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Granular starches grafted with polycaprolactone (St-g-PCL) were obtained using N-methylimidazole (NMI) as a catalyst. The
effect of the starch/monomer ratio and catalyst content was studied to obtain different levels of grafted PCL. The highest grafting
percentage (76%) and addition (43%) were achieved for reactions with a starch/monomer ratio of 50/50 and 25% catalyst. The
grafting of PCL on the starch granule was verified by the emergence of the carbonyl group in the FTIR spectra and the increased
diameter of the grafted starch granule. Thermoplastic starch from ungrafted starch (TPS) and grafted starch (TPGS) was obtained by
mixing ungrafted or grafted starch granules with water, glycerol, or sorbitol in a mixer. TPS and TPGS behave as plastic materials,
and their mechanical properties depend on the type of plasticizer used. Materials with glycerol as the plasticizer exhibited less
rigidity. The presence of starch-g-PCL results in a dramatic increase in the elongation of the thermoplastic material. The starch
present in the TPS or TPGS was completely biodegraded while the grafted PCL was partially biodegraded after the enzymatic

degradation of the materials.

1. Introduction

Biodegradable polymers represent a solution to the problems
of contamination caused by conventional synthetic polymers
[1-5]. Starch is a completely biodegradable polysaccharide
synthesized by a large number of plants and is inexpensive [2,
6-9]. Its use in the production of biodegradable materials can
simultaneously reduce the dependence on petroleum and the
problem of plastic waste [4,10-12]. However, there are limited
ways of using starch in its granular form to obtain thermo-
plastic materials by conventional processing techniques such
as extrusion or injection [13-17]. Poor mechanical properties
are obtained due to the thermal decomposition of granular
starch before melting occurs, to the high water absorption
and poor interaction with other materials [6, 11, 13, 18]. To
overcome the shortcomings of thermoplastic-based starch,
the starch has been plasticized [7, 12, 15, 17] or modified by
grafting nondegradable monomers, such as styrene [19] and
methyl methacrylate [8, 20] to the backbone [21], as a way
of obtaining a material that can be processed by extrusion

or injection. However, in the last case, the grafted starches
obtained are partially biodegradable [22].

Other methods used for the chemical modification of
starch have included grafting of chains of biodegradable
polyesters, such as polycaprolactone (PCL) [2, 23] and
poly(L-lactide) (PLLA) [13], by reactions of their hydroxyl
groups or through ring-opening graft polymerization of
monomers with starch as the initiation site of polymeriza-
tion. In these studies, graft efficiency close to the 60% was
obtained, the mechanical properties were improved, and
a completely biodegradable copolymer was obtained. The
starch-g-polyester copolymers have been used as compatibi-
lizers in blends of starch with other polymers [13].

There is limited information on the use of granules
starches grafted with biodegradable polyesters to obtain
thermoplastic grafted starches (TPGS) by using plasticizers,
although the granule starch has been modified, either phys-
ically or chemically, in various ways and graft copolymer-
ization has been extensively studied, which opens up new
research possibilities.
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TaBLE 1: Formulations used in grafting reactions of polycaprolactone on starch granules.

Materials St-g-PCL1 St-g-PCL2 St-g-PCL3 St-g-PCL4 St-g-PCL5 St-g-PCL6 St-g-PCL7

Starch [g] 5 5 5 5 5 100 100

€-Caprolactone (e-CL) [g] 5 5 5 2.5 7.5 100 50

N-Methylimidazole (NMI) [g] 0.625 125 1.875 125 125 25 25
This paper investigates thermoplastic grafted starches Grafting Efficiency (%)

(TPGS) and considers two processes used to obtain them. The )

first one is the reaction process for obtaining granular grafted _ [ PCL grafted weight ] % 100

starch with biodegradable polyester (polycaprolactone, PCL) PCL formed weight

and the second process involves obtaining thermoplastic

starches (TPGS) from grafted starch. In the first process, - [ Wif — Wy ] % 100,

the ratio between the starch and the monomer was studied, Wy + (wys — wy)

and the influence of the amount of catalyst used on the a)

grafting parameters was investigated. In the second process,
the influence of both the ratio between the amount of grafted
starch and plasticizer used and the type of plasticizer on
the properties and enzymatic degradation of the TPGS was
studied.

2. Materials and Methods

2.1. Grafting Copolymerization. Corn starch was purchased
from Unilever Manufacturera, S. de RL. de CV. €-
caprolactone monomer (e-CL) with 97% purity and catalyst
N-methylimidazole (NMI) were of reagent grade and were
purchased from Sigma-Aldrich Quimica, S. de R.L. de CV.
Starch particles were grafted according to a method reported
in the literature [23]. The procedure was as follows: starch
(dry basis), e-CL monomer, and catalyst NMI were placed
into a glass reactor equipped with a mechanical stirrer and
a condenser. The reactor was placed in a glycerin bath at
150°C and the mixture was stirred for a certain amount
of time. The polymerization yield was determined gravi-
metrically. In Table 1, the formulations used for obtaining
polycaprolactone-grafted starch are shown.

2.2. Determination of Grafting Parameters. Extraction with
toluene was conducted to dissolve remains of the e-
CL monomer, catalyst, and ungrafted polymer chains
(homopolymer). After toluene extraction, the material was
dried under vacuum to a constant weight. Grafting param-
eters are determined from the weights before and after the
extraction [3, 24] using the following equations:

PCL grafted weight
Starch weight

Graft (%) = [ ] x 100

_ u] 100
Wyt

Addition (%)

[ PCL grafted weight ] 100
~ | Total weight copolymer St-g-PCL

LW _wst] x 100
Wig

where wy is the weight of the product obtained after extrac-
tion (the insoluble fraction), in grams (g); wy, is the weight
of starch loaded in the reaction, in grams (g); and Why is the
weight of the homopolymer formed in the reaction, in grams

(g)-

2.3. Characterization of Grafted Granule Starch. The mor-
phology of the particles was observed using a JEOL 6360LV
SEM scanning electron microscope. The particles were cov-
ered with a gold surface layer to improve contrast. The size of
the grafted and ungrafted starch granules was analysed with
a Coulter Counter LS100Q after the granules were dispersed
in deionized water. FTIR analysis of starch and grafted
starch was performed in a Nicolet 870 Fourier transform
infrared spectrophotometer, in a wavenumber range from
4000 to 400 cm™", with 16 scans and a resolution of 4 cm™".
X-ray diffractograms were recorded on a Siemens D-5000
diffractometer with a Cu-Ke radiation source (wavelength
A = 1.5418 A). The samples were exposed to the X-ray beam
with the X-ray generator running at 34kV and 25mA,
and a step time of 6sec and step size of 0.04° were used.
TGA thermograms were obtained on a Perkin Elmer TGA-7
thermogravimetric balance in a temperature range from 40
to 700°C, with a heating rate of 10°C/min and in nitrogen
atmosphere.

2.4. Preparation and Characterization of the Thermoplastic
Starch. Thermoplastic materials with grafted (TPGS) and
ungrafted (TPS) granular starch were obtained with glycerol
or sorbitol added as plasticizers. The ratio of starch (or grafted
starch) to water to glycerol/sorbitol was 50/25/25 or 50/15/35.
The ungrafted or grafted granule starch was first blended with
water using a mixer and stored overnight. Subsequently, it
was mixed with glycerol or sorbitol and stored overnight. The
mixtures were manually fed into a Brabender Plasticorder
mixer for 10 min at 150°C with a rotation speed of 40 rpm.
The blends were molded at150°C in a Carver Laboratory press
under a force of 10,000 lbs to obtain samples for mechanical
experiments.

Tensile tests for TPS and TPGS were conducted with a
Shimadzu AGS-X universal machine by following the ASTM
D638-14 method [25]. The analyses were performed after
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TaBLE 2: Effect of reaction conditions on the grafting parameters.
Code Starch/monomer relation Catalyst (g) Monomer (g) Graft (%) Addition (%) Grafting efficiency (%)
St-g-PCL1 50/50 0.625 (12.5%) 5 13 1 28
St-g-PCL2 50/50 1.25 (25%) 5 68 40 88
St-g-PCL3 50/50 1.875 (37.5%) 5 64 39 72
St-g-PCL4 75/25 1.25 (25%) 2.5 42 30 92
St-g-PCL5 25/75 1.25 (25%) 7.5 21 18 22
St-g-PCL6 50/50 25 (25%) 100 76 43 72
St-g-PCL7 75/25 25 (25%) 50 35 26 50

equilibrating the samples, according to the ASTM D618-13
standard [26], for 2 days at temperatures of 23 + 2°C and at
relative humidities of 50 + 5% and at a crosshead speed of
5 mm/min. The specimens (type IV) were cut from the I mm
hot-pressed molded sheets using a die cutting machine. The
JEOL 6360LV examines the failure surface of the thermoplas-
tic starch after mechanical tests; the samples were coated with
gold film before examination to improve the contrast. The
storage moduli and tan § curves of samples were obtained on
a Perkin Elmer DMA-7 mechanical dynamic analyser with a
parallel plate/disc mode at 1 Hz, at a heating rate of 5°C/min,
and at a temperature range of —100 to 50°C. The samples
(10mm in diameter) were cut from the 1mm hot-pressed
molded sheets. Thermogravimetric analysis of TPS and TPGS
was performed with a Perkin Elmer TG-7 thermogravimetric
balance at a heating rate of 10°C/min and a temperature
range of 40 to 700°C under nitrogen atmosphere. XRD
measurements were performed in a Siemens D-5000 diffrac-
tometer with a Cu-Ka radiation source (wavelength A =
1.5418 A) and a step time of 6 sec and a step size of 0.04°.

2.5. Enzymatic Degradation. The enzymatic degradation was
performed according to the methods reported in the lit-
erature [11, 22] using a-amylase from Bacillus licheniformis
and glucoamylase from Aspergillus niger, both purchased
from Sigma-Aldrich. Incubations were carried out at 37°C
in 2.5mL 0.1 M acetate buffer (pH 5.0) containing 50 uL of
Merthiolate to prevent microbial growth. The concentration
of the enzymes was 7.5 U/mL of a-amylase and 15 U/mL of
glucoamylase. The samples were of size Imm X 7Z5mm x
75 mm. After a certain time, the samples were filtered and
the solids were washed with distilled water and then dried
to constant weight. The solids obtained after enzymatic
hydrolysis were observed using a JEOL 6360LV SEM scan-
ning electron microscope and characterized by FTIR and
thermogravimetric analysis using the same conditions as in
the characterization of the thermoplastic starches.

3. Results and Discussion

3.1. Characterization of Grafted Granule Starch. Table 2 shows
the grafting parameters obtained after the extraction with
toluene. Grafting reactions with different amounts of catalyst
were carried out while maintaining a constant amount of
starch and monomer. It is observed that an increase in
the amount of catalyst (12.5% to 25%) tends to increase

the grafting parameters. However, similar graft values were
obtained for reactions with higher amounts of catalyst, 25 and
375% (St-g-PCL2 and St-g-PCL3), which can be attributed
to the lower diffusion of the caprolactone in the reaction
medium. As the concentration of catalyst increases, there
is a higher reaction rate and a higher viscosity of the
reaction medium [23]. The lower grafting efficiency obtained
with 375% of catalyst in comparison with 25% of catalyst
confirms this assumption. To obtain different levels of grafted
polycaprolactone in subsequent materials, reactions were
performed by varying the percentage of the monomer while
keeping both the amount of catalyst (25% by weight) and the
amount of starch constant. Higher grafting parameter values
were observed for a low amount of monomer compared
with a high amount of monomer (St-g-PCL4 and St-g-
PCL5), which is attributed to the homopolymerization being
the principal reaction at high levels of caprolactone. To
obtain enough material for making thermoplastic starches,
the reactions were scaled (St-g-PCL6 and St-g-PCL7), and
they showed similar grafting parameters to their counterparts
(St-g-PCL2 and St-g-PCL4).

Figure 1 shows SEM micrographs of the grafted starch
granules. It can be observed that the granular starches
maintained their integrity and their surfaces were modified
by the grafted aliphatic polyester chains. Starch particles
are covered with a layer of polycaprolactone and a marked
increase in the average size was observed. The increase of
the granular size was confirmed in Figure 1(d), where the
size distribution curves for the starch and grafted starch are
shown. Average sizes of 14 ym and 25 ym were obtained for
the ungrafted and grafted starch, respectively. These results
are similar to those reported in the literature [20, 21].

The grafting of polycaprolactone onto starch granules was
confirmed by FTIR and XRD spectra. Figure 2(a) displays
infrared (IR) spectra of the starch, PCL, and grafted starch
with polycaprolactone. The IR spectrum of the starch shows
abroad band between 3700 and 3000 cm ™" which is attributed
to the stretching of the hydroxyl group (-OH) present in
the anhydroglucose unit; also a peak at 1645 cm™" due to the
bending of the same group is observed [27]. In addition, the
spectrum exhibits two signals at 2930 cm™" and 2890 cm ™,
which correspond to the asymmetric and symmetric stretch-
ing of methylene group (-CH,), respectively [28]. The PCL
spectrum has an intense peak at 1730 cm™', which cor-
responds to the stretching of the carbonyl group (C=0)
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FIGURE 1: SEM micrographs of (a) granular starch, (b) granular starch with 30% of PCL, (c) granular starch with 40% of PCL, and (d) the
particle size distributions for grafted and ungrafted granule starch.
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FIGURE 2: FTIR spectra (a) and XRD diffractograms (b) of starch, PCL, and grafted starch with PCL.
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FIGURE 3: TGA (a) and DTGA (b) thermograms of starch and grafted starch with different content of PCL.

of the polyester [3, 23]; moreover, characteristic stretching
signals from the ~CH, group can be observed at 2950 cm™
and 2900 cm™". The spectra for the grafted starch show the
starch signals and the appearance of the signal due to the
carbonyl group of polycaprolactone (PCL), which confirms
the grafting of polymer on the starch chains. Additionally,
the signal intensifies with increasing addition of PCL and
exhibits a slight displacement towards higher values. It has
been reported that the ester groups (C=0) absorb energy at
1740-1715 cm ™" when they are associated with carbon-carbon
double bonds (C=C) or aromatic hydrocarbons [28-31].

Figure 2(b) shows the XRD diffractograms of the starch,
the PCL, and the grafted starch with PCL. It can be observed
in the starch diffractogram peaks at 20 = 15.3, 174, and
23.1° which are typical for corn starch [32, 33]. The PCL
diffractogram shows two main diffraction peaks at 20 = 21.3
and 23.6° [34]. In grafted starch, an increase in the intensity of
the diffraction patterns occurs, which is ascribed to a higher
crystalline structure. In addition to the peaks associated with
starch, new signals appear at 20.2 and 22.8°, attributed to the
PCL grafted on the starch surface; moreover, an increase in
the peaks height is observed with a greater amount of grafted
polymer. It has been reported that low crystallinity may be
promoted by the decrease of the hydrogen bonds during the
grafting process due to the formation of esters and that the
grafted polymer chains are too short to form crystals [23].

In the TGA (Figure 3(a)) and DTGA (Figure 3(b))
thermograms, a decrease in the initial weight loss for grafted
starch was observed, which indicated a lower hydrophilic
character due to the presence of the PCL. Two decomposition
zones are observed in the range of 180-350°C; the first is
attributed to PCL degradation and the second proves that
both polymers are thermally decomposed in the range of
250-350°C with a maximum decomposition temperature
(DT,,,,) of 331°C.

3.2. Characterization of Thermoplastic Starch and Thermo-
plastic Grafted Starch. While obtaining thermoplastic starch
(TPS) and thermoplastic grafted starch (TPGS), the starch
and starch grafted granules lost their granular structure due
to the presence of plasticizers (water, glycerol, or sorbitol), the
heat, and the high shear stress conditions in the mixer. It has
been reported in the literature that this happens due to the
rupture of the granular starch with a decrease in the hydrogen
bonds and melting of the starch due to the decrease of its melt
temperature by the presence of the plasticizer [4, 35].

Figure 4 shows the effect of the grafted polymer and
the plasticizer on the mechanical properties of thermoplastic
starch. For TPS, the stress-deformation curves for both
plasticizers show that the stress increases continuously with
strain without yield until fracture, which is typically referred
to as plastic behavior based on the elongation at break. For
TPS with sorbitol (Figure 4(b)), the stress increases compared
to TPS with glycerol, and the elongation decreases. It has been
shown that the macroscopic behavior of the TPS with sorbitol
shows considerable variations depending on the amount of
sorbitol added, indicating that there are two types of behavior
in starch containing materials plasticized by sorbitol. Ata low
amount of plasticizer (<27%), the materials were shown to
be brittle, whereas when the amount of sorbitol increased
(>27%), it fulfilled the function of a plasticizer and the
materials had a plastic mechanical behavior [36]. The TPGS
has lower mechanical properties compared to TPS. The PCL
graft results in materials with lower Young’s moduli and stress
but with higher elongation. A strain at break greater than
300% was obtained for TPGS with 43% of PCL and 25%
of glycerol or sorbitol plasticizers. It is reported that the
PCL polymer possesses an important elongation at break and
medium modulus [5]. In the TPGS with 26% of PCL where
sorbitol was used as the plasticizer, an increase in Young’s
modulus, stress, and elongation at break was obtained in
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FIGURE 4: Effect of grafted polymer and plasticizers on the mechanical properties of thermoplastic starch with the formulations of 50/25/25
and 50/15/35: (a) starch or grafted starch/glycerol and (b) starch or grafted starch/sorbitol.

comparison with the materials obtained with glycerol. For
both plasticizers, where TPGS was obtained with 43% of PCL,
the mechanical properties were similar.

Figure 5 shows the fracture surface of the specimen
after the tensile test. Disintegration of the granules was
observed due to the action of plasticizers during high shear
mixing. A rough surface was observed for the TPS (Figures
5(a) and 5(b)) and as the amount of grafted polymer was
increased a smooth surface with greater homogeneity was
obtained (Figures 5(c)-5(f)). Some authors have reported
that roughness can refer to materials with semicrystalline
behavior [12, 14].

Figure 6 shows the effect of the grafted PCL and the
plasticizers on the storage modulus and the tan § curves
of TPS and TPGS. The TPS with glycerol as the plasticizer
showed two reductions in the storage modulus (Figure 6(a));
this occurred in a range from —65 to —23°C and -12 to 12°C,
with two maxima in the tan § curve (Figure 6(b)) at —41 and
14°C. In the storage modulus curve from TPS with sorbitol
as the plasticizer (Figure 6(a)), a decrease between —27 and
18°C s observed with maximum at 7°C (Figure 6(b)). Peaks of
tan § have been reported to be related to polymer relaxations
due to primary (such as glass transition temperature, Tg)
and secondary transitions [15, 37]. For plasticized starch
with glycerol, the position of the transition towards higher
temperatures is associated with the Tg of a phase with high
starch content, while the signal towards lower temperatures
refers to the Tg of a plasticizer-rich phase [9, 15]. On the other
hand, the single peak for TPS with sorbitol as the plasticizer
indicates that a more homogeneous material was obtained
[15].

For the TPGS plasticized with glycerol, a lower storage
modulus was obtained in comparison with TPS, and very

pronounced reductions by one order of magnitude are
observed in the modulus curves for TPGS with 43% of grafted
PCL (Figure 6(a)). This decrease can be attributed to the
more flexible TPGS material compared to TPS due to the
higher plasticization of the ungrafted starch matrix and the
low Tg (-60°C) of PCL, and it is in accordance with the
mechanical properties of these materials. In the tan § curves,
a shoulder is observed at —35°C in all the TPGS samples
with glycerol (Figure 6(b)). It has been reported that this
shoulder corresponds to an overlap of the Tg of PCL and
to the secondary relaxation of the plasticized starch [5]. The
peak associated with the glass transition of the plasticized
starch can be clearly observed and this temperature depends
on the PCL content in the starch-g-PCL fraction. At a PCL
content of 43%, the transition shows a maximum at 15°C
(Figure 6(b)).

The TPGS samples plasticized with sorbitol have a higher
modulus than the TPGS samples plasticized with glycerol,
and only one decrease is observed in the modulus curves (Fig-
ure 6(a)). Moreover, one transition is observed for all of these
materials. For the smallest addition of PCL the maximum
transition values are observed at 38°C. However, for higher
additions of polymer, the maximum value decreased to —3°C
(Figure 6(b)). This is consistent with the data presented in
the mechanical tests, where a larger amount of PCL in TPGS
results in a more plastic behavior.

Figure 7 shows the loss of mass due to thermal degrada-
tion of thermoplastic starch and thermoplastic grafted starch,
which is obtained by TG analysis. The thermogravimetric
curve of TPS with glycerol as the plasticizer (Figure 7(a))
shows the occurrence of a mass loss process below 260°C,
between 260 and 315°C, and above 315°C. The first mass loss
was attributed to a loss of moisture and plasticizer and the



International Journal of Polymer Science

50 ym

(e)

®)

FIGURE 5: SEM micrographs of rupture zones of TPS with glycerol (a) or sorbitol (b). SEM micrographs of rupture zones of TPGS with 26%
of PCL, with glycerol (c) or sorbitol (d), and TPGS with 43% of PCL, with glycerol (e) or sorbitol (f).

latter to the degradation of the starch and char formation
[16, 20]. The maximum decomposition temperature (DT ,,)
of TPS with glycerol was observed as two peaks in the DTGA
curves (Figure 7(b)) at 306 and 335°C due to the different
degradation rates of the polymers composing the starch
(amylose and amylopectin) [16]. For TPGS with glycerol as
the plasticizer, the second step occurs at a low temperature
compared with TPS due to the thermal degradation of the
starch-g-PCL; in addition, a large mass loss is observed in the
range of 43-338°C (50%). This behavior is more prominent
for the material with a higher amount of PCL (43% addition),
and two peaks were observed at 317 and 334°C. Other authors
have observed similar signs [38]. The thermal degradation

of the ungrafted starch in the TPGS is observed at the same
range temperature of the starch.

The TPS and TPGS with sorbitol as the plasticizer
(Figure 7(a)) had a higher thermal stability than the materials
plasticized with glycerol, which could be due to a better
interaction between the sorbitol and the starch chains.
Some authors have attributed this better interaction to the
molecular weight of this plasticizer [12, 17]. In this case, the
thermal degradation of the ungrafted and PCL-grafted starch
is observed at the same zone, and only the peaks (DT,,,) at
335, 315, and 309°C are attributed to TPS, TPGS with 26%
of PCL, and TPGS with 43% of PCL, respectively. The lower
DT,,,, for TPGS compared to TPS could occur because the
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FIGURE 7: TGA (a) and DTGA (b) curves of TPS and TPGS with glycerol or sorbitol. The ratio of starch or grafted starch/water/glycerol or

sorbitol of 50/25/25 was used.

degradation products of caprolactone increase the rate of
degradation of starch.

Figure 8 shows the X-ray diffractograms of the TPS and
TPGS plasticized with glycerol or sorbitol. In the TPS with
glycerol (Figure 8(a)), the crystallinity of starch was modified
and the B-type and V-type crystallinities are formed [39,
40]. The B-type crystallinity in starch materials that contain
glycerol as plasticizer is represented by the crystals forming

some outer chains of the branched polymer of the starch
(amylopectin) of smaller size with a maximum at 16.96° [39,
41-44]. The V-type crystallinity is related to the process of
recrystallization of the linear polymer of the starch (amylose)
due to the type of processing to obtain the thermoplastic
starch and is represented with the maxima at 12.96-19.76°
[39, 41, 43]. The TPGS with PCL and glycerol (Figure 8(a))
exhibits two different patterns. The first pattern is for the
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FIGURE 8: X-ray diffractograms of TPS and TPGS with (a) glycerol and (b) sorbitol. The ratio of starch or grafted starch/water/plasticizer of

50/25/25 was used.

26% of grafted PCL, where two intense peaks are observed at
20.4 and 22.04°. The second pattern is presented for the other
TPGS sample with 43% of the grafted polymer, which exhibits
only a broad peak at 20.44°. These maximums are related to
the V-type crystallinity of TPS. A change was also observed
in the diffractograms in the height of the peak referring to
the PCL; when the amount of PCL was greater, the height
decreased indicating a lower crystallinity in the materials.

TPS and TPGS with sorbitol as the plasticizer (Fig-
ure 8(b)) show a similar behavior compared to TPS with
glycerol as the plasticizer. In the TPS with sorbitol, similar
peaks to those observed in the TPS with glycerol as the
plasticizer are obtained. For TPGS with the least amount of
grafted polymers (26% of PCL), only three signals appear: a
peak at 13.6°, a broad peak at 20.4°, and a peak at 30°, which
indicates good dispersion of the plasticizer in the mixture
due to the presence of the grafted polymer. The broad peak is
an indication of the change in crystal from A-type to V-type
[39]. When the amount of grafted polymer increased (43%
PCL), strong signals were observed, which likely indicates a
retrogradation of the material and an overlapping between
the peaks from the grafted polymer and the plasticizer.

Figure 9 shows the percentage of weight loss of the TPS
and TPGS after enzymatic degradation by 48 hours. It can
be seen that the percentage of weight loss is above 95% for
all materials evaluated. TPGS with 43% of grafted PCL had
lower weight loss percentages (95-96%) compared to the
lesser amount of grafted polymer (97-98%) and nongrafted
thermoplastic starches (98-99%), which is in agreement with
the different rates of enzymatic degradation of starch and
PCL with the enzymes used in this work. The starch-forming
polymers, amylose and amylopectin, are readily hydrolysed
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20
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2 TpS
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FIGURE 9: Weight loss of TPS and TPGS after enzymatic degrada-
tion.

by enzymes [45]. The amylase initiates the breakdown of
the amylose glucoside linkage 1-4 [22, 45-47], while the
glucoamylase attacks the 1-6 linkages of amylopectin, reduc-
ing the size of the starch chains. These smaller chains are
solubilized in the aqueous phase and this is recorded as a
weight loss [22, 45]. On the other hand, these enzymes also
attack the C-O bonds of the ester groups of the PCL which
results in the rupture of the polymer chains. The remaining
solid residue, after enzymatic degradation, corresponds to
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PCL chains with hydroxyl or acid group as chain ends. There
are no notable changes in the weight loss due to the type of
plasticizer used.

Figure 10 shows SEM micrographs of the residues
obtained after TPGS biodegradation. After biodegradation
the TPGS films were disintegrated and the micrographs of
the residues of TPGS with the least PCL (26%, Figures 10(b)
and 10(b")) show a surface eroded from the inside to the
surface; this behavior suggests the formation of a starch-g-
polycaprolactone layer on the surface of the materials. When
the PCL is present in the largest amount in the TPGS (43%,
Figures 10(d) and 10(d")) a rough surface is observed due
to the minor plasticization for the starch-g-PCL with high
content of PCL. When high starch contents are present,
greater accessibility to the phase formed by this material
is obtained, which is reflected with higher percentages of
degradation [45].

Figure 11 displays infrared spectra of the residues of TPGS
after enzymatic degradation. All the biodegraded materials
show a decrease in the broad band corresponding to the
hydroxyl groups (~OH) of starch; this could be due to the
solubilization in the aqueous medium of the degraded starch
chains as well as the plasticizer. In addition, the band at
1160 cm™" corresponding to the glucosidic bonds ~C-O-C-
[46] shows a decrease in the intensity, confirming starch
degradation. The intense peak at 1736 cm™" that corresponds
to the stretching of the carbonyl group (C=0) present in
the PCL confirms the presence of the grafted polymer in the

Transmittance (u.a.)

T
4000 3500 3000 1800 1600 1400 1200

Wavenumber (cm ™)

1000

FIGURE 11I: FTIR spectra of starch and PCL and the residues after the
TPGS enzymatic biodegradation.

residues obtained after the enzymatic hydrolysis. This is more
notorious for the TPGS obtained using glycerol as plasticizer.

Figure 12 shows the thermal degradation of the TPGS
and the residues obtained after enzymatic hydrolysis. The
presence of three mass loss processes for the TPGS can be
observed, which are best defined in the DTGA curves. For
the residues of TPGS grafted with PCL (Figures 12(a) and
12(b)) after enzymatic hydrolysis two mass loss processes are
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observed and the main maximum decomposition temper-
ature (DT,,,,) shows a shift towards higher temperatures,
attributed to the polymer grafted (PCL) confirming the
biodegradation of the starch chains. The similar decomposi-
tion in the range between 50 and 300°C of the TPGS obtained
using sorbitol and the residues obtained after its enzymatic
degradation indicates the presence of starch or plasticizer in
these residues due to the lower degradation of the starch-g-
PCL at high PCL content.

4. Conclusions

Granular starch with grafted PCL was obtained, and the
polymer grafting was verified by different physicochemical
techniques. Modifying the concentration of catalyst or the
starch/monomer ratio resulted in different levels of the
grafted polymer. The grafted chains produced changes in the
surface of these particles and resulted in more hydrophobic
materials.

Thermoplastic grafted starches (TPGS) were obtained
with glycerol and sorbitol as the plasticizers. The mechan-
ical properties of thermoplastic starch can be modified by
the use of grafted polymers. The use of rubbery polymers
(PCL) increases the flexibility of thermoplastic grafted starch
(TPGS) compared to thermoplastic starch (TPS), and it
enables the preparation of a wide range of materials by mod-
ifying the ratio of starch/e-caprolactone in the grafted poly-
mer. Enzymatic hydrolysis of starch in TPS and TPGS using
amylolytic enzymes shows that thermoplastics were almost
completely biodegraded. The residues obtained from the
PCL-grafted TPGS after enzymatic degradation are mainly
PCL chains indicating the higher rate of starch degradation.
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