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Abstract
This paper presents research results of biocidal effect of thermoplastic- polyester-elastomer (TPE-E) with incorporation 
of hybrid Ag/ZnO/SiO2 NPs (silver/Zinc oxide/SiO2 nanoparticles). These results were compared with various gamma-
irradiated doses and processing techniques including extrusion, injection molding and compression molding. In all these 
processing techniques the TPE-E was mixed with mineral oil and Ag/ZnO/SiO2 nanoparticles. The TPE-E nanocomposites 
were characterized by differential scanning calorimetry (DSC), thermogravimetry analysis (TGA), Infrared FT spectros-
copy (FTIR), surface enhanced Raman technique (SERS), FESEM (Field emission scanning electron microscopy), Energy-
dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), TEM (transmission electronic microscopy) and antimicrobial 
test. Antibacterial activity against E. coli and S. aureus, are reported and these results showed potential application in 
health care products.

Keywords TPE · Silver nanoparticles · Processing · Antibacterial · Gamma-irradiation

1 Introduction

Polyolefin TPEs are distinguished from other polyolefins by 
a lower overall crystallinity and a higher amount of exten-
sible amorphous regions [1].

The TPE-Es are slightly hygroscopic due to their polar 
character, besides being resistant to hydrolysis [3].

While usually rubbers are “vulcanized” or crosslinked 
through covalent bonds, TPEs are interesting materials 
because they have rubber properties without crosslink-
ing [1, 2]. Since their inception in the 1960s, thermoplas-
tic elastomers (TPEs) are being increasingly considered 
for a range of applications including automotive, medical 
equipment, and aeronautics [4–6].The main advantages 
of TPE-E are that they can be processed as thermoplastics 
using traditional techniques such as injection molding, 

compression molding, and extrusion. TPE-E properties, 
mainly their mechanical and thermal properties, are not 
as good as those of elastomers. For improvement of prop-
erties, TPE-E specimens with and without a crosslinking 
agent at high irradiation doses were studied [7]. The TPE-E 
polymer is used in several medical devices owing to the 
compatibility with human blood and tissue, for example, 
catheter, valves, syringe, surgical instruments, wound 
dressing, etc. It has inherent stability under radiation 
used for sterilization [3]. Nowadays, infection with patho-
genic microorganisms contamination is a major concern 
in hospitals, from textiles to surgical pieces of equipment, 
from masks to catheters [8]. Infections are combated with 
antimicrobial agents but a rapid mutation in their genes 
creates resistance in operating antibiotic treatments [9]. 
It was estimated that 10% (2018) of hospitalized patients 
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were diagnosed with some type of infection during the 
period of hospitalization, under the large types of infec-
tions in the hospital environment. WHO (World-Health-
Organization) reports registered that usually public atten-
tion on health-care-associated- infections (HCAIs) are only 
attempted in epidemic periods when HCAIs impacted at 
around 0.5 million cases of “critically ill patients with of 
HCAIs being diagnosed every year in intensive-care-units 
(ICUs)” [10]. The most frequent infections are respiratory 
infections (19% of cases) by catheter (13% of cases), uri-
nary infection (34% of cases), and suture infection (17% 
of cases) [11].

Antimicrobial polymer composites are expected to par-
ticipate more and more in human life in projecting mate-
rials against the microorganisms (bacteria, viruses, and 
fungi). Technology has been developed for direct deposi-
tion of an antimicrobial agent or for coating the surface 
of the polymer, or as for surface modification by ionizing 
radiation [12].

The nanotechnology of polymers and antimicrobi-
als is an important strategy to be applied for different 
polymer processing techniques by several methods as 
compression, extrusion, injection, or blow extrusion. The 
advantage of this embodiment is that owing to the low 
concentrations of the agent, process parameters do not 
require significant modifications in the maintenance of 
the mechanical properties of the final compound [13, 
14]. Results of the concept can be cited as for example: 
AgNPs with polyamide (PA) [15], polypropylene (PP) AgNPs 
nanocomposites [16], and AgNPs nanocomposites with 
polyethylene (PE) [17]. Gamma irradiation is also applied 
in the production of polymers-AgNPs [18]. High-melting-
strength-polypropylene (HMSPP), an irradiation modified 
polypropylene improved by long-chain-branched (LCB) 
favors processing via extrusion, and with added of AgNPs 
produce films with biocidal properties[16].

Silver nanoparticles infused in thermoplastic-elastomer 
(TPE), such as thermoplastic-polyurethane (TPU) [19] and 
TPE based on (SEBS) were reported in the literature [20].

Tomacheski and et al. studied the antibacterial action 
of the SEBS thermoplastic elastomers loaded with silver 
nanoparticle on silica pyrogenic additives, silver phos-
phate glass, and silver bentonite differently mixed. The 
compounds showed antimicrobial activity against  E. 
coli and S. aureus. All of the additives eliminated more 
than 90% of E.coli, but only AgNPs silica killed more than 
80% of the S. aureus population. The authors concluded 
that the best effect of AgNP@silice was attributed to 
the high specific surface area of the additive, which pro-
moted greater contact with bacteria cells [21].In other 
work, Pittol reports the evaluation of the antimicrobial 
activity of TPE compounds against S. aureus, E.coli and 
the antifungal action against Aspergillus niger, Candida 

albicans and Cladosporium cladosporioides. Specimes pre-
pared with zinc pyrithionate eliminated almost 100% of E. 
coli and S. aureus population and showed a zone of inhibi-
tion in the fungal assay [22].Concerning the processability 
of nanosilver in polymers, processes of melt dispersion and 
extrusion produced masterbatches of nanocomposites of 
LDPE and PP containing silver nanoparticles. Both nano-
composites in films were active against E. coli and S. aureus 
at concentrations of 36–30 mg  kg−1 of silver nanoparticles 
for AgNPs/LDPE and AgNPs/PP films, resulting in a total 
decrease in the bacteria viability [17]. AgNPs in ZnO nano-
particles is an important antibacterial agent with varied 
morphology, large surface area to volume ratio, potent 
antibacterial activity, and biocompatibility.

In recent work, the antibacterial potential of silver 
nanoparticles using ampicillin was investigated against 
sensitive and drug-resistant bacteria [23]. The results indi-
cated that bacterial strains do not show any resistance to 
Ampicillin@AgNPs even after exposure up to 15 successive 
cycles [24], corroborating our interest in developing AgNPs 
based on antimicrobials.

The present work reports the microbiological effects 
of AgNPs@ZnO/SiO2, nanoparticles in thermoplastic elas-
tomeric composite obtained from different processing 
techniques: extrusion, compression and injection and 
radiation. To our knowledge, there are no study reported 
in the literature, on the bactericidal activity of AgNPs in 
thermoplastic-polyester-elastomer (TPE-E) compounds, 
using gamma-radiation. In the present study, we reported 
the antimicrobial activity and efficacy with strains of 
Staphylococcus aureus and Escherichia coli. For both strains 
the higher activity showed for the TPE-E nanocomposites 
resulted from gamma-radiation processed composites.

2  Materials and methods

2.1  Materials

The materials used were: The TPE-E, melt flow index (MFI) 
is 10  g/10  min (230  °C, 2.16  kg), density: 1.20  g   cm−3, 
Mn = 57,500 g  mol−1 and Mw = 115,000 g  mol−1supplied 
by Celanese, Fig.  1; Antioxidant Irganox®B215 ED, 
67% tris(2,4- ditert-butylphenyl)phosphate, 33% 
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Fig. 1  Chemical structure of TPE-E [25–27] x = PBT—poly(butylene 
terephthalate) y = PTMO – poly(tetramethylene oxide)
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pentaerythritoltetrakis[3-[3,5-di-tert-butyl-4- hydroxy-
phenyl]propionate] from BASF; mineral oil Alkest TW80 
from Oxiteno, Fig. 2, composed synthetized by ethoxy-
lated-sorbitan-esters. The nanoparticles were composed 
by zinc oxide added of colloidal dispersion of metallic sil-
ver adsorbed on silica pyrogen, from TNS Ltda. Before the 
processing, the TPE-E, pellets were dried at 100 °C for 24 h.

The TPE-E, aromatic semicrystalline polyconden-
sation polymer, is composed by crystalline rigid part 
of poly(butylene terephthalate) (PBT) and combina-
tion with amorphous and elastic part composed of 
poly(tetramethylene oxide) (PTMO).

TPE-E is a partially crystalline polymer because the rigid 
part composed of poly(butylene-terephthalate) (PBT), and 
the flexible part, amorphous phase, of poly(tetramethylene 
oxide)(PTMO). The degree of crystallinity (Xc) of the com-
pound was determined using the experimental heat of 
fusion (ΔHm) taking into account the fraction of PBT in the 
copolymer (ΔHPBT). The degree of crystallinity of pristine 
TPE-E was 11.1% and melting temperature of 199.8 °C of 
the PBT crystals. The TPE-E used in the study has percent-
age of PBT of 58%, according to the supplier [28].

Where: R = alkyl group.
w + x + y + z = average moles of ethoxylation.
Eight different formulations containing the TPE-E were 

prepared and are represented in Table 1.

2.2  Process conditions

2.2.1  Extrusion

2.2.1.1 Processing conditions The TPE-E in pellet was 
mixed with mineral oil and Irganox B 215 ED in a rotary 
mixer at room temperature of (25 ± 2)°C and maintained 
under this condition for 12 h. Then the mixture was pro-
cessed in a twin-screw-extruder Thermo Haake, model 
Rheomex OS PTW 16/25, with the following processing 
conditions: the temperature profile for the six sections of 
the twin barrel was set to 185, 190, 195, 200, 205 °C and 
210 °C with screw rotating speed of 100 rpm. The samples 
were cut in pellet and the material was placed directly 
into the hopper of the extruder with a temperature profile 
(feed to die) of 185–210  °C, screw speed of 20  rpm and 
torque of 40–53  Nm. Planar-sheet-extruder transformed 
the material to TPE-E films with a thickness of 0.08  mm 
approximately.

2.2.2  Compression molding

The specimen of TPE-ENC obtained by extrusion were 
molded and hot pressed under the following conditions: 
temperature 210 °C and 60 bar pressure for 10 min, fol-
lowed by 210 °C and 80 bar pressure for a further 5 min. 
The obtained films thermo-pressed were cooled at 
(25 ± 2)°C. The blends were subjected to gamma radiation 
at ambient conditions. The irradiation of films was carried 
out by using a 60Co gamma rays unit installed at the IPEN-
CTR, Brazil. The as prepared samples were irradiated at 20 
and 50 kGy at a dose rate of 5 kGy  h−1.

2.2.3  Injection molding compounder

The masterbatch TPE-ENC followed for molding in a 5ton 
injection-molding- machine (Arburg Golden). Molding 

O

HO OCH2 CH2
w

O CH2 CH2 OH
x

C

CH2

O

O

CH2

CH2

CH2

CH2

OH

R

H

y

z

Fig. 2  Chemical structure of mineral oil Alkest TW80 [32]

Table 1  Composition of 
TPE-ENC nanocomposite 
formulations (wt%)

1:0.05/EXT; 2:0.5/EXT; 3:0.5/CM; 4:0.5/CM20; 5:0.5/CM50; 6:0.05/INJ; 7:0.5/INJ

EXT Extrusion; CM Compression molding; INJ Injection molding; TPE-ENC Thermoplastic-Polyester-Elas-
tomer-Nanocomposite

Sample Matrix Irganox(%) Dose(kGy) AgNP@ZnO/
SiO2(%)

Processing Techniques

TPE-E Pristine TPE-E 1 – – EXT/CM/INJ
TPE-ENC1 TPE-E 1 – 0.05 EXT
TPE-ENC2 TPE-E 1 – 0.5 EXT
TPE-ENC3 TPE-E 1 – 0.5 CM
TPE-ENC4 TPE-E 1 20 0.5 CM
TPE-ENC5 TPE-E 1 50 0.5 CM
TPE-ENC6 TPE-E 1 – 0.05 INJ
TPE-ENC7 TPE-E 1 – 0.5 INJ
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conditions were set to injection conditions assuming, injec-
tion speed of 100 mm  s−1, holding pressure of 480 MPa, resin 
temperature of 200–210 °C, and mold temperature of 50 °C. 
The injection molded specimens were prepared according 
to ISO 527–1: 2019 [29].

2.3  Characterization methods

2.3.1  Differential scanning calorimetry

Heat of enthalpy of specimens was characterized using a 
Mettler Toledo DSC  822e differential scanning calorimeter. 
The thermal program used for polymer nanocomposite films 
was: step heating from − 50 to 280 °C at a heating rate of 
10 °C  min−1 under nitrogen atmosphere; step holding for 
5 min at 280 °C, step cooling to − 50 °C and step reheating 
to 280 °C at 10 °C  min−1.The degree of crystallinity of TPE-E 
was assessed using given Eq. (1):

Degree of crystallinity Xc considers the melting enthalpy 
(ΔHm) of the PBT, 100% of crystal phase, as 145  Jg−1 [30, 
31], and Wh the fraction of PBT used in the reaction of the 
mixture.

2.3.2  Thermogravimetry analysis

Thermogravimetry analysis were carrid out using TGA/SDTA 
851 thermobalance (Mettler-Toledo), using 10 mg of sam-
ples in appropriated pans, in the range from 25 up to 600 °C, 
at heating rate of 10 °C  min−1. The atmosphere used was  N2, 
at 50 mL  min−1.

2.3.3  Infrared spectroscopy—FTIR

The spectroscopic analysis of all the samples were recorded 
using on the Perkin Elmer  Frontier™ spectrometer in the 
wavelength range 4000  cm−1–600  cm−1, single reflection of 
total reflectance (ATR) accessory.

2.3.4  Raman spectroscopy—SERS

Raman spectroscopic characterizations were performed 
using the Raman laser 785 nm, InPhotonics.

Xc =
ΔHm

Wh

×
(

ΔHPBT

)−1
× 100%

(1)x(ΔHPBT )
−1 × 100%

2.3.5  Field emission scanning electron microscopy 
and energy‑dispersive spectroscopy – FESEM/EDS

The samples TPE-E were fixed in appropriate holder and 
coated with a gold layer. The samples were analyzed by 
FESEM/EDS microscopy with field emission, from JEOL 
FESEM, JSM-6701F, Japan, using the accelerating volt-
age of 6.0kVA.

2.3.6  X‑ray diffraction—XRD

X-ray diffraction (XRD) measurements were carried out 
on a Rigaku diffractometer Mini Flex II (Tokyo, Japan) 
operated at 30 kV voltage. The specimens were prepared 
with dimensions of (2.5 × 2.5)cm2 and fixed on glass 
slides and recorded in the reflection mode under CuKα 
radiation (λ = 1.541,841 Å).

2.3.7  Transmission electron microscopy—TEM

The morphology of the samples was examined in trans-
mission electron microscopy operating at voltage of 
80 kV. Ultrathin Sects. (80 nm) were prepared with a Leica 
EM FC6 ultramicrotome with a diamond knife. The TEM 
equipment JEOL JEM-2100 was used for the images.

2.3.8  Antimicrobial activity

The antimicrobial activity and efficacy were evaluated 
according to adaptation of the standard JIS Z 2801:2010 
[32]. Each of the microorganisms used was activated 
to the respective stock cultures in appropriate culture 
medium to obtain inoculate. The strains tested were: 
Staphylococcus aureus (ATCC 6538) and Escherichia coli 
(ATCC 3789). The cell suspension obtained for each step 
tested was standardized to obtain a final inoculum con-
centration of  105 CFU  mL−1

.
A short description of the procedure was performed 

separately for the culture/sample to be tested: 0.4 mL of 
inoculums suspension was inserted over the specimen, 
previously sterilized with 70% alcohol, spread over an 
area corresponding to (40 × 40)mm2. It was then covered 
by a sterile coverslip and incubated in a sterile Petri dish 
for approximately 4 h at 37 °C. After the incubation time, 
5 dilutions were made to allow colony counting. For each 
dilution, plating was performed using a Petri dish con-
taining agar PCA and incubated at 37 ºC for 24 h. The 
percentage of bacterial growth reduction was calculated 
from the amount of surviving bacteria found in the Petri 
dish.
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3  Results and discussion

3.1  Thermal analysis characterization of composite 
polymers (DSC, TGA)

3.1.1  Differential scanning calorimetry

The Table 2 presents enthalpy results of melting tempera-
ture, Tm, melting enthalpy and crystallinity of TPE-E com-
posites from different processes, after the second heating 
cycle.

Comparing all the samples in terms of crystallinity, it 
was observed one slightly decrease in the samples crystal-
linity between different processes. The specimens of the 
TPE-ENC5 are the unique with increased percentage crys-
tallinity value probable by the radiation effect. Compar-
ing with the lower dose irradiated sample and the other 
differently processed, the increase in the integral dose in 
all the materials resulted in higher enthalpic energy and 
the higher crystallinity (11.27%). The crystallinity degree 
increased with the higher dose of 50 kGy. This was attrib-
uted to polymer chain scissions produced by radiation, 
in which decreasing its molecular weight and generate 
defects, increases the crystallinity.

3.1.2  Thermogravimetry analysis

The TG results indicated the thermal decomposition of the 
samples, Table 3. The table reports decrease of stability for 
the samples containing nanosilver, in comparison to the 
TPE-E pristine.

The calculated  Tonset reported changes in the degra-
dation temperature of the samples containing nanosil-
ver compared to pristine TPE-E. The lowest initial 

decomposition temperature  (Tonset) was observed for 
TPE-ENC2 with 329.5 °C and TPE-ENC4 with 335.9 °C. The 
AgNPs@ZnO/SiO2 when added in the polymer matrix 
both via single-screw-extruder, injection and compres-
sion molding brought thermal instability when compared 
to pristine TPE-E material but depends also, and more 
intensely of the nanosilver concentration. The irradiation 
process modified the stability at 20 kGy but is not intensi-
fied at 50 kGy and the silver concentration showed evi-
dently more influence in the thermal stability of the films.

3.2  Structure of composite polymers and films 
(FTIR, Raman, XRD)

3.2.1  Infrared Spectroscopy—FTIR

The spectrum interpretation of the infrared FTIR-ATR of 
the pristine TPE-E corresponds to the typical spectrum of 
a thermoplastic composed by PBT, Fig. 3.

Table 2  DSC data of TPE-E samples during the second run of heat-
ing

1:0.05/EXT; 2:0.5/EXT; 3:0.5/CM; 4:0.5/CM20; 5:0.5/CM50; 6:0.05/INJ; 
7:0.5/INJ

TPE-ENC Thermoplastic-Polyester-Elastomer-Nanocomposite

Sample Tm(°C) 2ndΔHm(J/g) 2ndXc(%)

TPE-E Pristine 199.8 25.89 10.40
TPE-ENC1 199.4 23.67 9.50
TPE-ENC2 200.2 25.26 10.10
TPE-ENC3 199.2 24.22 9.71
TPE-ENC4 198.9 24.04 9.65
TPE-ENC5 198.8 28.13 11.27
TPE-ENC6 198.4 24.53 9.80
TPE-ENC7 198.7 26.22 10.50

Table 3  Initial decomposition 
temperature,  Tonset, calculated 
from TG curves obtained under 
 N2 atmosphere, for TPE-E 
composites after processing

1:0.05/EXT; 2:0.5/EXT; 3:0.5/
CM; 4:0.5/CM20; 5:0.5/CM50; 
6:0.05/INJ; 7:0.5/INJ

Sample Tonset (°C)

TPE-E Pristine 362.4
TPE-ENC1 362.6
TPE-ENC2 329.5
TPE-ENC3 343.1
TPE-ENC4 335.9
TPE-ENC5 345.5
TPE-ENC6 359.3
TPE-ENC7 342.8
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Fig. 3  FTIR-ATR spectra of pristine TPE-E
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The Fig. 3 reports characteristics peaks attributed 
to chemical groups of TPE- E: anti-symmetric-stretch-
ing of (–CH2-) at 2942   cm−1, symmetric stretching of 
(–CH2-) at 2856  cm−1, carbonyl absorption band (C = O) 
at 1715   cm−1, aromatic ring stretching absorption of 
(C = C–C) at 1409  cm−1, band at 1267  cm−1 attributed to 
(C–C–O), absorption stretching of (O–C–C) at 1102  cm−1, 
aromatic plane folding absorption (C–H) at 1018 and 
873  cm−1, rotation of (–CH2-) > 3 at 726  cm−1 according 
to the literature [33].

3.2.2  Raman spectroscopy—SERS

The Fig. 4 shows the Raman spectrum of the samples 
TPE-E.

The formation of pure Wurtzite hexagonal phase of 
ZnO was confirmed by Raman characterization. As show 
in Fig. 4a, it was reported two obvious peaks at 382 and 
440  cm−1, results that corroborated with the literature 
[34, 35]. The peaks at 1358  cm−1 and 1589  cm−1 were 
attributed to the enhancement of Raman lines by car-
bon polymeric segments [36, 37].

3.2.3  Field emission scanning electron microscopy 
and energy‑dispersive spectroscopy—FESEM/EDS

The Fig. 5 shows the SEM images and EDS for TPE-ENC 
(Fig. 6).

3.2.4  X‑ray diffraction—XRD

XRD patterns of the TPE-E sample showed peaks in the 
interval of 2θ = 5–35º characteristic of the polymer struc-
ture, are given in Fig. 7.

The pristine TPE-E shows intense peaks at 2θ = 16.4, 
17.7, 21.1, 23.8 and 25.4º which are from PBT. These peaks 
represent the diffraction planes of [011], [010], [111], [100] 
and [111], respectively. The PBT presents two α and β crys-
talline phases, the β phase being formed due to mechani-
cal deformation recorded at 2θ = 29 and 31 degrees [30].

XRD patterns of the TPE-ENC specimens were identified 
by diffraction angles which characteristic for the structure 
of polymer are given in Figs. 8, 9 and 10.

The insets show XRD pattern for the prepared Ag@ZnO/
SiO2 nanoparticles and Ag@ZnO, for identification of the 
nanoparticles.

The insets showed in XRD pattern for the prepared Ag@
ZnO nanoparticles corroborated to the identification of 
the nanoparticles of Ag and Zn, in the films.

It is observed in the Fig. 9, the presence of nanoparticles 
of ZnO in both irradiated and not irradiated films obtained 
by molding.

Diffraction peak corresponding to the ZnO hexagonal 
phase, the relative intensity of the diffraction peaks cor-
responds to the reference diffractogram, presenting a 
preferential orientation according to the diffraction plane 
(002) in 2θ = 34.4°, [38].

The crystallite size and lattice strain were reduced 
and modified by gamma radiation affecting the Bragg 
peak [39]. Both these effects extend the peak width and 

Fig. 4  Raman spectrum of 
TPE-E samples: (a) AgNPs@
ZnO/SiO2 Powder; (b) TPE-E 
Pristine; (c) TPE-ENC4; (d) TPE-
ENC2 and (e) TPE-ENC7
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intensity and shift the peak position, as observed in sample 
TPE-ENC4, Fig. 9. The crystallite size tends to be reduced by 
gamma radiation dose from 20 to 50 kGy. The irradiation 
of the samples showed a tendency to chain scission in the 
amorphous part and in consequence promoted slightly 
increase in the cristallinite (%) [40], as observed after irra-
diation at 50 kGy.

Figure 10 shows the XRD patterns of the nanocom-
posite films TPE-E6 and TPE-E7 (AgNPs@ZnO) by injec-
tion molding process. The inset on Fig. 10 compares the 
AgNPs@ZnO powder diffractogram for attribution of the 
metal peaks at films of TPE-E6 and TPE-E7 (AgNPs@ZnO).

The samples of the compounds TPEE-ENC1 and TPE-
ENC2 obtained by extrusion, by injection the TPE-ENC7 

Fig. 5  FESEM image of the obtained film by extrusion on fracture TPE-ENC2 (a) and FESEM image of the obtained film by extrusion on sur-
face TPE-ENC2 (b).The images in the inset show EDS of Ag and Zn elements

Fig. 6  FESEM image of the obtained film by compression molding 
on fracture TPE-ENC3 (a) and FESEM image of the sample fracture 
obtained by injection, TPE-ENC7 (b).The images in the inset show 
EDS with identification Ag and Zn elements. Figure  5a shows the 
micrograph of the film obtained by extrusion and fractured in 
nitrogen. Agº clusters are observed and identified by EDS. Fig-

ure 5b shows the micrograph of the surface obtained by extrusion 
in which EDS identified Zn in white clusters. Figure  6a shows the 
micrograph of fractured surface of the film obtained by compres-
sion molding, EDS identified Agº agglomerates. Figure  6b shows 
the micrograph of fracture surface of sample obtained identifying 
Zn agglomerates
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and sample obtained by thermopressed molding TPE-
ENC4 showed, in the surface, presence of the ZnO by peaks 
around 31.8, 34.4°, 36.3 and 56.5° assigned to their respec-
tive crystalline planes [100], [002], [101], [110], as described 
by [39–42]. These results match very well with the Joint 
Committee on Powder Diffraction Standards (JCPDS) of 

ZnO (JCPDS#36-1451). Peak displacement occurred at 
around 25.5° with respect with the pristine TPE-E sample.

Double peaks at around 29 and 31° are related to the 
β phase, become absent as does the peak at 7 and 24.5°. 
The  SiO2 related peak present in the compound contain-
ing AgNPs@ ZnO/SiO2 is found at 21° where the intensity 
increases with the concentration, as can be seen at insert 
in the Fig. 8. It was also found at 38.5 and 44.5° peaks corre-
sponding to the crystalline planes of silver [111] and [200], 
respectively, according research. The wide peak at 22.5° 
represents the amorphous phase of  SiO2 [44].

3.3  Morphology: composition of composite 
polymers and films (TEM, FESEM/EDS)

3.3.1  Transmission electron microscopy – TEM

TEM micrographs of the Ag@ZnO-NPs was presented in 
Fig. 11.

The morphology was found to be irregular as con-
firmed in the images. Rectangular and rod morphologies 
are represented by ZnO, similar morphology found by 
Bakhori et al. [45] and spherical by Si and Ag as shown in 
the Fig. 12a and b. The format of the most efficient Ag for 
bactericidal activity is the spherical form [46, 47]. The geo-
metric particles size based on TEM micrographs reveals the 

Fig. 7  X-ray diffraction patterns of TPE-E pristine film

Fig. 8  XRD Diffractograms of 
films from extrusion of: Pristine 
TPE-E; TPE- ENC1 and TPE-ENC2 
with AgNPs@ZnO/SiO2
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smallest rectangular particle side of (ZnO) size measuring 
approximately 100 nm. The structure of ZnO is predomi-
nant in Fig. 11, but smallest spheres refer to Ag that has 
been introduced in the agglomerate.

TEM image of sample Ag nanoparticles produced in 
composite characterized a predominant spherical mor-
phology and anchored in substract of  SiO2. Figure 12a 
shows the spherical shape of the AgNPs and the formation 
of agglomerates in the TPE-E film. The size of the AgNPs 
ranged from 45 to 50 nm in diameter with anchoring on 
 SiO2, and Fig. 12b the nanosilver showed a size of 15 nm.

3.4  Antimicrobial properties of composite films

The Table 4 reports the bactericidal results of samples 
composed by TPE-E AgNPs@ ZnO/SiO2, (TPE-ENC) accord-
ing to standard test JIS Z 2801.

The pristine TPE-E polymer showed no bactericidal 
activity as expected for either two types of tested bacteria. 
The sample obtained by extrusion TPE-ENC1 stands out, 
which showed a significant result with a bacterial reduc-
tion of 92% for S. aureus and 93% for E. coli. The samples 
that presented best bactericidal activity results were 
those produced by compression molding, TPE- ENC3, and 

TPE-ENC4 and TPE-ENC5. Between those, the sample irra-
diated at 50 kGy had the better efficacy.

The highest bactericidal efficiency (Reduction) for TPE-
ENC5 was values of 98% for S.aureus and 96% for E.coli. 
The irradiation promotes improvements in the activity due 
to modification in the surface of the films and in conse-
quence exposition of silver nanoparticles. The values of 
bactericidal activity between non-irradiated and irradiated 
with 20 kGy (TPE-ENC4) and 50 kGy (TPE-ENC5) showed a 
discrete change. According to the literature [46, 48] studies 
of colloidal silver nanoparticles obtaining via 60Co gamma 
radiation in irradiated PVA, in  N2 atmosphere, of mean size 
of 29.7 nm with spherical geometry, presented signifi-
cant results against P.aeruginosa, E. coli, C. albicans and S. 
aureus, in cotton fabrics. The dose of 35 kGy, at radiation 
rate of 5.65 kGy.h−1, improved the efficiency.

Although it is not clear the main mechanism to explain 
the effects observed on the surfaces of the compression 
molded samples, two factors can operate in this effect: 
The surfaces of the compression molding samples are 
degraded by compression temperature allowing to Ag° 
diffusion. The slightly degradation caused by the radiation, 
confirmed by Tonset, in terms of chain scission, corrobo-
rates with the nanosilver diffusion, and other the direct 

Fig. 9  XRD Diffractograms of 
films from compression mold-
ing of: Pristine TPE- E, TPE-NC3 
and the films irradiated at 
20 kGy, TPE-ENC4 and 50 kGy, 
TPE- ENC5



Vol:.(1234567890)

Research Article SN Applied Sciences (2021) 3:392 | https://doi.org/10.1007/s42452-021-04365-2

surface silver radiation can reduce it in nanoparticles 
improving the bactericidal effect.

4  Conclusions

Microscopic analysis suing SEM and TEM show the efficient 
anchoring of the AgNPs nanoparticles on  SiO2 and good 
distribution of the zinc and silver nanoparticles.

The films obtained by injection in the concentrations 
0.05 and 0.5% of AgNPs@ZnO/SiO2 (TPE-E6 and 7) showed 
the lowest result of biocidal activity in comparison with 
other processed samples. AgNPs@ZnO/SiO2 films obtained 
by compression molding with and without irradiation 
(TPE-E3, 4 and 5) showed higher activity levels than the 
films processed in single screw extruder containing 0.05 
and 0.5 AgNPs@ZnO/SiO2 (TPE-E1 and 2). The compres-
sion method resulted in samples with the best indexes 
of bactericidal activities, followed by the single extrusion 
method and finally the injection method.

Considering the effects observed on the surfaces of 
the thermally compressed samples, two factors can oper-
ate: the surfaces of the compression molding samples are 
degraded by compression temperature allowing to Ag° 
diffusion, where the slightly degradation caused by the 

Fig. 10  XRD Diffractogram of 
samples from injection pro-
cess: pristine TPE-E, TPE-ENC7 
and TPE-ENC6. The inset show 
XRD pattern for the prepared 
Ag@ZnO nanoparticles

Fig. 11  TEM image of AgNPs@ZnO/SiO2 powder nanoparticles
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radiation corroborated also with Ag° diffusion as modified 
in Tonset temperature, and silver exposed to radiation can 
be reduced to nanoparticles for bactericidal activity.

The gamma irradiation causes the increased intensity 
of vibrational modes, the crystallite size and lattice strain 
were reduced and modified. This phenomenon creates 
defects in the polymer corroborating the better interac-
tion by contact of nanoparticles with microorganisms.

The irradiation applied to the surface of pressed films 
favored the antimicrobial activity, also for exposing the 
nanoparticles more efficiently to the superficial level 
as effect of irregularities formation. The mechanism for 
release of metal ions  (Ag+) is the corrosion of nanopar-
ticles present in the bulk of the TPE-E owing to the diffu-
sion of water molecules. TPE-E is hydroscopic due to their 

polar character, allowing the diffusion of water molecules 
through holes of microscale defects induced by gamma 
radiation. Finally the efficiency of the bactericidal activity 
of TPE-E films depends on the incorporation process as 
well as the concentration of AgNPs on the polymer.
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Fig. 12  TEM microphotographs of TPE-E AgNPs/SiO2 nanoparticles

Table 4  Results of bactericide activity essay of TPE-ENC: Bacterial 
reduction rate, R (%) index

1:0.05/EXT; 2:0.5/EXT; 3:0.5/CM; 4:0.5/CM20; 5:0.5/CM50; 6:0.05/INJ; 
7:0.5/INJ

Sample S.aureus E.coli

Reduction/% R Reduction/% R

TPE-E Pristine 0 0 0 0
TPE-ENC1 92 1.11 93 1.19
TPE-ENC2 76 0.62 75 0.60
TPE-ENC3 97 1.59 96 1.40
TPE-ENC4 93 1.18 94 1.26
TPE-ENC5 98 1.70 96 1.44
TPE-ENC6 55 0.35 56 0.36
TPE-ENC7 55 0.37 57 0.36
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