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Abstract
Biocomposites of poly(lactic acid) (PLA) and pectin, which are low-cost organic materials, were prepared using an internal
mixing machine in various pectin contents, i.e., 2, 4, 6 and 8% w/w. When pectin was added as a nucleating agent, the
mechanical properties of the biocomposites, such as tensile and impact testing, were considerably improved, particularly
following the annealing process. In addition, the PLA–pectin annealed at 4% w/w showed the highest strength and thermal
stability. This can be explained by the fact that PLA containing 4% pectin by weight had the best dispersion, as indicated by
scanning electron microscopy (SEM) and synchrotron-based 2D chemical mapping FT-IR. Moreover, pectin not only serves
as a reinforcing material to improve mechanical characteristics but also aids in the crystallization of PLA, which was
confirmed by in situ synchrotron-based wide-angle X-ray scattering (SR-WAXS). The crystallization rate and crystallinity
were maximum at 8% w/w pectin addition according to the SR-WAXS results. This shows that pectin dispersion is the most
important factor in determining the mechanical and thermal properties of biocomposites.

Introduction

Synthetic polymers such as low-density polyethylene, poly
(vinyl chloride), polybutylene and copolymers of ethylene
with vinyl acetate are now used in the food industry,
medication packaging, seed coatings, and controlled-release
fertilizer applications. Despite the fact that these materials
pose issues such as contamination during harvesting,
removal challenges, and pollution, they are nevertheless
used. Therefore, biodegradable polymers such as poly
(butylene succinate), poly(3-hydroxybutyrate) (PHB), poly

(ε-caprolactone), and poly(lactic acid) (PLA) have been
widely employed [1–4].

PLA is a biodegradable polymer made from renewable
biomass, such as sugar, corn, beet and cassava, which can
be made by allowing microorganisms to be produced. When
this biopolymer degrades, it transforms into an inert humus-
like material that is less hazardous to the environment and
blends nicely with natural soil [5, 6]. However, the pro-
blems of PLA include its mechanical brittleness, flexibility,
long degradation periods and high production costs.

Several strategies can be used to improve the impact
strength and degradation rate. Blending is a typical technique
for improving polymer qualities by combining it with other
materials. Various substances have been used as the nucle-
ating agent in the blending process to improve the crystallinity
of PLA [7–10], including hydrophilic polymers that create
physical hydrogels and cause a wide variation in physical and
mechanical properties. Several polysaccharide systems, such
as cellulose, can also substantially reduce the total cost while
improving the quality of the physical structure and brittleness
of their composites [11, 12]. Adding these organic substances
not only improves the nucleation of PLA but also creates
desirable biocomposites that are environmentally friendly and
can completely degrade.
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Pectin is a hydrophilic polymer that is abundantly available
from an agricultural resource and has been recently con-
sidered as an alternative addition to producing biopolymer
blending. Pectin is a part of natural complex structural poly-
saccharides that give the shape of soft, nonwoody sections of
plant cell walls in vegetables and fruits. It is also one of the
most common dietary fiber sources in human nutrition. On
various sugar residues, pectin has sophisticated functional
groups, such as carboxylic groups, methyl ester groups and
methyl amide groups. The hydrophilicity of pectin can be
exploited to speed up the decomposition of some degradable
hydrophobic polymers [13]. Microorganisms or enzymes can
hydrolyze it into glucose, which is then converted into carbon
dioxide and water [14]. Therefore, pectin is an ideal material
to modify or mix with PLA to increase the structure and
biodegradability of PLA–pectin composites. However, only a
few studies have investigated the role of pectin on the
mechanical properties and structures of PLA biocomposites,
especially the crystallinity in heterogeneous nucleated
composites.

In this work, a series of PLA–pectin composites were
characterized by extrusion and mold injection techniques for
mechanical tests. The morphology and dispersion of the pectin
were examined by scanning electron microscopy (SEM) and
synchrotron-based 2D chemical mapping FT-IR. Moreover,
the crystallization kinetics of the biocomposites were traced
during isothermal treatment via in situ SR-WAXS.

Experimental setup

PLA–pectin blending preparation

Injection grade PLA (2021D) was provided by Natural
Work (USA), while pectin was provided by Fluka
(Switzerland). Various ratio compositions between PLA
and pectin (100:0, 98:2, 96:4, 94:6 and 92:8% w/w) were
prepared, and then the mixture pellets were dried in an oven
at 70 °C for 8 h to remove humidity in materials before
mixing. The mixture pellets were blended using an internal
mixer (Haake Rheomix 6000p, Germany) at a speed of
50 rpm at 180 °C for 20 min. After that, the blends were
cooled by air for 30 min before grinding with a mechanical
grinder (Retsch grinder machine, Thailand). The samples
for tensile and impact testing were injected into a mold
(Gotech model GT-7014-A30, USA) at 180 °C. The blends
were preheated for 10 min and then pressed for 10 min.
After that, the samples were cooled at room temperature.

Annealing process

To increase the strength of the polymer material, an
annealing process was introduced to alter the polymer

structure and change the physical properties. After injection
into the mold, the biopolymer specimens were kept at room
temperature for a day before the annealing process. The
biopolymer specimens were heated from room temperature
(25 °C) to 100 °C and then hold for 60 min. After that, the
specimens were slowly cooled to room temperature for 24 h
(Fig. 1) [15].

Tensile testing

The tensile testing samples of the samples were prepared by
pressing the blends in a dogbone-shaped stainless steel
mold. Tensile testing was performed according to the
ASTM D638 (1998) standard test method. Standard type I
specimens with a thickness of 4 mm, a width at a narrow
section of 3.18 mm, an overall width of 9.53 mm, a gauge
length of 7.62 mm and an overall length of 63.5 mm were
prepared. The tensile properties of the samples were
determined using a universal testing machine (Instron
model 5569, Chicago, USA) with a load cell of 5 kN and a
crosshead speed of 1 mm/min at 25 °C. The testing was
performed in triplicate. Tensile force and elongation were
recorded. The elongation at break, elastic modulus and
tensile toughness were determined.

Impact testing

The impact testing specimens were prepared by pressing the
blends in a rectangular stainless steel mold. The specimens
had a width of 12.7 mm, a length of 64 mm and a depth
of 4 mm.

All specimens were stored overnight at room temperature
after that. The notched Izod impact test was performed
according to the ASTM 256 standard test method using an
Atlas testing machine (model BPI, USA). A pendulum

Fig. 1 Thermal step for the annealing process of PLA composite to
enhance the crystallinity
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energy of 2.7 J was used at 25 °C. The impact toughness
(J/m2) was reported by the failure energy divided by the
samples across a section area after being notched. This
reflects the amount of energy absorption from the beginning
mechanical load to the final fracture. Five specimens were
tested for each composition.

Scanning electron microscopy (SEM)

The morphology of the impact fracture surfaces of PLA and
PLA–pectin blends both with and without the annealing
process was observed using scanning electron microscopy
(SEM, JEOL model JSM 6400, Japan) at room temperature.
The fracture surface samples were coated with gold for 3
min before analysis. An acceleration voltage of 20 kV was
used to collect SEM images of the sample.

Thermal properties

The thermal properties of PLA and PLA–pectin at various
ratios were determined using thermogravimetric analysis
(TGA, TA Instrument; model SDT 2960, USA). Each
sample was heated from room temperature to 600 °C at a
rate of 20 °C/min. The thermal decomposition temperature
of each sample was examined under a nitrogen atmosphere.

Synchrotron radiation wide-angle x-ray scattering
(SR-WAXS)

To determine the development of crystallization in the
PLA–pectin composite, SR-WAXS at a beamline of 1.3W
of 1.2 A GeV synchrotron light source at Synchrotron Light
Research Institute, SLRI, was used. An X-ray at 9 keV
(wavelength 1.3776 Å) from a multipole wiggler and a

double multilayer monochromator was delivered to track
in situ structural evolution [16]. An experimental station
equipped with a Rayonix SX165 CCD detector was set up
for a flight tube length of 120 mm. From the information of
the TGA experiment, the SR-WAXS measurements were
performed at 100 °C to investigate the development of PLA
crystals under isothermal conditions, and the X-ray scat-
tering pattern was recorded every 1 min with 30 s of
exposure time.

Synchrotron-based fourier transform infrared
spectroscopy (FT-IR)

FTIR data were collected at the infrared beamline (BL4-1
IR Spectroscopy and Imaging) at SLRI. Spectra were
acquired with a Vertex 70 FTIR spectrometer coupled with
an IR microscope with a mercury cadmium telluride
detector cooled in liquid nitrogen. Data were collected from
10 square grids, and the detector area for each measurement
was ~20 × 20 µm2, thus covering a sample area of 200 ×
200 µm2 at a resolution of 4 cm−1 with 64 scans co-added.
Spectral acquisition and instrument control were performed
using OPUS 7.5 software (Bruker Optics Ltd., Ettlingen,
Germany).

Results and discussion

Tensile properties

The results of the tensile properties are shown in Fig. 2.
When comparing the tensile strength of pure PLA before
and after annealing, the pure PLA had a higher tensile
strength after annealing. The result of the PLA tensile test

Fig. 2 Tensile strength of pure
PLA, PLA–pectin 2%,
PLA–pectin 4%, PLA–pectin
6% and PLA–pectin 8%
compared between annealing
and nonannealing processes
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before annealing was found at 54.2 MPa. The tensile
strength was enhanced to 59.9 MPa following the annealing
process. This improvement in the tensile strength is due to a
polymer recrystallization process that can create micro-
spherical crystal structures during the annealing process
[17, 18]. Moreover, the PLA–pectin composite demon-
strated that the highest tensile strength was 2.5 times that of
pure PLA with 4% pectin added. The increase in impact
strength value partly resulted from the recrystallization
process, as previously mentioned. This might be related to
subsequent chemical interactions between pectin and PLA,
especially when the composite contains 4% pectin. On the
other hand, the higher levels of pectin addition at 6 and 8%
resulted in PLA–pectin composites with lower tensile
strength. Nevertheless, the annealing process increases the
tensile strength in PLA–pectin composites with pectin
contents of 6 and 8% compared to composites without
annealing at the same pectin content. The decline in tensile
strength at higher pectin contents of 6 and 8% can be
affected by the larger grain particles of pectin in the PLA
matrix. Li and Favis [19] showed that excessive amounts of
compatibilizer higher than 5% w/w can create interface
saturation, which does not improve tensile characteristics.
In addition, larger spherulites also generate brittleness with
low energy absorption during the debonding process fol-
lowing annealing [20, 21].

Impact testing

The results of the impact reinforcement before the annealing
process are shown in Fig. 3.

The impact strength of the PLA–pectin composites was
shown to decrease with increasing pectin concentration.
The impact strength was reduced to 4.6 KJ/m2 compared to
7.0 KJ/m2 for pure PLA. This might be the effect from the
increased level of heterogeneous nucleation between PLA
and the pectin matrix that was provided with the gap in the

structure and destroyed the composite structure under impact
force [22, 23]. In contrast, the PLA–pectin composite
improved its impact strength after the annealing process. The
recrystallization process plays an important role in improving
the impact strength to 11.2 KJ/m2 when compared to non-
annealing of pure PLA at 7.0 KJ/m2. The result of 2% pectin
addition provided impact strength up to 12.5 KJ/m2 higher
than that of annealed bare PLA. The highest impact strength
of the composite was found with 4% pectin addition up to
16.1 KJ/m2. The higher impact strength might be related to
the improvement of the crystallinity matrix and the spheru-
litic morphologies of the composite [24]. However, the
impact strength decreased when increasing the pectin content
up to 6 and 8%. A large number of pectin particles could be
created at the larger grain boundaries of spherulites and
provide a more brittle composite structure [25].

Morphology

SEM micrographs of the tensile fracture surface of pure and
PLA–pectin composites (nonannealing process) are pre-
sented in Fig. 4. The surfaces after tensile tests were
smooth, with no stack cracked layer appearing, indicating
that the pectin had been completely embedded and provided
the high interfacial matrix in PLA. These composites would
not have formed a crystalline structure without the anneal-
ing process (Fig. 4a–e).

A comparison between the surfaces of pure PLA before
and after the annealing process is shown in Fig. 5. The PLA
surface exhibits steady crack and propagation after the
annealing process (Fig. 5a, b). However, the stack cracked
line surface occurred when pectin was added to the PLA
matrix (Fig. 5c–f). The fractured surface of the stack after
the tensile test revealed that the direction obstructed the
crack from the crystalline stack [26–28].

Thermal stability

TGA can obtain important information on thermal decom-
position from polymeric material structures by investigating
the weight loss of annealing polymers in a temperature
range between 25 and 600 °C [29]. The TGA curves for
pure PLA and PLA–pectin composites as a function of
temperature are shown in Fig. 6. The thermal stability of
pure PLA demonstrated single-step weight loss from 230 to
325 °C. The reason for this is that PLA is hydrophobic, and
no initial weight loss from moisture phenomena occurs. The
TGA results of PLA–pectin composites at 2 and 4% were
demonstrated to be nearly similar to those of pure PLA;
however, the thermal stabilities were shifted toward lower
temperatures. This information corresponds to other physi-
cal properties. The deterioration of the composite material
with 6 and 8% pectin occurred in three main stages.

Fig. 3 Impact strength of pure PLA, PLA–pectin 2%, PLA–pectin 4%,
PLA–pectin 6%, and PLA–pectin 8% compared between annealing
and nonannealing processes
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The moisture content was eliminated by the initial tem-
perature during the melting process over 100 °C, which was
the first step of degradation. Disintegration of the pectin
composite was shown in the second step at 50% weight
loss. The polysaccharide linkage and major chain structure
might be destroyed by the depolymerization process. Eva-
porative products such as CO2, CO, CH4, and organic

compounds were released in the last step at ~30% weight
loss. The organic compound composite residue was found
in the form of char residue PLA [30]. These several steps of
degradation and the volatile residue of the composite indi-
cated that pectin is a significant factor in the thermal sta-
bility of this composite. Pectin is involved in strength
formation by causing interfacial bonding between PLA and

Fig. 4 SEM micrographs of tensile fractured surfaces for the nonannealing process. a pure PLA, (b) PLA–pectin 2%, (c) PLA–pectin 4%,
(d) PLA–pectin 6%, and (e) PLA–pectin 8%

Fig. 5 SEM micrographs of tensile fractured surfaces of pure PLA
before the annealing process. a Pure PLA after the annealing process
(b), PLA–pectin 2% after crystallization (c), PLA–pectin 4% after

crystallization (d), PLA–pectin 6% after crystallization (e) and
PLA–pectin 8% after crystallization (f). Red arrows show the crys-
talline stack after the annealing process
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pectin. The overabundant pectin at 6 and 8% demonstrated
the rupture of glycosidic linkages, the major compounds of
pectin, at ~30% weight reduction. The presence of char
residue in the sample following the TGA experiment indi-
cated incomplete degradation.

SR-WAXS

The structural evolution and crystallization of pure PLA and
PLA–pectin composites at 2, 4, 6 and 8% w/w were shown
in an isothermal crystallization experiment with in situ SR-
WAXS measurements at 100 °C. 2D-scattering patterns
were recorded every 1 min with 30s of exposure time. An
example of a series of scattering patterns elucidating the
structural evolution in PLA–pectin in the 4% composite is
shown in Fig. 7. After that, the intensities of the scattering
patterns of each condition were analyzed by SAXSIT
software developed by SLRI. The 1D profile was extracted
by radially averaging the intensity from φ= 0° to φ= 270°.
Only the plot of crystallization evolution analyzed from the
SR-WAXS scattering patterns under the best conditions of
the PLA-pectin composite at 4% is shown in Fig. 8 due to
space limitations. Furthermore, the evolution of crystallinity
for each pectin-added composite was estimated using only
data from the peaks at 14.8°, 16.6°, 19.0°, and 22.3°, which
were contributed from the α-phase of PLA. The areas under
these peaks were fitted with the pseudo-Voigt function and
then divided by the total area under all curves and the
background of the halo-amorphous peaks fitted with a
Gaussian distribution function to elucidate the crystallinities
of the biocomposites, as plotted in Fig. 9. The crystallinity
of pectin-added composites clearly exhibited an improve-
ment in both the quantity and time of PLA crystallization.
While pure PLA crystallized gradually over time, various
composites with pectin added crystallized rapidly and

saturated in 6–8 mins. While pure PLA and PLA–pectin 2%
have not fully crystallized in the experiment, PLA–pectin
4%, 6 and 8% can reach their saturation with crystallization
halftime (t1/2) at 5.83, 5.82 and 5.48 min, respectively. The
plot also showed that with the increase in pectin added into
PLA, a higher level of crystallinity is observed. In addition,
the crystal sizes of the PLA–pectin composites have been
determined using the Debye–Scherrer equation [31, 32] as
in [Eq. 1];

τ ¼ Kλ

β cos θ
ð1Þ

where τ is the size of the crystallites, K is the Scherrer
constant (K= 0.89), λ is the wavelength of the X-ray in SR-
WAXS (0.13776 nm), and β is the full width at half
maximum of the peaks. The result showed that the sizes of
the crystallites at each PLA–pectin composite can be
comparably varying in the range of 12.1–13.0 nm.

FT-IR

From the synchrotron ATR-FTIR, the average spectra of
each group of experiments were determined to represent the
FT-IR spectra of pectin, PLA, and PLA–pectin composites
at 110 °C (blending temperature) and 180 °C (completely
decomposed temperature). The temperature of thermal
decomposition was chosen when the composites appeared
in dark brown shade. The chemical bonding between PLA
and pectin occurred, as seen in the shape, and band peaks
from PLA at 1178 and 1127 cm−1 disappeared after
blending. The characteristic band of the C=O carbonyl also
changed as it broadened (1780–1740 cm−1), indicating that
the interaction occurred, which could be from hydrogen
bonding with PLA and pectin. The broadening band in

Fig. 6 TGA of PLA–pectin 2%, PLA–pectin 4%, PLA–pectin 6 and
PLA–pectin 8%

Fig. 7 Example of a series of scattering patterns elucidating the
structural evolution in the PLA–pectin 4% w/w composite at 100 °C.
The series is presented at 2 min intervals to emphasize the evolution of
the composite
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PLA–pectin also occurs due to the chemical environments
observed by different intermolecular bonding (Fig. 10)
[33–35]. With the high brightness of SR, we can measure
the sample at high spatial resolution with a high signal-to-
noise ratio. Therefore, the differences between each sample
were clearly elucidated.

The peak for the hydroxyl group was exhibited at
~3436 cm−1, which reflected typical water absorption and

is shown elsewhere. The pectin region bands situated in
the range of 1000–2000 cm−1 were caused by the signal of
galacturonic acid. The functional groups of COO− and
COOR corresponded to 1735 and 1617 cm−1, respectively
(Fig. 10). The characteristic bands of C-O-C vibrations
(glycosidic linkages) were observed at 1149 and
1045 cm−1, as mentioned in [36]. Further investigation
showed that the heterogeneous distribution of pectin in the
mapping showed major components in the composite
(Fig. 11). The FT-IR chemical mapping image was ana-
lyzed to discover the distribution of pectin by using the
characteristic absorption bands of the pectin composite
phase. In this research, the absorption bands at 1633 cm−1

were used to characterize the N-H group of pectin in the
matrix. The pectin was dispersed over the whole mea-
suring area with a particle size of ~80–100 µm, as seen in
Fig. 11. The 4% pectin added to the PLA-pectin composite
is consistently and thoroughly distributed in the PLA
matrix (Fig. 11b). On the other hand, the excessive
amount of pectin caused the agglomeration shown in
Fig. 11c and d. Consistent with the morphology results
obtained via SEM and the mechanical properties obtained
via tensile/impact testing, the influence of pectin disper-
sion in the PLA matrix plays an important role in the
mechanical properties of the PLA–pectin composite.
While the pectin was perfectly dispersed in the composite,
it induced a perfect crystalline structure. Nevertheless,

Fig. 8 Crystallization evolution was analyzed from the SR-WAXS scattering patterns under the best conditions of the PLA–pectin composite at
4%. The plots analyzed from the WAXS recorded every 1 min at a constant temperature of 100 °C

Fig. 9 Development of crystallinity of pectin-added PLA composites vs.
time. The crystallization was analyzed from the SR-WAXS experiment
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the excessive amount of pectin composite provided con-
tradicts this result. Oversaturated pectin formed agglom-
erates and reduced the mechanical characteristics of the
composites. This may lead to pectin debonding during
mechanical testing or the poor interaction between pectin
and PLA in the composites.

Conclusion

The results of biocomposites with various pectin ratios
added to PLA polymer were investigated. An internal mixer
and twin-screw extrusion were used to successfully produce
the composites, which were then injected into the mold.

Fig. 10 Synchrotron-based FT-
IR spectrum of 1900–900 cm−1

region of the commercial pectin,
pure PLA–pectin 110 and
180 °C, respectively

Fig. 11 2D chemical imaging
scanning dispersion of pectin
in biopolymer blending,
PLA–pectin 2%. a PLA–pectin
4% (b), PLA–pectin 6% (c) and
PLA–pectin 8% (d) composites
generated from the integrated
area under the pectin specific
absorption band (N-H group).
The color scale is a rainbow
scale with blue (low intensity)
and pink (high intensity)
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Tensile testing was carried out, and it was discovered that
adding up to 4% pectin to the PLA biocomposite can
improve its tensile strength. For the impact testing, the
impact strength decreases at various pectin contents. After
the annealing process, the tensile and impact strengths both
increased and reached a maximum at a pectin content of 4%
w/w. The morphologies of the composites were elucidated
using SEM. The result shows that adding pectin to com-
posites gives them a smooth surface, especially after
annealing. SEM also showed the highest amount of crys-
talline lamellar stacking at the 4% pectin concentration. The
TGA experiment showed that the thermal decomposition
temperature of the composites decreased while the pectin
content in the PLA/pectin composite increased. To inves-
tigate the crystallization of the biocomposites, the SR-
WAXS experiment was explored. The SR-WAXS results
demonstrate that as the pectin content increases, the crys-
tallinities are dramatically increased, and the crystallization
is accelerated. To further understand pectin dispersion in
PLA composites, researchers used synchrotron-based FT-IR
to show that the pectin particles caused a highly hetero-
geneous nucleation dispersion and enhanced the crystal-
linity of the composite. However, when the pectin level was
oversaturated by up to 6–8% w/w, some agglomerations
developed and caused a decrease in mechanical properties.
Therefore, pectin addition not only improves the mechan-
ical and thermal properties of PLA composites, especially
after annealing, but also widens PLA composite utilization,
as it has become completely “green” to use pectin as a
bionucleating agent.
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