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Abstract

PLA and its nanocomposite containing 3% chitosan nanoparticles (PLA-3CsNP) were studied to see how y -irradiation
affected their characteristics. Different doses of y -irradiation were applied to the investigated materials under inquiry
(5-40 kGy) using %0Co at ambient conditions. The irradiation materials were characterized by FT-IR, GPC, mechanical
tensile test, DSC, XRD, and TGA in solid and chloroform solutions. The molecular weight of the studied materials was
lowered when the irradiation dose was increased, indicating that y-irradiation had the dominating effect through oxidative
degradation, and chain scission. The addition of chitosan to PLA reduces the impact of y-irradiation, while the samples
irradiated in solution showed more degradation after irradiation than irradiated solid films. Irradiation caused a decrease in
tensile strength and elongation at break values. Both the melting temperature (Tm) and the glass transition temperature (Tg)
decreased as the irradiation dose was increased. The crystallization peak temperatures were reduced when pure PLA was
irradiated in solution. The thermal stability of PLA was diminished as the irradiation dose was raised, and this effect was
more pronounced in samples irradiated in chloroform solution.
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Introduction cost, and processing with traditional techniques. PLA can

be considered attractive, sustainable, eco-friendly, degrada-

In recent decades, it has been a rise in environmental con-
sciousness. As a result, biopolymers such as polylactic
acid (PLA) have increased in various applications. PLA is
the most crucial option to replace petroleum-based poly-
mers such as plastic waste in multiple industries, includ-
ing transportation, electrical, and electronic sectors, due
to its good physical and mechanical qualities, reasonable
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ble, and recyclable [1, 2]. The polymerization of lactic acid
obtained from the fermentation of various naturally acces-
sible polysaccharides such as potato, sugarcane, corn, and
starch produces PLA, a linear aliphatic thermoplastic poly-
ester. Biodegradability, biocompatibility, thermal flexibility,
high dyeability, and nontoxicity are just a few characteris-
tics that make it ideal for biomedical, flame retardant, food
packaging, and agricultural applications [3—6]. However, the
drawbacks of PLA including its brittleness, thermal stability
and low crystallization rate restrict its uses, especially for
structural applications. These drawbacks can be avoided and
tailor-modified to specific applications by several methods
such as blending of PLA with other polymers [7, 8], copoly-
merization with synthetic [9, 10] and cyclic monomers like
glycolide, e-caprolactone, y-valerolactone, trimethylene car-
bonate, etc. as well as linear monomers like ethylene glycol
[11] or crosslinking [12, 13].

On the other hand, PLA has flaws such as low tough-
ness, brittleness, and heat resistance. Composites and
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nanocomposites must be prepared by adding stiff fillers as
reinforcement materials [14, 15].

Recently, PLA has been combined with natural nanopar-
ticles formed from polysaccharides, such as rod-like whick-
ers of chitin and cellulose and platelet-like nanocrystals of
starch, to obtain entirely renewable mechanical characteris-
tics, low processing costs, and biodegradable nanocompos-
ites. Therefore, PLA is re-engineered to improve its thermal,
rheological, barrier and mechanical properties through nano-
particles (NPs) reinforcement [16].

However, the hydrophilic nanoparticle granules and the
hydrophobic PLA have a weak interfacial contact. To over-
come these restrictions, researchers looked into modifying,
processing, and the qualities of mixes to improve phase com-
patibility [17, 18]. These particles have some of the ben-
efits of natural polymers and some of the general properties
of nanomaterials, such as tiny size, surface, and interface
effects. Chitosan (CS) is a polysaccharide of D-glucosamine
derived from chitin with antibacterial, antifungal, mucoad-
hesive, and hemostatic properties. CS has consequential
applications in pharmaceutical, biomedical, chemical, agri-
cultural, environmental, material science, food industries,
delivery, coating applications, hydrogels, membranes, beads,
porous foams, nanoparticles, microparticles, sponges, and
nanofibers/scaffolds [19], [20]. The incorporation of chi-
tosan nanoparticles into the PLA matrix led to improved
mechanical behavior and crystallization rate of PLA. The
application of PLA and its composites in biomedical and
food packaging applications make it necessary for complete
sterilization of the products. The main sterilization process
of polymers for medical applications is by y-radiation [21,
22]. However, irradiation may affect the stability of the prod-
uct and thus its safety of use. Irradiation exposure has a
substantial impact on the degrading characteristics of poly-
mer matrices. As a result, it's critical to look at the chemical
and physical effects of energy transfer on polymer matrices
[23]. The effects of y-radiation on PLA, PLA blends, and
various PLA nanocomposite were investigated. As a result
of chain scissions, y-irradiation can lower the molecular
weights of polymers. Higher doses can cause polymer cross
linking. The chain scission effect is the most prominent in
PLA [24-27]. In our previous work [21], they reported that
incorporation of 3.0% content of CsNP is the most effec-
tive and economical method to attain desired mechanical
and thermal properties without meddling with the inherent
benefits in the neat PLA matrix.

Based on the above findings, the goal of this study is
to see how vy -irradiation affects the mechanical and ther-
mal properties of pure PLA and PLA composites with 3%
CsNP; namely PLA-3CsNP. Film and solution samples in
chloroform, as the solvent, are irradiated at dosage intervals
ranging from O to 40 kGy. The molecular structure, molec-
ular weight, mechanical tensile properties, and thermal
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properties of pure PLA and its composite were evaluated as
a function of irradiation dose.

Experimental
Materials

Nature Works® LLC (Minnetonka, USA) provided the
polylactic acid (PLA) (IngeoTM3001D), which was dried
at 100 °C for 3 h before usage. G.T.C Bio Corporation pro-
vided chitosan nanoparticles CsNP (CN0O1) (deacetylated
96%) with particle sizes ranging from 150 to 280 nm (Hong-
kong, China). The chitosan nanoparticles were dried in a
vacuum oven at 80 °C for 24 h. Chloroform (CHCl5) (99.8%
purity) was obtained from sigma Aldrich (USA).

Sample Preparation

A twin screw extrusion melting manufacturing technique
was used to create both neat PLA and PLA composites
incorporating 3wt% chitosan nanoparticles (CsNP), Thermo
Scientific provided the Prism Eurolab 16 co-rotating twin-
screw extruder, which used to prepare the samples. The
screw configuration was strong, with three mixing zones
that included mixing discs positioned at 90 degrees. For two
hours, the mixing temperature was 180 °C [21]. To obtain
sheets of 0.2 mm thickness, the prepared samples were hot
pressed for 5 min at 185+2 °C and 10 MPa, respectively,
and then cooled pressed at room temperature for another
5 min. Before any testing, the moulded sheets were stored
for 48 h at room temperature.

Gamma Irradiation Exposure Test

Through the Center for Radiation Research and Technol-
ogy (NCRRT) in Cairo, Egypt exposed neat PLA and PLA
nanocomposite sheets (20X 20 cm) to gamma radiation
using %°Co industrial equipment (manufactured in Russia).
At ambient temperature in the presence of air, the samples
were exposed to irradiation doses of 0, 5, 10, 15, 20, 25, 30,
35, and 40 kGy with a dose rate 4.774 kGy h~!. PLA and
PLA-3CsNP composite loaded with 3% CsNP were both
irradiated in CHCl; solution under the same circumstances.
The PLA and its nanocomposites concentration in solution
were prepared as 1.0 g/ 50 mL chloroform. For PLA nano-
composites, the mixture was sonicated for 2.0 h before sub-
jected to the irradiation. The PLA and its nanocomposite
in CHCl; solution were then placed onto a glass dish after
being irradiated. After the chloroform solvent had evapo-
rated after 24 h at room temperature, thin solid films (f) of
0.1-0.12 mm thickness were produced, they denote as PLA-f
and PLA-3CsNP-f.
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Measurements
Fourier-Transform Infrared (FT-IR) Spectroscopy

FTIR spectra over the range 500-4000 cm~! were per-
formed by FTIR spectrophotometer type Mattson 100 Uni-
cam, England. A dry constant weight from each sample
was ground with 30 mg of KBr and then pressed to form
discs. Before measurements, the samples for FT-IR analy-
sis were first dried in a vacuum oven for 2 h at 80 °C.

Gel Permeation Chromatography (GPC)

The average molecular weights M w and M ) of PLA sam-
ples and its nanocomposites in tetrahydrofuran (THF) as
solvent were determined by Waters Model 515/2410 using
a gel Permeation Chromatographic technique (GPC, Waters,
America). PLA samples and its nanocomposites were previ-
ously dissolved for 24 h in THF (5 mg/ml) under stirring.
The filtration of solutions was tested through 0.45 mm stain-
less steel frits prior to injection. THF was used as eluent
using 1 mL/min as a flow rate at room temperature.

Gel Fraction Test

Soxhlet extraction with chloroform as the solvent was used
to determine the gel content. After a 24-h extraction process,
the insoluble fraction was dried for 48 h in a vacuum oven
and weighed. Using the following Eq. (1), the quantity of
gel (cross-linked) fraction was determined gravimetrically

. W,
Gelfraction(%) = W x 100 €))
1

where, w, and w, represent the samples’ weights before
and after extraction, respectively. Three determinations
were used to get the average values.

Mechanical Analysis

An Instron universal tester (1191) (US) with a crosshead
speed of 20 mm/min and a load cell of 1000 N was used to
perform mechanical tests such as tensile strength and elon-
gation at break. The specimen sheets were cut into dumbbell
shapes with thicknesses ranging from 0.10 to 0.12 mm and
tested at room temperature for tensile strength and elonga-
tion at break according to ASTM D 638 requirements.

X-Ray Diffraction (XRD)

A Shimadzu XRD-6000 series (China) apparatus with
a Ni-filter and a Cu-K target that generates a voltage of

30 kV and a current of 20 mA from a Cu-K radiation
source (=1.54056 A) was used to obtain the XRD patterns
of unirradiated and irradiated PLA and its nanocomposite.
The X-ray diffractograms were taken in the angle range of
2 to 50° at a scan rate of 2 °C/min.

Thermal Analysis

A TA instruments (USA) Q20 differential scanning calorim-
eter was used to perform DSC measurements under nitrogen
purge (30 mL/min). Indium and lead melting temperatures
and enthalpies were utilized to calibrate the instrument.
About 3-5 mg of the polymer was placed in an aluminium
pan for sampling. Each sample was heated from 25 to 190 °C
at a rate of 10 °C/min, then cooled at the same rate to 25 °C.
The second heating run curve yielded the glass transition
temperature (T,), melting enthalpy (AH,,), melting tem-
perature (T,,), crystalline temperature (T,), and crystalline
enthalpy (AH,). The T, was measured halfway through the
specific heat capacity increment. The peak values of the
corresponding exothermal and endothermal processes in
the DSC thermograms were T, and T . From the melting
enthalpy, we can obtain the degree of crystallinity X_ in the
sample by this Eq. (2):

Xe% = L (BHn) o 100
c% =
* T Wpa \AH pe @

where AH?n is the melting enthalpy of a 100 percent crystal-
line PLA sample (=93 J g7') [28] and wypy , is the weight
fraction of PLA in the sample.

Thermogravimetric analysis (TGA) was performed by a
Shimadzu-30 (TGA-30) (China). The samples were heated
from 25 to 600 °C at a rate of 10 °C min~! in a nitrogen
environment at 50 mL/min. For all of the trials, the sample
weights were between 3 and 5 mg.

Results and Discussion

FTIR

The ability of gamma radiation to produce structural
changes in PLA and PLA/3CsNP composite was investi-
gated using FTIR analysis. Figure 1 displays FTIR data in
4000—400 cm™" for both non-irradiated and irradiated PLA.
Strong symmetric and asymmetric CH stretching modes in
the CH; and C-H groups are responsible for the peaks at
3010 and 2911 cm™!, respectively. The intensity of the two
peaks increases as the radiation dose increases. The peak
at 1445 cm™! corresponds to the bending vibration of CHj
and C-H groups [29, 30]. Also, the intensity of this peak
appears to rise as the radiation dose is increased. The spectra
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Fig.2 FTIR spectra of y-irradiated PLA-3CsNP composite at differ-
ent doses in chloroform

show main characteristic peaks of PLA at 1752, 1180 and
1085 cm™!corresponding to C = O stretch, C—O—C antisym-
metric stretch and C—O-C symmetric stretch of ester linkage,
respectively. No pronounced changes are observed in the
chemical structure of the irradiated samples (5, 20, 30, and
40 KGy) compared to that of non-irradiated one (0 KGy).
Only slight increases occurred at the intensity at the same
wavenumber with increase the radiation dose. The band cor-
responding to the C=0 at 1752 cm™" (Y1ldirim &Oral 2018)
which intensifies and slightly shifts to higher wavenumber
with increasing the y-irradiation dose.

Figure 2 shows FTIR data of non-irradiated and irradi-
ated PLA-3CsNP. Most of the chitosan signature peaks fol-
lowing irradiation indicate that gamma irradiation did not
cause their associated structural modes to deteriorate. There
are few discrepancies in the FTIR spectra of irradiated and
non-irradiated substances. Irradiation causes an increase in
the intensity of peaks at 3400 cm™!, which is due to the
hydroxyl groups. These changes in absorption peaks could
be attributed to the PLA's polymeric chains scission mecha-
nism and the subsequent oxidation reactions induced by the
y-irradiation [24]. In the region of 500-600 cm™!, a band of
multiple peaks resulting from oxidative deterioration due to
gamma irradiation occurs. CO stretching and OH bending
are thought to be responsible for this band [31]. Another
peak appeared around 1750 cm™" after irradiation, and its
intensity increased as the radiation dose increased.

Fig.3 Plots of a the number_ Jp+h
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tion of irradiation doses of PLA

and PLA composite in solid film Jo+h

and solution in chloroform

M {g/mole)

2ed
== PLA-5 0 Plas
¥~ PLAICSNPF ¥ PLAICSNPA
=/~ PLA3CSlIP-s fed4 { ¥ PLAGNPs

]

0 10 20

30 40 0 10 20 30 40

Irradiation dose (kGy) Irradiation dose (kGy)

@ Springer



Journal of Polymers and the Environment (2023) 31:2705-2714

2709

Molecular Weight Change

In the absence and presence of CsNP filler, Fig. 3a dem-
onstrates the effect of irradiation dose on the number-aver-
age molecular weight M ) of the PLA. As indicated, the
reduction of M , in chloroform-irradiated samples is more
significant than that of irradiated films. The addition of filler
has a less apparent effect on M o reduction. Depending on
the irradiation circumstances, gamma-irradiation causes free
radical sites on the PLA backbone by abstracting hydrogen
from PLA, resulting in chain scission or development of
branched/cross-linked structures. Thus, the decrease in M o
indicates that chain scissions of PLA's main backbone are
predominantly under the influence of ionizing y-radiation
action. Irradiation can also cause cross-linking reactions,
especially at higher dosages [12]. Gel tests were done on
the irradiation samples to confirm that such reactions had
occurred. The gel content in the PLA and PLA-3CsNP sam-
ples treated to 40 kGy radiation in chloroform is roughly
3.8 £ 0.7 and 2.1 + 0.5%, respectively. Because the tested
interval doses were below gel dosage, the gel content for
the remaining exposure doses is either too low to be con-
sidered or equal to zero. These findings are in line with
previous studies [32, 33]. The radiation chemical yield of
degradation (scission) Gs is calculated using the Alexan-
der—Charlesby—Ross Eq. (3) assuming chain scission is the
only action mode of radiation [34].

1 -7
= — +1.04x107GgxD (3)

1
Mn Mn,()

where Mn,o and Mn represent the number average molecular
weights of initial and final PLA at an absorbed dose (D),
respectively.

The plot of (1/M, — 1 /Mn,o) against irradiation dose of
the PLA and PLA-3CsNP composite is shown in Fig. 3b.
The satisfactory obtained straight line suggests that

degradation scission is random. Degradation scission yield
(Gs) is found to be 0.98 and 4.79, for their radiated PLA in
solid film (f) and CH;Cl solution (s), respectively. The Gs
values of PLA-3CsNP are 0.48 and 2.34 for samples irradi-
ated in solid and solution state, respectively. This indicates
that the samples irradiated in solution are more suscepti-
ble to degradation compared with that irradiated in solid
upon subjecting to y-irradiation. The lower Gs values of the
polymer composite compared to the neat polymer suggest
that the PLA composite degradation upon irradiation is less
severe compared with pure PLA [35].

Tensile Properties

The y-irradiation dose effect on both tensile strength and
elongation properties of cast films of neat PLA and its com-
posite is shown in Fig. 4a,b. It shows that adding 3% chi-
tosan to PLA diminishes tensile strength while increasing
elongation. With increasing the radiation dose, the tensile
strength and elongation of irradiated neat PLA and its com-
posite tested films at break decreased steadily, demonstrating
that irradiation makes the material more brittle. According
to the results of molecular weight studies, the decrease in
mechanical characteristics could be due to a reduction in
molecular weight as a result of random PLA polymeric chain
scissions that increase with increasing y-irradiation dose.
The mechanical characteristics of irradiated samples in solu-
tion could not be examined after irradiation due to their high
fragility and destruction.

Differential Scanning Calorimetry

Figures 5, 6, 7, 8 show the DSC curves of neat PLA and
PLA-3CsNP irradiated in solid state and cast films from
CH;CI solution after irradiation. Table 1 summarizes the
transition parameters calculated from these curves. A ther-
mogram of the unirradiated neat PLA reveals three thermal

Fig.4 Plots of the tensile 60
strength (a) and elongation %
at break (b) of PLA and PLA
composite irradiated films
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Fig.5 DSC thermograms of un-irradiated and irradiated PLA films at
various y-irradiation doses
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Fig.6 DSC thermograms of un-irradiated (0 KGy) and irradiated
PLA-3CsNP films at various y-irradiation doses

transitions at 61.5, 108.7, and 170.4 °C, respectively, cor-
responding to the glass transition, exothermic peak tempera-
ture (T,), and endothermic melting peak temperature (T ).
The T, and T, of irradiated solid samples of neat PLA and
PLA-3CsNP drop little when the irradiation dose increases.
This could be attributed to the production of PLA chains
with reduced molecular weight and a decrease in crystalline
shape perfection, crystallite quantity in terms of reduction
surfaces beneath melting peaks, and crystallite size distribu-
tion narrowing [27, 32, 36]. The imperfections created by
irradiation increase chain mobility, causing the amorphous
phase to occur at lower temperatures. Irradiated samples also
had two melting peaks, indicating that during irradiation,
two different types of crystallites and/or differing lamella
thicknesses were produced. In terms of the exothermic

@ Springer
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Fig.7 DSC thermograms of un-irradiated (0 KGy) and irradiated
PLA in CHCIj solution at various y-irradiation doses
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Fig.8 DSC thermograms of unirradiated (0 KGy) and irradiated
PLA-3CsNP in CHCI; solution at various y-irradiation doses

crystallisation peak exhibited on cooling, no significant
changes in its maximum, T, are detected after irradiation
treatment within the dosage intervals investigated. Table 1
further shows that as the irradiation dose increases, the melt-
ing enthalpy and thus the extent of crystallinity drops sig-
nificantly, indicating that the random main chain scissions
caused by irradiation have happened both in the crystalline
and amorphous regions of the polymer. Additionally, it is
obvious that the decline of the Tg, Tc and Tm parameters
become more pronounced for neat PLA after irradiated in
CH,Cl solution and casting, indicating that the degradation
process mediated by y-irradiation in solution is more dra-
matic than in a solid state. The decrease in these transition
parameters confirms that irradiation of PLA in CH;ClI pro-
duces more homogeneous short chains with fewer entangle-
ments than irradiation of PLA in a solid state, enhancing
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1T>aLb/|xe/13c]131§>(s:i?fgzi(;fe?“ﬁtind Sample Dose (kGy) T, (°C) T, (°C) T,(°C) AH,(lg) AH,(l9) X (%)
y-irradiation doses PLA-f 0.0 61.5 108.7 170.4 30.3 38.8 41.1
5.0 60.5 1135 171.1 332 38.2 40.0
10.0 59.6 1129 169.4 36.2 37.2 40.8
20.0 60.1 1118 169.3 34.0 384 413
25.0 59.4 113.8 169.7 28.5 36.0 38.7
30.0 58.7 1133 169.0 31.1 37.1 39.9
35.0 58.8 112.6 168.8 26.9 36.6 39.4
40.0 56.2 112.9 168.9 33.0 35.1 38.4
PLA-3CsNP-f 0 61.9 110.1 170.8 35.8 38.2 423
5.0 60.2 110.0 168.4 33.7 38.0 42.1
10.0 59.2 111.7 169.4 32.8 37.1 41.1
20.0 60.7 1105 169.6 30.9 36.2 40.1
25.0 59.8 108.1 168.6 32.2 36.5 40.5
30.0 59.2 107.5 167.9 327 36.0 39.9
35.0 59.4 109.1 168.0 30.6 36.1 40.1
40.0 56.8 104.8 167.2 30.0 36.7 40.7
PLA-s 0.0 61.5 108.7 170.4 30.3 38.8 41.3
5.0 49.9 96.7 164.2 35.8 39.3 423
10.0 404 79.7 153.1 324 38.3 412
20.0 38.8 78.2 150.0 34.9 38.7 416
25.0 39.1 79.7 151.1 37.0 37.1 39.9
30.0 334 69.6 146.1 30.5 35.3 38.0
35.0 34.1 68.1 146.0 30.8 34.2 36.8
40.0 324 64.9 1422 28.0 334 35.9
PLA-3CsNP-s 0 61.9 110.1 170.8 35.8 38.2 423
5.0 57.7 111.9 171.4 30.8 37.6 41.7
10.0 55.6 109.5 170.2 325 36.9 40.9
20.0 55.4 110.2 168.1 33.9 36.2 40.1
25.0 53.7 115.1 168.7 375 37.2 412
30.0 53.9 1159 166.8 34.8 35.1 38.9
35.0 53.4 114.4 170.4 32.8 34.0 37.7
40 50.5 1126 164.5 33.1 317 35.1

Tg (°C): glass transition, Tm (°C): melting temperature, T, (°C): cold crystalline temperature, H,, (J/g):
melting enthalpy, H, (J/g): crystalline enthalpy, Xc (%): crystallinity

crystallization. Another factor that appears to increase the
pace of crystallization due to radiation is a phenomenon
known as nucleation. The huge crystallites or great orders
are randomly destroyed by the radiation in this event, fol-
lowed by the emergence of numerous and little crystallites
[37]. With increasing irradiation dose, Tg and Tm for PLA-
3CsNP irradiated in solution shift somewhat lower. In addi-
tion, there is a slight decrease in crystallinity. Furthermore,
when the irradiation dose increases, the crystallization shifts
to a higher temperature and broadens.

X-Ray Diffraction

The effect of gamma irradiation on polymer crystallinity
was also investigated using X-ray diffraction patterns for

Intersity (au)

10

20

20

40

2 a (degres=)

Fig.9 XRD of a neat PLA, b y-irradiated PLA in chloroform at
30 kGy, ¢ PLA-3CsNP composite and d irradiated PLA-3CsNP com-
posite at 30 kGy
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Fig. 11 TGA of unirradiated (0 KGy) and irradiated neat PLA in
chloroform solution at various y-irradiation doses

irradiated and non-irradiated samples. Results for unirradi-
ated and irradiated neat PLA and PLA-3CsNP composite
at 30 kGy are shown in Fig. 9. As can be seen, several
diffraction peaks at 20 = (14.7), (16.6), (18.9), and (22°)
ascribed to a-form crystal in neat PLA and composite
materials [38] are detected. With increasing total absorbed
dose, the strength of the main diffraction peak occurs at
(20=16.6°) seems to grow, indicating somewhat enhance-
ment in the degree of polymer crystallinity. This could
be explained by the fact that gamma irradiation causes
chain splitting mainly in amorphous regions, which is
aided by oxidative reactions. As a result of the production
of free radicals, crystallites form in the amorphous zone.
Crosslinking of free radicals with other polymer chains
appears to reduce crystallinity. These findings are consist-
ent with previous research [39]. Irradiation causes these
peaks to shift somewhat higher, implying that y-irradiation
causes some deformation of the PLA crystal structure.
Thus, even for unirradiated or radiated test samples with-
out and with CsNP filler, X-ray patterns reveal the pres-
ence of primarily a-form of crystalline structure of PLA.
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Fig. 13 TGA of unirradiated (0 KGy) and irradiated PLA-3CNP in
chloroform solution at various y-irradiation doses

Table2 TGA data of PLA and PLA /3CNPs irradiated with y-rays

Sample code Dose (kGy) Ty 5 (°C) Thax CO)
PLA-f 0 334 372
5 309 366
20 298 362
30 294 355
PLA-s 5 300 365
20 262 359
30 2438 363
PLA/3CsNP-f 0 331 372
5 317 371
20 313 370
30 306 365
PLA/3CsNP-s 5 323 364
20 319 359
30 306 357

Ty5 (°C): The temperature at which the half weight is lost

T ax (°C): The temperature at which the most weight is lost
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Thermogravemetric Analysis

TGA was used to examine the effect of y-irradiation on the
thermal stability of neat PLA and PLA- 3CsNPcomposite,
and the results are given in Figs. 10, 11, 12, 13. Table 2
lists thermal stability parameters such as the onset decom-
position temperature (T 5), which is the temperature at 5%
weight loss, and the maximal degradation temperatures
(Tha0)- When comparing the TGA curves of unirradiated
PLA and PLA-3CsNP composite, it is discovered that the
addition of 3.0% CsNP reduces the T 5 (see Table 2) of the
polymer matrix and results in one-stage weight loss in both
samples. The thermal decomposition of polylactic acid pro-
duces cyclic oligomers, lactide, acetaldehyde, and carbon
monoxide as end products. The maximal Tmax of pure PLA
and PLA composite before irradiation are 372 and 372. As a
result, adding 3% CsNP had no significant effect on thermal
stability. The data show that after irradiation, both PLA and
PLA composites have inferior thermal stability than unirra-
diated, as seen by the decrease in T, 5 and Tmax values. The
loss in thermal stability increases with increasing irradiation
dose and is more noticeable for CH;Cl solution irradiated
samples than for irradiated films. The inclusion of PLA in
chloroform hastens the thermal breakdown. A closer exami-
nation of the thermograms reveals that in the presence of
CsNP, the decline in the thermal stability of PLA matrix
caused by radiation treatment is minimized. The decrease
in thermal stability could be linked to PLA matrix structure
damage, which is more noticeable in samples irradiated in
solution, as a result of the irradiation effect induced scission
of carbonyl carbon—oxygen bonds and scission of carbonyl
carbon—carbon linkages in the main chain, as well as bond
cleavage of the CH; pendant groups to the main chain. PLA
chains become more mobile and thus less thermally stable
[35, 40].

Conclusions

PLA and PLA loaded with 3wt% CsNP in the solid state
and in chloroform solution were exposed to gamma radia-
tion (®°Co) at room temperature in the presence of oxygen.
It was found that the y-irradiation causes modifications in
the structure of PLA matrix due to oxidative and partial
crosslinking. The mechanical test revealed a considerable
decrease in elongation and tensile strength at break, which
increases with increasing irradiation dose, indicating that
major chain scissions occurred at random. In comparison
to samples irradiated in the solid state, the change is more
pronounced in those irradiated in solution. The thermal
characteristic results showed that whereas T, and T, for
irradiated solid samples reduced little with increasing irra-
diation dose, both values dropped significantly for irradiated

solution samples. Due to chain breakage caused by oxida-
tive processes, crystallinity decreased as radiation exposure
increased. The results also demonstrated that increasing the
exposure irradiation dose lowered thermal stability, which
was more noticeable for chloroform-irradiated samples com-
pared to irradiated films. These results could be attributable
to the irradiation induced chain scission of the PLA matrix.
As a result, it was concluded that irradiation may have aided
P LA and its composites biodegradation after use.
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