Obviously, the drastically increased
elongation at break given by the PB and lignin is likely
due to the enhanced interaction between polar lignin filler
and non-polar PP matrix under the improved dispersion
and compatibility induced by compatibilizer [35]. For com-
posites without PB, the much large lignin particles with
smaller interaction area between PP results in very limited
interfacial adhesion, and hence the elongation at break
drops drastically, that is, the direct addition of individual
lignin makes the composite much more brittle. The remark-
able increase of the elongation at break also implies that a
small amount of lignin with cooperative action of compati-
bilizer may act as an effective toughening agent to improve
the toughness of the composites. On the other hand, the
increased addition of the lignin results in the reduction of
the elongation at break, as 2 and 4% lignin containing
PP/PB/lignin composites respectively exhibit only 771 and
763% of the elongation at break. And the further addition
of the filler results in further drop of the elongation at
break, as PP/PB/6%]lignin shows only 658% of the elonga-
tion (data not shown). It is presumably because at a higher
content, the lignin is more difficult to be dispersed uni-
formly. Therefore, the dispersion state in the matrix may
also plays an important role in determining the overall
mechanical properties of the composites [22]. The reinfor-
cing effect of lignin under the influence of compatibilizer
was also confirmed by another polar group containing PP
(PP-MA), shown in Supporting Information Fig. S2.

UV Stabilities of the PP Composites

As known, PP is prone to free radical-induced degrada-
tion, which can therefore easily degrade in outdoor environ-
ment, resulting in a severe decrease of material toughness
[27,37]. In general, the PP degradation in outdoor environ-
ment is mainly due to its exposure to UV light. Since lignin
contains abundant phenolic groups, it has been employed as
an antioxidant to scavenge free radicals generated by UV-
induced degradation [27]. In this study, compatibilizer
improves the interaction of the filler and the polymer matrix
with much larger contacting areas between the lignin and PP
by the smaller particle in the matrix. Thus, with the
improved dispersion of lignin in PP matrix, it is highly
expected that the lignin may act as a more efficient free radi-
cal scavenger to improve the UV stability of PP.

In order to investigate the anti-oxidant function of lignin
in PP, tensile test dumbbell-shaped specimens of the com-
posites were exposed to UV light with light intensity of
50 w/m? at 35°C for 240 h. Figs. 5 and 6 show the compar-
ison of tensile properties of the composites as well as neat
PP before and after the UV irradiation (the data are also
summarized in Supporting Information Table S1). It is
observed that the yield strain and the elongation at break of
neat PP reduce by 12 and 92%, respectively after the UV
irradiation, whereas, its tensile modulus and the yield stress
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FIG. 6. Typical tensile curves of neat PP, PP/2%lignin, and PP/PB/2%
lignin before and after UV irradiation. [Color figure can be viewed at
wileyonlinelibrary.com]

increases. For PP/2%lignin, its yield strain and elongation
at break drop by 7 and 61%, which is much lower than
neat PP. On the other hand, the addition of individual PB
even promotes the UV degradation of the composites with
the elongation at break of PP/PB blend drop by 98%, that
is probably because the UV irradiation causes ring-opening
of maleic anhydride group, hence induces the generating of
the free radicals and the following degradation. Even on
this base, it is much impressing that the PP/PB/lignin com-
posites all exhibit much smaller or even no negative
changes in tensile properties after the UV irradiation,
revealing the excellent anti-oxidant function of lignin even
in the existence of PB. For instance, the tensile modulus,
yield stress, and yield strain of PP/PB/2%lignin almost
remain the same after the UV exposure, while its elonga-
tion at break reduces by only 23%, which is far lower than
that of PP/2%lignin composite (61%) and neat PP (92%).
In other word, PP/PB/2%lignin retains about 77% of its
original elongation at break value after the UV irradiation,
which is much larger than that PP/2%lignin with 39%. It
also implies that PP/PB/2%lignin is still fairly tough after
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FIG. 7. FTIR spectra of neat PP and PP/PB/2%lignin before and after
UV irradiation. [Color figure can be viewed at wileyonlinelibrary.com]
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the UV irradiation. More impressively, more lignin addi-
tion results in the better anti-oxidant property of the com-
posites, as the PP/PB/4%lignin retains about 85% of its
original elongation at break value after the UV irradiation,
which is larger than that of the PP/PB/lignin composite
containing 2% lignin (77%).

Besides, compared with the composite without compati-
bilizing agent PB, the composites with cooperative action
of compatibilizer show less deterioration of the tensile
properties after UV irradiation. For example, PP/2%lignin
exhibits a 7% decrease of the yield strain, whereas the yield
strain of PP/PB/1%lignin, PP/PB/2%lignin and PP/PB/4%
lignin remain almost unchanged after the UV irradiation.
As discussed above, PB significantly improves the compat-
ibilities of polar lignin and non-polar PP, and thus,
PP/PB/2%]lignin have a large contacting area between the
antioxidant lignin and PP, allowing the lignin to act as a
free-radical scavenger more efficiently.

The effect of compatibilizer acting a great function of
the anti-oxidant property of the composites is also con-
firmed by another compatibilizing agent as PP-MA with
lower molecular weight, where, by addition of PP-MA, the
PP and lignin composites also exhibits a much obvious
lower drop of the mechanical performance especially as the
yield strain and the elongation at break after UV irradiation
shown in Supporting Information Figs. S3, S4 and Support-
ing Information Table S2. In summary, by the improve-
ment of the compatibility between filler and polymer
matrix under the function of the compabilizer, lignin can
act as an excellent and efficient antioxidant. That is, the
enhancement of PP/lignin composites brought by PB is
more impressive than that without compatibilizer.

To further confirm the excellent free radical scavenging
function of lignin under the influence of compatibilizer,
FTIR analysis results are shown in Fig. 7. It can be seen that
for neat PP, an intense band at ~1,719 cm_l, which can be
attributed to stretching vibration of carbonyl (C=0) group,
appears after 240 hours UV irradiation. Furthermore, broad
absorption in the regions of ~3,100 to ~3,600 cm™" in the
curves of neat PP after UV irradiation indicate the existence
of hydroxyl groups (OH). The principal reaction occurring
in UV-irradiated PP is chain scission or side-group abstrac-
tion. The radicals generated by UV irradiation oxidize the
C-H bonds on the PP chains to form the carbonyl groups,
which induce chain scission. Thus the intense carbonyl char-
acteristic band indicates that neat PP has under gone severe
oxidative degradation. In contrast, PP/PB/2%lignin shows
extremely little increase of the characteristic absorption band
for carbonyl (C=0) and hydroxyl (OH) group after the UV
irradiation, demonstrating that lignin in this composites is
able to scavenge the free radicals efficiently.

CONCLUSIONS

In this work, a compatibilization method by using modi-
fied polyolefins containing polar maleic anhydride as

2600 POLYMER COMPOSITES—2019

compatibilizer was successfully developed to enhance the
compatibility of lignin and PP, which significantly improve
the corresponding dispersion of the polar filler in the non-
polar matrix with more uniform filler dispersion, smaller
particle size and much larger interfacial area. The results of
tensile mechanical tests show that the Young’s modulus,
tensile stress and elongation at break are enhanced in com-
parison with that of neat PP or PP with the same amount of
lignin but no compatibilizer. In particular, the elongation at
break is drastically increased in the existence of PB when
containing only 1 wt% of lignin, revealing the toughness
effect of lignin in PP matrix. More impressively, by addi-
tion of compatibilizer PB, lignin acts as an excellent free
radical scavenger that greatly slows down UV-induced deg-
radation of PP under the influence of the filler dispersion
improvement. In a sharp contrast to neat PP, the tensile
mechanical properties of the PP/lignin composites show
remarkable less drop after 240 h UV irradiation. In conclu-
sion, addition of compatibilizer containing polar functional
group is a simple and efficient route to improve the com-
patibility of polar filler and non-polar matrix and further
enhance the multifunctional properties of composites.
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