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A B S T R A C T   

In this work, poly (vinyl alcohol) (PVA) was employed to produce a Mesoporous Composition of 
Matter-48 Modified (MCM-48-M or MCM-48-PVA). After surface modification, MCM-48-M was 
used to produce nanocomposite (NC) films with polycaprolactone (PCL) as a matrix at room 
temperature. PCL and MCM-48 nanoparticles (NPs) were chosen due to their great biocompati-
bility and low toxicity. However, MCM-48-M is more compatible with PCL than MCM-48. NC 
films were sterilized by gamma radiation with a dose of 25 kGy and characterized by experi-
mental techniques to investigate their chemical, mechanical (tensile) and thermal properties. 
Scanning electron microscopy (SEM) and transmission electronic microscopy (TEM) results 
indicated that MCM-48-M exhibited a random distribution in the PCL matrix. The PCL chemical 
structure was preserved in NC films as described by Fourier transform infrared (FT-IR) spec-
troscopy as well as the tensile and thermal properties of NC films. FT-IR and thermogravimetric 
analysis (TGA) results showed surface modification. X-ray diffraction (XRD) and differential 
scanning calorimetry (DSC) showed that crystalline symmetries were preserved and the crystal-
linity of NC films had small variations in all samples before and after irradiation, respectively. 
But, our results did not indicate major changes showing that this method is successful for the 
sterilization of PCL/MCM-48-PVA NC films.   

1. Introduction 

Polycaprolactone (PCL) is a thermoplastic polyester, which is hydrophobic and semi-crystalline, with a melting temperature 
around 60 ◦C. It is biocompatible, biodegradable formed by hexanoate repeating units and exhibits excellent flexibility [1–5]. PCL is 
used in tissue regeneration [6], controlled drug delivery [7], implants and food packaging [8], wound dressing [9], among other 
applications. PCL may not have satisfactory properties for certain applications, such as hydrophilicity for tissue engineering appli-
cations, tensile properties in implants, and osteoconductivity [10–12]. PCL properties can be refined through the addition of nano-
materials to the polymer, resulting in polymer matrix nanocomposites (PMNCs) [13,14]. 
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PMNCs are obtained through various methods such as extrusion [15], 3D printing [16], solvent casting [17], and polymerization 
[18], among others. Solvent casting is a simple, inexpensive method that does not require sophisticated equipment and is widely used 
to produce PMNCs [19]. Wang et al. using thermal extrusion technology characterized PCL filaments with hydroxyapatite (HA) as a 3D 
printing material to obtain scaffolds for bone tissue engineering. These scaffolds exhibited good hydrophilicity and better tensile 
properties compared to PCL scaffolds [20]. Augustine et al. obtained better tensile properties, antimicrobial properties, and fibroblast 
proliferation for PCL membranes with ZnO nanoparticles (ZnONPs) via electrospinning [21]. Díez-Rodrígues et al. prepared NCs based 
on PCL by melt extrusion with SBA-15 mesoporous silica that exhibited satisfactory tensile properties compared to PCL [22]. Elen 
et al., using a melt-blending technique, prepared NCs of PCL with different morphologies of ZnO for use in food packaging. Electron 
microscopy images revealed a good dispersion of ZnO nanoparticles in the polymer matrix causing a decrease in the permeability of 
gases, which was ascribed to the adsorption of gases and the production of a tortuous route [23]. PVA membranes with Ag nano-
particles (AgNPs) were obtained by electrospinning and modified with 3,3′,4,4′-benzophenone tetracarboxylic acid (BPTA). The 
PVA/AgNPs/BPTA membrane exhibited higher antibacterial activity compared to other membranes investigated [24]. 

Mobil Composition of Matter No. 48 (MCM-48) is the name given for a series of mesoporous materials that were first synthesized by 
researchers at Mobil Oil Corporation in 1992. MCM-48 is one of the most popular mesoporous molecular sieves that are intensively 
studied. It is a nanomaterial used in NCs to refine the properties of a given polymer [25]. MCM-48 is a member of the M41S family, 
which exhibits an ordered porous structure of SiO2 and includes silanol groups (Si–OH) [26,27]. MCM-48 is a nanomaterial with a 
cubic structure that belongs to the Ia3d space group exhibiting thermal stability, and biocompatibility, which can be used in thermal 
stabilization of polymers and in biomedical applications [25,26,28]. Nanometer-scale materials such as MCM-48, however, may not 
have sufficient dispersion within a polymeric matrix due to their high surface energy, which may compromise the properties of NCs 
[29]. This dispersion of MCM-48 in a polymeric matrix such as PCL can be maximized by modifying the MCM-48 surface with reagents 
that provide a large distance between the NPs and a greater chemical affinity with the polymeric matrix, improving its dispersion in the 
polymer [30]. Among these reagents, PVA can be used to perform surface modification of MCM-48 for better dispersion in PCL. 

PVA is a hydrophilic semi-crystalline polymer that has biocompatibility, good film-forming ability, and an ability to interact with 
inorganic or organic materials [31,32]. Mallakpour and Khani modified the surface of amorphous SiO2NPs with thiamine. After this 
modification, they obtained PCL-modified SiO2NCs which exhibited bioactivity [33]. Similarly, Mallakpor and Nouruzi modified 
ZnONPs with PVA to obtain NC films with PCL, observing that the modified ZnONPs with PVA showed desirable dispersion in the PCL 
matrix [34]. Paula et al. carried out surface modification of MCM-48 with (3-Aminopropyl)triethoxysilane (APTES) into the PCL 
matrix to obtain NC films, achieving positive distribution in the PCL matrix [35]. Lopez-Figueras et al. prepared PCL/MCM-41 
composites functionalized with N-[3-(trimethoxysilyl)propyl]-ethylenediamine (EPTES) via in situ polymerization that exhibited 
better thermal properties, ascribed to the interaction between PCL and the MCM-41-EPTES [11]. Mallakpour and Nouruzi performed 
the surface modification of ZnONPs with citric acid via ultrasound and then added the modified NPs to PCL matrix to obtain NC films. 
They observed that the tensile strength, increased from 13.01 MPa for PCL film to 22.23 MPa for NC film with 2% modified ZnO [36]. 

PCL NCs are used in biomaterials and food packaging [35,37], but require the sterilization of materials to eliminate microorganisms 
through exposure to gamma radiation at 25 kGy - considered the gold standard to eliminate microorganisms [38]. Exposure of PCL NCs 
to gamma radiation can compromise their tensile properties and chemical characteristics [39]. The gamma radiation can cause the 
scissions of polymeric chains and/or the formation of crosslinking between the polymeric chains, which can decrease or increase in 
tensile properties, respectively [40]. The scission of chains or the formation of crosslinking between the chains depends on factors such 
as dose, dose rate, irradiation conditions, and polymer chemistry [41]. 

Investigations have been carried out on the influence of ionizing radiation on the PCL. Cottam et al. observed the chain scission and 
the formation of crosslinking in PCL scaffolds exposed at 25 kGy [42]. Masson et al., after exposing nanospheres of PCL at 25 kGy, 
found only the creation of crosslinking between polymer chains [43]. Cooke et al., after irradiating PCL scaffolds with X-ray photons, 
immersed in an aqueous environment, in therapeutic doses up to 50 Gy, found the formation of crosslinking between the polymer 
chains, with a consequent decrease of 8% in the degree of crystallinity of the PCL [41]. These results agree with Pereira-Loch et al. that 
improved the tensile properties of polymeric immobilization devices of PCL using radiotherapy irradiated in a linear accelerator up to 
420 Gy to form crosslinking between the chains of the polymer [44]. Bosworth et al. exposed electrospun PCL fibers to gamma ra-
diation at 0, 15, 20, 25, 30, 35, 40, and 45 kGy to observe the chain scission effect proportional to applied dose, i. e., increasing the 
applied dose decreased the molecular weight average molar mass. They also reported, that through infrared spectroscopy results, the 
presence of new vibrational modes was not observed in samples irradiated up to 45 kGy [45]. 

Thus, the main goal of this paper was to carry out the superficial modification of MCM-48 with PVA (MCM-48-PVA or MCM-48-M) 
to evaluate the influence of gamma radiation at 25 kGy on the chemical, tensile and thermal properties of NC films (PCL/MCM-48- 
PVA). The films were produced via solvent casting with MCM-48-M content equal to 0.5% in relation to PCL and irradiated at 25 kGy at 
room temperature. 

2. Materials and methods 

2.1. Materials 

Cetyltrimethylammonium bromide (CTAB) (98%), (Pluronic® F-127), Tetraethyl orthosilicate (TEOS) (98%), and ammonium 
hydroxide were supplied by Sigma Aldrich. Ethanol and chloroform were acquired from Dinâmica. High molecular weight PVA was 
supplied by Alfa Aesar (degree of hydrolysis: 98–99% and the degree of polymerization is given by relation molar/repeating unit mass: 
88,000 g/mol-97,000 g/mol). PCL was obtained from Capa™ (PCL 6500). All reagents were analytical grade and used without prior 
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treatment. 

2.2. Synthesis of MCM-48 

The MCM-48 was synthesized according to the previous methodology with modifications [28]. First, 0.5 g of CTAB and 2.05 g of 
F127 were added to 96 mL of distilled water. After, 43 mL of ethanol was added to 10.05 g of a 29% ammonium hydroxide solution. 
The mixture remained under agitation until achieving homogeneity with the subsequent addition of 1.8 g of TEOS. The suspension 
remained under agitation for 10 min with the subsequent storage for 12 h at room temperature. After that, the mixture was centrifuged 
for 30 min at 6000 rpm. A white solid was rinsed with distilled water and submitted to centrifugation process at 6000 rpm and 30 min 
then the solid remained for 12 h at 70 ◦C to which it was placed in a Teflon reactor with 8.5 mL of distilled water at 140 ◦C for 48 h. 
Subsequently, the solid remained for 4 h at 550 ◦C. 

2.3. Modification of MCM-48 with PVA 

The modification of MCM-48 with PVA was performed based on the literature methodology, with some modifications [34]. First, 
100 mg of MCM-48 was placed in 10 ml of distilled water with subsequent exposure to an ultrasound bath for 30 min. After, 100 mg of 
PVA was added to 10 mL of distilled water and added to the previously obtained mixture. The mixture was stirred for 2 h and sonicated 
at 30 min in an ultrasonic bath. After that, the mixture was centrifuged at 6000 rpm for 30 min and the solid remained at room 
temperature for 24 h. 

2.4. Preparation of nanocomposite films 

PCL and NC films with a content of 0.5% of modified silica were obtained by solvent casting as illustrated in Fig. 1. The films 
obtained in this investigation are described in Table 1. Pre-calculated amounts of MCM-48 and MCM-48-M were added to 5 mL of 
chloroform and placed in an ultrasonic bath for 30 min. After, MCM-48 or MCM-48-M dispersed in 5 mL of chloroform was added to 
2.5 g of PCL and 50 mL of chloroform. The mixture remained in stirring for 48 h. After this period, the mixture was added to a glass 
plate and the chloroform was eliminated under slow evaporation for 48 h at room temperature. The films were placed in a desiccator 
using silica and stored for further characterization [46]. 

2.5. Irradiation of films 

The samples were irradiated from a source of 60Cobalt (Gammacell GC220 Excel irradiator - MDS Nordion, Canada) at 25 kGy (rate 
of 2.157 kGy/h, for a period of time equal to 11:35 h), with air at room temperature. 

2.6. Fourier transform infrared spectroscopy (FT-IR) 

Absorption spectra in the infrared (IR) region by attenuated total reflectance were acquired at room temperature in a PerkinElmer 
FT-IR/FT-NIR spectrophotometer Spectrum 400 Bruker. Spectra were obtained with a resolution of 4 cm− 1, 32 scans, and a selection of 
waves situated between 4000 cm− 1 to 522.5 cm− 1. 

Fig. 1. Schematic diagram of PCL/MCM-48-M film preparation, where M = PVA.  
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2.7. Thermogravimetric analysis (TGA) 

TGA curves for the samples were acquired with SHIMADZU DTG-60H instrument, under an inert nitrogen atmosphere (100 mL/ 
min) in a range from room temperature to 600 ◦C at a rate of 10 ◦C/min. 

2.8. X-ray diffraction (XRD) 

The diffractograms of the films were determined in a Bruker D8 Advance X-ray diffractometer with Cu Kα (λ = 0.15 nm), with a 
scanning speed of 0.02◦ min− 1. 

2.9. Differential scanning calorimetry (DSC) 

DSC curves were acquired in a differential scanning calorimeter, model 1 Star* system (Mettler Toledo). DSC curves were per-
formed under an inert nitrogen atmosphere with the conditions: 1) 0 ◦C–80 ◦C, at a rate of 10 ◦C/min; 2) cooling to 0 ◦C, at a rate of 
20 ◦C/min; and 3) 0 ◦C–80 ◦C, at a rate of 10 ◦C/min [23]. The degree of crystallinity Xc was calculated using the equation below, ΔHm 
equals melting enthalpy of the polymer in the composite, %pol equals content of polymer in the NC and ΔHref equals 100% crystalline 
melting enthalpy of the polymer. The value employed for ΔHref was 139.3 J/g [47].  

Xc = ΔHm/(%pol.ΔHref)                                                                                                                                                                    

2.10. Scanning electron microscopy (SEM) 

SEM images were acquired by a microscope (Tescan Mira3), with an accelerating voltage of 10 kV. 

2.11. Transmission electronic microscopy (TEM) 

NC film images were determined via transmission electron microscope – TEM (Jeol, model JEM-2100), with an accelerating voltage 
of 200 kV. Drops of the samples in dichloromethane were placed on copper grids. 

2.12. Tensile properties 

Tensile Properties of films were performed on an Instron machine EMIC, DL-500 N, crosshead speed of 5 mm/min. Average results 
were calculated for two samples of each film. Duncan’s test was performed to determine significant statistical variations. 

Table 1 
Description of film composition.  

Sample Composition 

F0 Polycaprolactone 
F1 Polycaprolactone + MCM-48 
F2 Polycaprolactone + MCM-48-PVA 
F3 Polycaprolactone irradiated at 25 kGy 
F4 Polycaprolactone + MCM-48 irradiated at 25 kGy 
F5 Polycaprolactone + MCM-48-PVA irradiated at 25 kGy  

Fig. 2. Surface modification of MCM-48 with PVA.  
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3. Results and discussion 

3.1. Fourier transform infrared spectroscopy (FT-IR) 

The surface of the MCM-48 was modified with PVA. As seen in Fig. 2, interactions between MCM-48 and PVA were performed by 
hydrogen bonds between the silanol groups on the surface of MCM-48 and the OH groups of the PVA chains. F2 films were obtained via 
solvent casting. The influence of gamma radiation at 25 kGy on the chemical, tensile and thermal properties of F2 (MCM-48-PVA) films 
will be described in the following sections. 

FT-IR spectra were obtained to determine the effects of gamma radiation at 25 kGy for NC films. Fig. 3 shows the acquired spectra 
for MCM-48, MCM-48-M, and PVA. In the MCM-48 spectrum, a vibrational mode is visualized at 3400 cm− 1 referring to Si–OH 
stretching. The vibrational modes observed at 800 cm− 1 and 1051 cm− 1 are attributed to the symmetrical and asymmetric stretching 
for Si–O–Si [48], respectively. For the MCM-48-M, almost the same spectral behavior was observed in comparison to the MCM-48 
spectrum. Nevertheless, the presence of surface modification with PVA can be observed through the TGA results (see section 3.2). 
Small shifts in the absorption bands for MCM-48-M compared to MCM-48 were attributed to hydrogen bonding between the O–H group 
of PVA and the silanol group of MCM-48 (Fig. 4) [34]. The PVA exhibited a band centered at 3280 cm− 1, originated from the OH bonds 
of the polymer and water molecules adsorbed on its surface [49]. The bands at 2942 cm− 1 and 1088 cm− 1 are attributed to stretches of 
the C–H and C–O groups, respectively [50]. The band at 1713 cm− 1 occurs due to the presence of the carbonyl group, resulting from 
obtaining PVA from the hydrolysis of poly (vinyl acetate) [51]. 

Fig. 4 shows the spectra for F2 and F5 films. The polymer exhibited a band at 1722 cm− 1, attributed to the C=O stretching of the 
PCL, the bands observed at 2948 cm− 1 and 2868 cm− 1 occur due to symmetric and asymmetric stretching of C–H bonds in the PCL [33, 
34]. F1 and F2 films exhibited a spectral behavior similar to observed for PCL, where the bands assigned to C–H bonds and carbonyl 
were observed around 2950 cm− 1, 2870 cm− 1, and 1722 cm− 1, respectively. Spectral similarity with PCL was also observed for F4 and 
F5 films irradiated at 25 kGy, with the presence of the characteristic bands of the polymer attributed as C–H and carbonyl bonds 
around 2950 cm− 1, 2870 cm− 1, and 1722 cm− 1, respectively. These results indicate that the chemical structure of the polymer is 
preserved after irradiation at 25 kGy. These findings agree with the results reported by Subramanian et al., where sterilized PCL 
nanofibers containing Gymnema sylvestre leaf extract via gamma radiation. They observed that irradiation at 25 kGy did not alter the 
chemical structure of the nanofibers [52]. Similarly, Augustine et al. based on FT-IR results, revealed that the chemical composition of 
PCL in electrospun membranes is preserved after irradiation at 25 kGy [21]. Our FT-IR results demonstrated that the irradiation at 25 
kGy did not change the chemical identity of the polymer in the evaluated NC films. 

3.2. Thermogravimetric analysis (TGA) 

The thermal stability of the samples was performed by thermogravimetric analysis (TGA). Fig. 5 shows the TGA curves for MCM-48- 
M and PVA. The MCM-48-M had a mass loss event close to 100 ◦C, ascribed as the removal of water physically bound to the surface of 
MCM-48-M. It also showed mass loss events between 200 ◦C and 600 ◦C, which are described as the elimination of organic content, 
which corroborates that the surface of MCM-48 was modified with PVA. These results are in agreement with our previous study: where 
the surface of MCM-48 was modified with APTES, it was observed that modified MCM-48 had a first event close to 100 ◦C attributed to 
the elimination of water; and a second event which was assigned to the surface modification with APTES [35]. Pure PVA had a first 
mass loss between 60 ◦C and 200 ◦C originating from the loss of adsorbed water [53]. A second event was also observed for PVA 

Fig. 3. FT-IR spectra of (a) MCM-48; (b) MCM-48-M; (c) PVA.  
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Fig. 4. FT-IR spectra of (a) F0; (b) F1; (c) F2; (d) F3; (e) F4; (f) F5.  

Fig. 5. TGA curves of MCM-48-M and PVA.  

Fig. 6. TGA curves of F2 and F5.  
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between 210 ◦C and 350 ◦C, arising from water elimination reactions [54]. The last event between 390 ◦C and 550 ◦C was associated 
with the thermal decomposition of polyenes, producing carbon and hydrocarbons [55]. 

Fig. 6 shows the TG curves for F2 and F5 films. The samples exhibited a single mass loss event between 200 and 500 ◦C, this event 
was associated with the decomposition of the PCL [56,57]. This thermal behavior was similar to that observed for PCL in our previous 
study, revealing that the thermal stability of the polymer is preserved after the insertion of MCM-48-M and irradiated at 25 kGy [35]. 
The absence of mass loss events characteristic of the thermal decomposition of MCM-48 such as loss of water adsorbed was attributed 
to the low content of MCM-48 in the PCL matrix, however the presence of MCM-48-M in NC films was confirmed by SEM and TEM 
images (Sections 3.5 and 3.6). Table 2 presents the temperatures referring to the mass loss of 5% (T5), 10% (T10), 50% (T50), Tmax 
(maximum temperature of degradation), and also char yield at 600 ◦C. Table 2 shows that the T5, T10, T50, and Tmax values for F2 and 
F5 were similar before and after exposure at 25 kGy. These results are similar to those shown in our previous study for T5, T10, and T50 
for PCL/MCM-48 films irradiated at 25 kGy [35]. TGA data demonstrated that the thermal decomposition characteristics of F2 
practically did not differ from the thermal decomposition characteristics exhibited by F5. 

3.3. X-ray diffraction (XRD) 

The crystalline profile of F2 and F5 films was accessed by X-ray diffraction. Fig. 7 shows the diffractograms for F2 and F5 films. For 
the F2 film, three angles of reflection were observed, at 21.3◦, 21.9◦, and 23.6◦, which are described to the planes (110), (111), and 
(200) of the PCL orthorhombic unit cell [21,28,36,58]. The F2 and F5 films, exhibited the same semi-crystalline behavior, charac-
teristic of PCL. The presence of characteristic angles of MCM-48 in the F2 and F5 films was not observed, this absence can be due to the 
low content of MCM-48-M in the NC films [36,58]. Mallakpour and Nouruzi found similar results for PCL films with diacid-modified 
ZnO nanoparticles [59]. The F2 and F5 films demonstrated no changes in the semi-crystalline profile of the PCL, which confirms that 
the irradiation at 25 kGy did not modify the semi-crystalline behavior of the polymeric matrix. 

3.4. Differential scanning calorimetry (DSC) 

DSC curves were obtained in an inert atmosphere to quantify the degree of crystallinity of samples F2 and F5. DSC curves for F2 and 
F5 are displayed in Fig. S1 (Supplementary Material). Table 3 shows Tc (crystallization temperature), Tm (melting temperature), ΔHm 
(melt enthalpy), and Xc (degree of crystallinity) for the samples analyzed. Recently we observed that the PCL had a Tm equal to 61.3 ◦C 
[35]. In this investigation, it is observed that the addition of MCM-48-M to the PCL matrix did not produce a significant change in Tm in 
relation to pure PCL, the same behavior was observed for sample F5. The degree of crystallinity showed no greater change for sample 
F5 compared to F2. This same result profile was observed for Tc and ΔHm for the films of samples F2 and F5. In our previous study, we 
also observed that the addition of MCM-48 modified with APTES did not produce significant changes in DCS results for NC films after 
irradiation at 25 kGy [35]. Elen et al. reported that the presence of ZnO nanoparticles in the PCL matrix did not produce significant 
variations in the values of Tc, Tm, ΔHm, and Xc [23]. Li et al., prepared chitin nanofibril/polycaprolactone NC fiber mats by electro-
spinning. They also observed that the addition of a low concentration of chitin, such as 5%, did not cause greater changes in the DSC 
results compared to pure PCL [60]. Our results showed that the exposure of F2 films at 25 kGy caused marginal variations in Tc, Tm, 
ΔHm, and Xc 

3.5. Scanning electron microscopy 

The surface morphology of the materials was evaluated through the acquisition of SEM images. Fig. 8 displays SEM images for the 
MCM-48 and MCM-48-M. For the MCM-48, a spherical shape is observed; this morphology is also observed for the MCM-48-M. These 
findings confirm that the morphology of MCM-48 is preserved after surface modification with PVA. Similar results were reported for 
MCM-48 functionalized with APTES [61,62]. 

Fig. 9 shows the SEM images for the surface and lateral surface of F1 and F2 films. The MCM-48 and MCM-48-M are randomly 
distributed in the PCL matrix. The random distribution of MCM-48 and MCM-48-M in the PCL matrix was attributed to the interactions 
formed between the fillers and the polymer and nanometric dimensions of the fillers. Similar results to ours were observed by Mal-
lakpour and Khani [33]. Lopes-Figueras and collaborators observed a good distribution of MCM-41 modified with EPTES in composite 
films with PCL [11]. 

3.6. Transmission electronic microscopy 

Fig. 10 shows the TEM images for F1 and F2 films. Fig. 10a and b confirmed that MCM-48 and MCM-48-M have a spherical 
morphology and nanometric dimensions and are randomly dispersed in the PCL matrix. Fig. 10a and b also shows the histograms for 

Table 2 
Thermal properties of F2 and F5.  

Sample T5 (◦C) T10 (◦C) T50 (◦C) Tmax (oC) Char yield at 600 ◦C (%) 

F2 362 374 397 401 1.98 
F5 364 377 395 400 0.67  
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the size distribution for MCM-48 and MCM-48-M in NC films. The average particle sizes calculated for MCM-48 and MCM-48-M in the 
PCL matrix were 170.1 nm and 203.9 nm, respectively. The increase in average particle size for MCM-48-M, in the F2 film, can be 
described as a result of surface modification with PVA. Kim et al. also observed an increase in the size of silica nanoparticles after 
surface modification with poly (methyl methacrylate) [63]. 

3.7. Tensile properties 

The results of the tensile properties of the F2 and F5 films are described in Table 4. Table 4 presents the mean values for the tensile 
strength (σ), modulus of elasticity (ε), and elongation at break (Eb). Duncan’s test was employed to evaluate mean values with a 
significance level of 5%. Our results revealed that through Duncan’s test, no statistically significant difference was found for σ, ε, and 
Eb for F2 and F5 films. However, Eb exhibited a high variation this can be attributed to surface modification of the nanoparticles. After 

Fig. 7. XRD curves of (a) F2 and (b) F5.  

Table 3 
Melting point temperature, crystallization temperature, enthalpy of melting, and degree of crystallinity for F2 and F5.  

Sample Tc (◦C) Tm (◦C) ΔHm (J/g) Xc (%) 

F2 24.21 64.96 52.32 37.56 
F5 25.60 61.20 55.32 39.72  

Fig. 8. SEM images of MCM-48 (left) and MCM-48-M (right).  
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modification the nanoparticles increased their average particle sizes (as observed by the TEM images) which can form stress points, 
increasing the variation in measurements for Eb. Similar results were reported for σ and ε in our previous studies [35]. Tension 
property findings showed that there was no statistically significant difference between the films of samples F2 and F5. 

Means followed by the same letters in each column do not differ significantly (p < 0.05) by the Duncan test. 

Fig. 9. SEM images of lateral surface of F1 (left) and (b) lateral surface of F2 (right).  

Fig. 10. TEM images of (a) F1; (b) F2.  

Table 4 
Tensile properties for F2 and F5.  

Sample σ(MPa) ε(MPa) Eb (%) 

F2 8.17 ± 2.29a 152.25 ± 15.13a 57.99 ± 31.45a 

F5 9.70 ± 0.12a 153.50 ± 5.58a 72.48 ± 19,66a  
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4. Conclusions 

The surface of the MCM-48 was modified with PVAwith the support of an ultrasonic bath as described by our FT-IR and TGA results. 
SEM and TEM images showed that MCM-48-M has a spherical morphology and nanometric dimensions. F2 films were produced by the 
solvent casting method. MCM-48-M was randomly distributed in the PCL matrix as seen in the SEM and TEM images. FT-IR results 
indicated that the PCL structure was preserved after exposure at 25 kGy. The XRD results confirm the semi-crystalline profile of the 
polymer is preserved after irradiation at 25 kGy. The tensile and thermal properties of F2 and F5 films had marginal variations. Our 
findings indicated that irradiation at 25 kGy was not able to promote significant changes in the chemical, thermal, and tensile 
properties of F2 films. 
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