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ABSTRACT

An innovative cost-effective and lead-free polymer nanocomposite of polyvinyl

alcohol/ polyvinyl pyrrolidone was developed. PVA/PVP nanocomposite film

contained spherical AgCl and SnO2 nanoparticles was facilely prepared via a

one-pot synthesis method. The synthesis route affords uniform dispersion of the

both nanoparticles and unique features of polymer nanocomposite of insoluble,

dense, and nonporous properties. The new nanocomposite achieved an efficient

gamma radiation attenuation capability. The attenuation capacity for gamma

photons was investigated in terms of linear and mass attenuation coefficients (l)
and (lm), respectively, at low and high energies (using 60Co and 137Cs sources).

Other parameters such as half value layer (HVL), tenth value layer (TVL), and

mean free path (MFP) were used to evaluate the shielding capacity. Theoretical

calculation (XCOM program) results were consistent with the obtained experi-

mental results. The results revealed that the essential thickness of the polymer

nanocomposite to reduce the c-ray intensity to 50% is 6.6, 8.9, and 9.8 cm for 662,

1173, and 1332 keV c-ray energies, respectively. The physio-chemical properties

of the polymer nanocomposite were evaluated using spectroscopic, microscopic,

and thermal analysis tools. Additionally, the formation of spherical nanoparti-

cles was elucidated using TEM. FTIR and leachability were used to confirm the

stability, good durability, and chemical resistivity of the synthesized polymer

nanocomposite. The nano-filler AgCl and SnO2 formation mechanism was dis-

cussed in detail.
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GRAPHICAL ABSTRACT

Introduction

Particles of radiant energy, i.e., alpha, beta, neutron

particles, and electromagnetic wave emissions, are

generated in the form of by-products in a variety of

industries, including nuclear power plants, the

medical field, and space exploration [1–3]. The elec-

tromagnetic (EM) spectrum covers a number of non-

ionizing and ionizing radiations with different fre-

quencies between 102 and 1022 Hz (or 108 and

10-12 m wavelength) [4]. However, sudden expo-

sures to these radiations may encourage carcinogen-

esis, mutations of human cells, DNA damage, genetic

damage, blood cell damage, and failure of body

organs. Consequently, there is always a need to

develop new shielding materials that provide effi-

cient protection against radiation hazards [5–7]. Lead

can be regarded as the widely foremost material

utilized for radiation exposure protection [2, 8].

However, it has a relatively high chemical reactivity

with high density and toxicity which make it

environmentally undesirable material [7, 9]. Fur-

thermore, lead high price makes it far from idealized

for industrial use and research applications. There-

fore, researchers nowadays are interested in finding a

lightweight, nontoxic, low-cost, easy-to-be-manufac-

tured materials that could act as a replacement to

lead [9, 10]. Lead-free shielding materials provide an

appropriate, economical, and environmentally

friendly alternative to conventional lead shielding

and lead composite materials [9, 11]. Generally,

materials have both highly atomic number and den-

sity with a good stopping power providing high

attenuation efficiency [8, 12]. For example, tungsten is

a non-toxic element with density and atomic number

approximately high and exhibits better shielding

properties with small thickness and a smaller half

value layer compared to lead. Even so, purified

tungsten has a high cost [9, 13, 14].

On the other hand, nontoxic polymer nanocom-

posite materials (hybrid nanocomposite materials are

multiphase materials, for which one or more of its

components has nano-sized dimensions [15, 16]) offer
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a successful and effective candidate to be used for

radiation shielding [8]. They can be fabricated with

low cost compared with high price lead. Further-

more, using polymer composites eliminates the

environmental hazards associated with lead materi-

als [17, 18]. Therefore, polymer nanocomposites,

which are characterized by lightweight, corrosion

resistant, flexibility, can become an appropriate can-

didate for the conventional shielding applications

[19, 20]. The polymer matrix composite materials are

considered as one of the vibrant materials, owing to

their synergistic properties which are not obtainable

with the distinct individual components, including

light weight, resistance to weather, moisture, corro-

sion, and microbial organisms [8, 16, 21]. Synthetic

polymers e.g., polyvinyl alcohol (PVA) and polyvinyl

pyrrolidone (PVP), have been widely used in differ-

ent applications [22, 23]. They are characterized as an

ecofriendly materials which are characterized by high

abrasion resistance, flexibility, high molecular

weight, well film formation ability, and low cost

[3, 16, 21]. Herein, this study focuses on the one-pot

synthesis reaction of a new insoluble hybrid polymer

nanocomposite in the presence of HF (PVA/PVP film

containing AgCl/SnO2 nanoparticles). Structural and

functional specifications of the polymer nanocom-

posite were extensively examined by XRD, SEM–EDX

analysis, XPS, Raman spectrometry, TEM, FTIR, and

thermal analysis (TGA/DTA/DSC). Moreover,

chemical stability and resistivity of the proposed

polymer nanocomposite were evaluated. The poly-

mer nanocomposite fabrication basics and the nano-

fillers AgCl and SnO2 formation mechanism were

discussed in detail. The radiation shielding of c-rays
absorption and attenuation properties (linear (l) and
mass (l/q) attenuation coefficients) were investi-

gated using low and high c-radiation energies (60Co

and 137Cs, point sources) experimentally and also

theoretically using XCOM simulation code. More-

over, half value layer (HVL), tenth value layer (TVL),

and mean free path (MFP) calculations were evalu-

ated at different gamma energies for selecting the

proper thickness of the gamma shielding from fab-

ricated polymer nanocomposite.

Experimental

Materials and techniques

Polyvinyl alcohol (PVA) (M.wt.: 15,000) and

hydrofluoric acid (40%) were supplied from Loba

Chemie, India. Polyvinyl pyrrolidone (PVP) (M.wt.:

40,000) was purchased from Universal Fine Chemi-

cals PVT. Ltd., USA. Silver nitrate and tin (II) chloride

were obtained from Merck specialties private limited,

India. Glycerin (99.5%) was obtained from El Gom-

houria Co., Egypt, and other chemicals were Prolabo

products. Reagents were used as received.

Preparation of hybrid polymer
nanocomposite

Nanocomposite polymer film was prepared using the

casting method, based on the optimum condition for

the polymer composition synthesis [22], that can be

modified to be chemically crosslinked as follows: HF

(2.0 mL) was added to distilled water (80.8 mL), and

then, add a mixture of the polymers (PVA/PVP) at

the weight ratio of 60:40 (6 g:4 g) via continuous

stirring for convenient time at 80 �C. After the com-

plete dissolving of the polymer mixture, an equiva-

lent volume of glycerol was added. Then, AgNO3

(1.0 g) has been added, followed by adding of SnCl2
(1.0 g). The final solution was poured in a Petri dish

and dried for 84 h at 50 �C in the oven. The polymer

nanocomposite (PVA/PVP/HF film containing

AgCl/SnO2 nanoparticles) was performed into

appropriate spherical according to the collimator

opening with different thicknesses (0.11, 0.37, 0.59,

and 0.79 cm).

Characterization of the fabricated polymer
nanocomposite

The X-ray diffraction (XRD) patterns were obtained

using a SmartLab X-Ray Diffractometer (RIGAKU:-

Japan), with Cu Ka radiation. The thermogravimetric

analysis (TGA) characterizations were obtained using

SDT-Q600 V20.5 Pouild 15 (TA Instruments, New

Castle, DE:USA). Raman spectroscopy was per-

formed at room temperature using SENTERRA Dis-

persive Raman Microscope (Bruker, Billerica,

MA:USA) at a k: 532 nm. The surface morphology

was investigated using the FEI Inspect-S Electron

Scanning Microscope w/Cathodoluminescence
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System (USA). The nano-structural features were

monitored by the transmission electron microscope

(TEM, JEM-2100F, JEOL:Japan). X-ray photoelectron

spectroscopy XPS was collected on K-Alpha (Thermo

Fisher Scientific:USA). Functional groups of the

polymer nanocomposite were analyzed by FTIR

spectrometer, Nicolet Nexus 870, USA.

To study the chemical stability of the material, Bai

et al., [24] described a simple method for studying

and testing the organic polymer chemical stability

using leaching with comment acidic and alkaline

reagents. So, the fabricated polymer nanocomposite

was immersed, treated, and leached at different pHs

(1–11). Under the experimental conditions: the poly-

mer nanocomposite has mass 0.144/5 g; aqueous

solution 10 mL, temperature 26 �C for 24 h; using in

common reagents such as HCl, HNO3, NaOH solu-

tions, and boiled in tap water for 4 h. After that,

samples were filtered, extensively washed with

deionized water (both raw sample and after the

leaching experiments samples), and were kept at

75 �C for 24 h. The weight loss is

ðwt% = 100 (m0 �mf=m0Þ: where m0 is the dry mass

before treating and mf is the dry mass after modifi-

cation. Moreover, for c-radiation stability: the

nanocomposite material was analyzed by FT-IR

spectroscopy before and after the radiation exposure.

The technique of Archimedes was applied to define

the density of different thicknesses (0.11, 0.37, 0.59,

and 0.79 cm) for the fabricated polymer nanocom-

posite [25]. Xylene was used as a submerging liquid

for that purpose, with a precision of just

about ± 0.01 g cm-3 at room temperature. After the

designation of the fabricated polymer weights, the

nanocomposite density was calculated (Eq. 2).

qCE ¼ A

A� B
xqL ð1Þ

where qCE is the fabricated polymer nanocomposite

experimental density, A the weight of the composite

in air, B the polymer nanocomposite weight in the

xylene solution, qL the xylene solution density. The

experiments were duplicated and showed a standard

deviation lower than 6%.

Gamma ray shielding measurements

Attenuation coefficients of c-ray energies of each

thickness were measured for 137Cs and 60Co point

sources (Table SI1) at 662, 1173, and 1332 keV,

respectively. Bicron NaI (Tl) scintillation detector

with crystal 300 9 300mm has 7% resolution for 173Cs,

efficiency equal 2 at 0.5 MeV and 1.3 at 2 MeV, sealed

hermetically by aluminum house with a photomul-

tiplier tube. The detector is connected with Nuclear

Enterprises main shaping amplifier (model NE- 4658,

Tennelec high-voltage power supply, model TC 952)

with HV digital display and digital MCA gain sta-

bilizer (USA), whereas it was preserved by: (i) a

cylindrical copper shield (0.6 cm thickness) against

induced X-rays, (ii) a chamber of lead bricks against

the environmental radiations, and (iii) a lead shield

around the detector (G-5) (5 cm thickness). The

detector was also linked with multichannel analyzers

(Nuclease PCA-8000 computer-based, 8192) with a

color graphical display of spectra with high-level

operation technical features by using MAESTRO

software. A lead collimator was used to achieve an

accurate count of the absorbed gamma radiation. All

measurements are carried out at room temperature.

Theoretical background for c-ray shielding
measurements

The full details of this section: linear attenuation coef-

ficient (l),mass attenuation coefficient (lm),Half value

layer (HVL), tenth value layer (TVL), mean free path

(MFP), and XCOM calculation are presented in the

Supporting Information Section (Section I in details).

Results and discussion

Polymer nanocomposite fabrication basics

A polymer nanocomposite film has been prepared

from polyvinyl alcohol/polyvinyl pyrrolidone

(PVA/PVP) polymer by blending and chemical cross-

linking, followed by embedding with AgCl/SnO2.F

nanoparticles (Fig. 1). Based on the composition

PVA/ PVP weight ratio at 60:40 (i.e., molar ratio is:

0.136:0.036 mol, achieving PVA molar ratio &3.78

times), PVP theoretically has the potential of inter-

chain hydrogen bonding between the PVA-hydroxyl

groups on the chains and carbonyl groups on PVP

chains which increase the stability of the polymer

network [22]. This conclusion finds agreement with

the chemical stability test of the proposed polymer

nanocomposite that leads to slight weight loss of

uncompleted reacted species.
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Moreover, adding glycerin could act as a softening

agent and a cross-linking agent. The film was formed

by a solution casting method. PVA has the film-

forming capacity, hydrophilic properties, and a high

density of reactive chemical functions that are

favorable for cross-linking by irradiation[22], chemi-

cal [23], or thermal treatments [26, 27]. Here glycerin

and PVP (dipolar imide group) are used as a sur-

factant, reducing agent, and shape-controlling agent,

moreover, as a crosslinking agent (for polyhydroxy

PVA polymer) that played an important role in the

synthesis process of PVA/PVP/AgCl/SnO2

nanocomposite, since PVP would be beneficial for the

adherence between the polymer shell and the inor-

ganic core: where M–O (M: Ag and/or Sn) coordi-

nation could be formed through the pyrrolidone ring

which was tilted on the Ag surface [28]. While other

Ag? ions have not been reduced yet, as just adding

SnCl2, will precipitate as AgCl(s), while oxidation of

SnCl2 to SnO2 nanoparticles occurred simultane-

ously, leading to the formation of the polymer

nanocomposite. Besides, PVA/PVP polymer pre-

vents the aggregation of AgCl/SnO2 nanocomposites

efficiently.

Addition of SnCl2 to the solution of PAV/PVP/

F-/Ag? can result in formation of AgCl and/or AgF

compounds. The formation of AgCl than AgF in this

synthesis route can be interpreted according to the

HSAB theory (i.e., hard and soft acid base principles,

also called Pearson’s rules) that reports the prefer-

ence of soft acids for reacting with soft bases and vice

versa [15, 29]. Silver is considered as a soft acid that

has a low charge density (high polarizability and

electronegativity). Pearson described the interactions

of the d-orbital of Ag-atom with the p-orbital of the

Cl/F-atom. So, the strong soft acid (Ag?) prefers to

associate with the softer base (Cl-:soft/soft nature

interaction) compared to (F-:hard/soft interac-

tion)[29], as Cl-atom has larger size with a more

diffuse distribution of electrons than F-atom. This

also could be predicted by Fajan’s rules [30], as the

anions increase in size as F-\Cl-. Since larger ions

are more polarizable, covalent character increases

and ionic character decreases in the order: AgF\
AgCl. This effect increases in the hydration energy

and decreases in the lattice energy in the same order

[30]. Thus, AgCl should have a higher Dsolv than AgF,

yet it is the least soluble in water; the solubility pro-

duct constant for AgF is (Ksp: 205) while for AgCl

(Ksp: 1.8 9 10–10) [31]. This indicates that AgF is

soluble in H2O, but AgCl is not soluble.

Wang et al.[32] described a novel one pot synthesis

route of SnO2 nanoparticles using two Sn salts of

SnCl4 or SnCl2 as raw materials. The total mole ratio

of SnCl2 (or SnCl4):H2O:HAc is (1:150:5). The two

kinds of solutions were heated for 15 h at 75 �C to

prepare SnO2 precursors and then calcined at differ-

ent temperatures to obtain SnO2 nanoparticles. Ikh-

mayies [33] described a simple method to prepare a

nanocrystalline fluorine-doped tin oxide (SnO2:F)

thin films on glass substrates by dissolving SnCl2
with HF in CH3OH/HClaq. Doping of SnO2 with

fluorine to produce SnO2:F was achieved using dif-

ferent fluorine sources: NH4F and/or HF [33, 34].

Nano-filler AgCl/SnO2 formation mechanism

The dissolution of AgNO3 (1.0 g &5.89 mmol) has

been added into the PVA/PVP/HF solution followed

by SnCl2 (1.0 g &5.27 mmol). After complete addi-

tion, the synthesized nanocomposite acts as a

reducing agent to coordinate and reduces a small

portion of Ag? into Ag8 nanoparticles impeded in the

polymer composite (before the addition SnCl2). The

following mechanism has been proposed as follows

(Eqs. 2–4):

AgNO3 þHF ! AgF + HNO3 ð2Þ

Figure 1 A tentative schematic route for the synthesis of PVP/

PVA polymer.
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6SnCl2 þ 4HNO3 ! 3SnO2 þ 3SnCl4 þ 4NO + 2H2O

ð3Þ

Overall reaction:

3SnCl4 þ 3SnO2 þ 2AgNO3 þ 3HF + 2H2O + 5Hþ

! 8AgCl + 3SnO2 : F + 3SnO2 þ 2NO

ð4Þ

This suggested mechanism was confirmed by the

EDX analysis for two areas (Figure SI1) that shows

that the films contain (O, Sn, and F) and weight ratios

were (47.48:14.61:3.65) and (54.44:16.90:4.34). Thus,

the ratio O/Sn in the film is 3.25 and 3.22, respec-

tively, whereas the stoichiometric ratio is 2.0. Here,

the ratio is about 3.22–3.25, higher than 2, which is

due to the polymer organic portion. Moreover, the

Sn:F ratio is 4.00 and 3.89 for areas I and II, respec-

tively, whereas the stoichiometric ratio is 1 in the

SnO2.F nanoparticles. It is noted that the low F (wt%)

may be due to the HF initial concentration (limiting

reactant), resulting in two types of SnO2 and SnO2.F.

On the other hand, the existence of fluorine atoms

may have a role and contribution in the mechanism

of polymer formation. This was shown in the EDX

analysis (see SEM–EDX section) of the polymer

nanocomposite film surface after extensively washed,

indicating that the F-atoms were trapped and still

present in the polymer film. To the moment, the

fluorine role is not clear for us.

Characterization

Crystalline structure-X-ray diffraction pattern

The XRD pattern of the polymer nanocomposite is

reported in Fig. 2, which confirmed the nanoparticle

composition with a silver crystals and cubic AgCl.

Seven characteristic peaks for AgCl cubic phase

(JCPDS file: 31–1238) were identified by their khl

indices: 200, 220, 311, 222, 400, 331, and 311 diffrac-

tions at 2h: 32.41�, 46.43�, 55.03�, 57.60�, 67.64�, 74.69�,
and 76.87� [37]. Obtained peaks are in harmony with

the database in the JCPDS file (PDF No. 01–085-1355),

which is compatible with the face-centered cubic

(FCC) of silver at 76.87� corresponding to (311) hkl

plane. This confirms the existence of crystalline Ag/

AgCl nanoparticles in the fabricated polymer

nanocomposite. Ibarguen et al. [35] explained that the

main Sn4? compounds crystalline phases are strongly

pH dependent. At low pH, the Sn2? ions may be

easily hydrolyzed into polynuclear species; tin, dim-

mers, and trimmers are possibly produced, e.g.,

Sn(OH)?, Sn2(OH)2
2?, Sn3(OH)4

2?, although the

crystallization of oxides is not very well appear.

Moreover, there are other compounds with amor-

phous forms such as tin chlorides [SnCl(H2O)2-
SnCl3(H2O)] at different pHs 1.86, 2.93, 4.50, 6.25,

10.60, respectively. The XRD pattern for the formed

compounds at pH 1.86 and 2.93 shows poorly

resolved peaks, and the amorphous character

Figure 2 XRD pattern of the

polymer nanocomposite film.
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increases with increasing the pHs gradually and

tends to disappear completely at pHs 4.50 and 6.25.

Using HF during the synthesis process increased the

acidity of the composite solution, which can confirm

the poor and weak peaks in the ranges (mentioned

above). Other peaks may be overlapped with the

strong crystallized Ag/AgCl nanoparticles. More-

over, the wide broad peak at 2h &20� exhibited

amorphous nature of the PVA/PVP polymer that is

in accordance with that reported before.

SEM–EDX-mapping analysis

The scanning electron microscope was utilized to

characterize the morphological structure of the syn-

thesized polymer nanocomposite (Figure SI1).

Herein, the polymer film surface can be described as

a soft and smooth planar structure with no porosity

which is related to the almost dense structure of the

polymers PVA/PVP casting composite film and its

hydrophilicity, indicating that the use of HF during

polymer composite preparation does not activate an

etching of the doped inorganic components of Ag

and Sn compounds.

Figure SI1 shows EDX mapping analysis for two

different areas exhibits the appearance of Ag, Sn, Cl,

O, F, and Si signals on the polymer surface with the

great homogenous distribution. The specific peak of

Sn element was characterized by La1 and Lb2, their

peaks being at 3.435, 3.444, and 3.905 keV, respec-

tively, whereas the appearance of the Ka1,2 and Lb1

distinguished Cl with signals at 2.308, 2621, and

2.816 keV, respectively. The characteristic La1 and Lb1

peaks for Ag were exhibited at 2.984 and 3.151 keV.

On the other hand, the occurrence of a tiny peak

(poor sensitivity) for Si Ka signal was achieved at

1.740 keV. The peaks below 1.0 keV were appeared,

especially for O ka1,2 and F ka at energies 0.525 and

0.677 keV, respectively. The existence of Si is proba-

bly due to impurities contained in the HF or reagents.

Results of this analysis confirm the successful

preparation of the polymer nanocomposite.

TEM analysis

Figure 3 displays the TEM micrographs of fabricated

polymer nanocomposite. The AgCl and SnO2

nanoparticles have appeared as a spherical dense

dots (surrounded by bright areas representing the

polymeric shell, due to the difference of electron-

absorbing differences between organic/inorganic

components [16, 36]): with a regular spherical struc-

ture, well proportioned, and apparently mono-dis-

persed. This confirms the successful incorporation of

nanoparticle into the polymeric matrix. The particle

size observed on the TEM images was used to visu-

alize the actual size of the nanoparticles (NPs) and

the average particle size found to be 11.4 ± 2.2 nm

for AgCl NPs with a narrow particle size distribution.

However, in SnO2 NPs the average particle size is of

26 ± 7 nm with a broad particle size distribution

using histograms counting (Figure SI2). This reveals

that some Sn-particles tend to aggregate, and this can

be attributed to the existence of dipole/dipole

attraction force.

Raman analysis

The Raman spectra were recorded as a complemen-

tary technique to XRD in order to evaluate the short-

range structural order. Figure SI3 shows that two

modes located at 68.8 and 238 cm-1 were related to

the Ag lattice vibrational modes and the stretching of

the Ag–Cl bonds located at the terminal positions,

respectively [37]. Assis et al. reported that for AgCl,

three Raman modes appeared at 60, 147, and

236 cm-1 were observed [37]. The existence of SnOx

(x:1 and/or 2) with poorly resolved peaks was

detected at 103 and 134 cm-1 [38], and unidentified

additional peaks with a low intensity (in the region

300–750 cm-1) at 322, 398, 456, 609, and 632 cm-1

wavenumbers were detected. For the organic poly-

mer part: numerous bands were observed [39]:

(a) broadband 3512 cm-1 is assigned to water mole-

cules, (b) broadband between 2936 cm-1, which is

specified to a series of asymmetric C–H stretching

vibrations, (c) three sharp peaks at 1767, 1637,

1551 cm-1 (C = O stretching), 1412 cm-1 (CH3

deformation bend), 1180 cm-1 (C–O–C bridge asym-

metric stretching), 1091 cm-1 (C–C stretching),

992 cm-1 (C-N bending), 891 cm-1 (C–C stretching),

and 809 cm-1 (H-bending band) [39].

XPS analysis

Figure 4 illustrates the XPS core level spectra for

major elements of polymer nanocomposite. The

existence of typical peak of Sn and Cl confirms the

successful nanocomposite preparation. The incorpo-

ration of AgCl/SnO2 nanoparticles was occupied the
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interstitial polymer sites. Surprisingly, the absence of

Ag signals in the survey spectrum is expected as the

XPS is a surface analysis within 1–3 nm, i.e., Ag is

doped in the film core, while the Cl 2p signal appears

at 199.04 eV, confirming the formation of AgCl,

which agreed with the obtained XRD results. The C

Figure 3 TEM image a low-

magnification and b higher-

magnification visualizing the

particle size distribution of

both nanoparticles inside the

polymer matrix—histogram

size distribution.
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1 s spectrum is deconvoluted into three peaks with

binding energies (BE) values of 284.7, 286.5, and

288.8 eV corresponding to C–C/C-H, C–OH/C–N,

and C = O functional groups, respectively [36, 40].

The O 1 s peak also shows three peaks at BE values of

531.5, 532.1, and 533.3 eV corresponding to Sn–O/

lattice oxygen, C = O/C–OH/H2O, and C–O–C,

respectively [36]. The N 1 s appears at 399.9 eV cor-

responding to C–N. The Sn 3d spectrum is identified

by two peaks around 487.24 eV (Sn 3d5/2) and

495.61 eV (Sn 3d3/2)[40, 41]. The BE of the Sn 3d5/2

peak at 487.24 eV indicates the presence of SnO or

SnO2 since their BEs are similar; this is likely due to

partial reduction of Sn4? [42], consistent with Raman

measurements.

FTIR analysis

FTIR was employed to analyze the chemical bonding,

composition, and evaluate the chemical stability of

the prepared nanocomposite polymer (Figure SI4). A

strong and broad band appears around 3235 cm-1:

this is generally attributed to the contributions of

stretching vibration of C–OH group and amine group

of PVP monomer moiety and hydrogen bonds of the

crosslinking polymer, in addition the possible vibra-

tions of Sn-OH mode [15, 43]. Another characteristic

peak of amine, i.e., C–N stretching modes appeared

at 1289 cm-1 [43]. The absorption band assignable to

C = O stretching vibration is observed at 1647 cm-1,

which indicated the presence of PVP [28]. The

absorption peak at 1066 and 1032 cm-1 is generally

assigned to the stretching vibrations of secondary–

OH group and C–O stretching and –OH bending

vibrations, respectively [43]. The band at 842 cm-1 is

specified to Sn–O stretching vibration of SnO2 [44]. It

is notable that the FTIR spectrum of the polymer

nanocomposite, after gamma radiation exposure, is

very similar to the raw material spectrum before

radiation exposure. This result emphasizes that the

proposed polymer nanocomposite has a radiation

stability against c-radiation at different energies.

Chemical stability investigation

The chemical stability of the proposed polymer

nanocomposite was tested and evaluated under dif-

ferent conditions. The weight loss was found to be

about 4–8% compared to the raw polymer

nanocomposite under the same conditions, and the

highest weight loss was observed in HNO3 solutions.

This may be due to the solubility of the unreacted

starting polymer due to the PVA/PVP ratio, dis-

solving of the SnO2, or the AgCl of the surface.

Moreover, the chemical composition stability of the

material was analyzed by FTIR spectroscopy. After c-
ray shielding experiments (FTIR section), it turns out

that the proposed polymer nanocomposite remains

remarkably stable and durable.

Thermal analysis

The thermogravimetric analyses (TGA), differential

thermal analysis (DTA), and differential scanning

calorimetry (DSC) profiles are shown in Fig. 5. TGA

degradation profile follows a simple degradation

profile as follows: (a) the first step (up to 125 �C)
corresponds to the release of structural water content

(represents a weight loss about 25%, w/w), (b) the

second step (in the range 125–390 �C) involves a

weight loss of about 16.5% (total wt%: 53–56%); this

step corresponds to the degradation of amine,

hydroxyl, and ether moieties of the organic polymer

composition [36], (c) the third step (from 390-to-

424 �C) is followed by a weight loss close to 9–10%

(total wt%: &66%): corresponding to the depoly-

merization and decomposition of the PVP-five-

membered ring, (d) the fourth step (from 424 to

515 �C) corresponds to the sharp weight decrease

(with the highest rate of weight loss close to 515 �C,
given by the TDG, which represents a weight loss of

24%), and (e) the final plateau (from 515 to 880 �C)
that corresponds to the complete combustion of the

Figure 5 Thermal analysis (TGA, DTA, and DSC) of the polymer

nanocomposite.
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organic residue which represents a weight loss of 7%.

(The total wt%: &91%).

For the DTA curve of the nanocomposite polymer,

a strong exothermic peak is observed at about

515.1 �C that could be attributed to the conversion of

Sn(OH)4 into SnO2 (which includes dehydroxylation

and phase transition, TGA panel), consistently with

DSC panel [45]. The characteristic endothermic peaks

are appeared at around 123.3 �C, 424.1 �C, 515.1 �C,
and 659.4 �C due to the releasing of absorbed water,

the degradation of function groups of organic poly-

mer and depolymerization and decomposition, and

the dehydration and phase conversion and complete

combustion of the organic residue, respectively (DSC

panel). The strong DSC peak observed at 515.1 �C for

tin hydroxide corresponds to the transition for the

formation of Sn(OH)4 consistently with Raman and

FTIR measurements. It is not possible detecting a

strong peak; the heat release continuously decreases

with absolute values (5 to - 25 W g-1). The thermal

profile also confirms the stability of the bonded

chloride in AgCl; indeed, it was not possible detect-

ing any peak assigned to the release of chloride/

chlorine even at high temperatures [45].

Radiation shielding studies

The interaction of gamma radiation as an electro-

magnetic wave with matter occurs through different

mechanisms known as; (i) photoelectric effect, (ii)

Compton scattering, (iii) Rayleigh scattering, and (iv)

pair production. One of the most important issues is

understanding of the radiation manner as interaction

with matter and transfers its energy. The transfer of

radiation energy to matter is occurred by two pro-

cesses: the first one is the ionization process, which

occurs by elimination of an electron from an atom

producing a new atom with a net positive charge,

and the second one is the excitation, in this process

the incident radiation upon the mater releases energy

elevating one external electron to a higher state of

energy. Meanwhile, through the radiolysis process of

polymers, several reactions can cause increase or

decrease in the polymer molecular weight as a result

of the cross-linking and chain scission that can be

occurred synchronously as an effect of radiation

[2, 46]. So, the preparation of the polymer nanocom-

posite is by adding HF, giving PVA/PVP/AgCl/

SnO2:F, which plays a significant role in encouraging

c-ray absorption. The electronegativity of the F, N,

and O atoms can produce dipoles inside Sn, Ag, and

the functional groups of the polymer. The process of

depolarization takes place as an effect of interaction

with incident c-ray, which successively enhances the

shielding absorption properties [2].

The concept of c-radiation protection using

shielding is essential for radiation protection pro-

grams in order to reduce the exposure of personnel to

ionizing radiation. As a new domain to utilize poly-

mer nanocomposite in the radiation attenuation

process, more investigation is required to understand

the basic principles of c-ray interactions with the

polymer nanocomposite. The basic processes of c-
rays interaction with matter for perfect c-radiation
absorption, mainly occurs as photoelectric effect and

pair production processes, whereas the other

remained processes may be produced as partial

degradation energy. The transmitted intensity of

photons was determined at different energies 662,

1173, 1332 keV (Fig. 6) to calculate the linear attenu-

ation coefficient.

Linear and mass attenuation coefficients of the

polymer nanocomposite were gained from the

transmission factor curves by applying Lambert law

(Section I, see Supporting Information Section) with

an excellent correlation coefficient (R2). Figure 7

demonstrates that the attenuation coefficient values

of c-radiation for the proposed polymer nanocom-

posite were 0.1047 for 137Cs and 0.0773, 0.0707 for
60Co. The variation between theoretical results that

have been acquired by the XCOM program (Fig. 7)

and the experimental data of the mass attenuation

coefficient for the fabricated polymer nanocomposite

y = 0.1047x + 0.0327
R² = 0.9781

y = 0.0773x + 0.0082
R² = 0.9329
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Figure 6 Plot of ln(I0/I) vs. attenuator polymer nanocomposite

thickness at different photon energy.
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that was exposed to different photon energies is

demonstrated in Table 1. Also, Table 1 presents a

comparison between the acquired data with other

available previous works data. In general, the

increasing density of the protective material will lead

to an increase in gamma-ray attenuation. Subse-

quently, the XCOM calculated data values are rela-

tively higher comparing with the experimental

results that may be due to the XCOM code and the

model itself (physical and/ or mathematical models),

linear and mass attenuation coefficients uncertainties

of the fabricated polymer nanocomposite for the

studied c-rays point sources, incorrect modeling of

energy source and actual geometry finally error in the

polymer nanocomposite compositions, the environ-

ment conditions (humidity, pressure, and tempera-

ture), and physical quantities measurement errors

(as; dimensions, densities, elemental composition of

materials, intensity of sources). The calculated theo-

retical value of the mass attenuation coefficient for

lead element was 0.1101cm2/g. Through comparison,

the mass attenuation coefficient values of the fabri-

cated polymer nanocomposite represented 75.5% of

the lead value at photon energy 662 keV, 56.8% at

1173 keV, and finally 53.1% at 1332 keV. Generally,

the higher coefficients of the polymer nanocomposite

predictors of a better attenuation properties, which

achieved in the studied fabricated polymer

nanocomposite, may be ascribed to a higher ratio of

the surface (larger photon interaction cross section) to

its volume and improved dispersal in the polymer

matrix (see Fig. 8).

Another way for assessment of shielding effec-

tiveness of the investigated polymer nanocomposite

is to calculate the half value layer thicknesses that

attenuate one half (50% attenuation) of c-ray original
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Figure 7 Linear and mass attenuation coefficients vs polymer

nanocomposite energy.

Table 1 Comparison of theoretically (XCOM) and experimental mass attenuation coefficient (lm) with various polymeric materials

Energy Theoretical lm (cm2 g-1) Experimental lm (cm2 g-1) References

661.6 keV 1173 keV 1332 keV 661.6 keV 1173 keV 1332 keV

Polymeric materials [11]

Polyethylene (PE) 0.0911 0.0655 0.0603 0.112 0.0540 0.0560

Polycarbonate (PC) 0.0853 0.0614 0.0565 – – –

Polyethyleneterephthalate (PET) 0.0831 0.0598 0.0551 – – –

Polystyrene (PS) 0.0858 0.0618 0.0569 0.0827 0.0744 0.0505

Polyvinylalcohol (PVA) 0.0870 0.0626 0.0576 – – –

Polyvinylchloride (PVC) 0.0822 0.0588 0.0541 – – –

Polyvinylpyrrolidone (PVP) 0.0862 0.0620 0.0571 – – –

Polypropylene (PP) 0.0910 0.0655 0.0603 0.0720 0.0540 0.0580

PVA/WO3 – – – 0.0599 0.0432 0.0408 [21]

Polyboron – – – 0.0867 0.0660 0.0618 [6]

Ordinary concrete – – – 0.0775 0.0588 0.0551

Borated polyethylene – – – 0.0821 0.0624 0.0584

Polymethylmethacrylate (PMMA) 0.0862 0.0620 0.0571 0.0660 0.0490 0.0530 [7]

0.0867 0.0661 0.0613

Polymer nanocomposite (PVA/PVP/HF/AgCl/

SnO2:F)

0.0824 0.0626 0.0587 0.0736 0.0544 0.0497 This work
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intensity. However, TVL describes the thickness of

the polymer nanocomposite as a shielding material

that can minimize the radiation effects by a factor of

one tenth of initial level (90% attenuation) [7, 9]. The

shielding calculations exactly depend upon the con-

cepts of HVL and TVL, which are more helpful to

rapid approximate calculations [6, 13]. Whereas HVL

and TVL values are known, the penetration through

other thicknesses can be easily determined. The

variance of HVL and TVL values of the selected

polymer nanocomposite with incident photon energy

is shown in (Fig. 9). It was observed that the HVL

values were increased slightly by increasing the

energy, whereas the essential thickness of the

polymer nanocomposite to attenuate the intensity of

c-ray to 50% than initial is 6.6, 8.9 and 9.8 cm for c-
ray energies, 662, 1173, and 1332 keV, respectively.

Description of the increased HVL values at higher

energy levels may be ascribed to the increased c-ray
energy, which is the required thickness to disperse

the fallen radiation into half. The evaluated TVL of

the polymer nanocomposite at the previously men-

tioned energy source is demonstrated in Fig. 9.

Moreover, the mean free path is expressing an

average of two successive traveled c-beams distance

(Fig. 9). The mean free path was computed by

inversion of the linear attenuation coefficient value

(l). Thus, a lower value of HVL, as well as MFP,

indicates more effective protection. It is found that

the lower the HVL and TVL values, the higher the

radiation shielding material in terms of the thickness

requirements.

Comparison of the fabricated polymer
nanocomposite with other materials

The shielding properties of different polymeric

materials to c-radiation were compared to each other

theoretically and experimentally. The compared

parameters are mass attenuation coefficient (lm) in

cm2 g-1 (Table 1) and the calculated data of HVL and

TVL in cm, with respect to the fabricated polymer

nanocomposite (PVA/PVP/Ag/SnO2:F) (Table SI2).

Since the experimental conditions are not identical

(e.g., chemical composition, thickness, mass ratios,

and filling agent), a direct comparison is not easy.

The experimental lm results show that the fabricated

nanocomposite (PVA/PVP/HF/Ag/SnO2:F) has a

comparable shielding properties to conventional

polymers and polymer composites, e.g., polypropy-

lene (PP) [11], polymethylmethacrylate (PMMA) [7],

and polymer composite (PVA/WO3) [21], while some

other polymers, e.g., polystyrene (PS), high dense

polyethylene (PE) [11], and polyboron [6], show

slightly higher efficiency compared to our polymer

nanocomposite. However, (PVA/PVP/Ag/SnO2:F)

polymer nanocomposite has comparable results in

terms of four parameters (theoretical and experi-

mental lm values, HVL and TVL) than most of the

reported materials (though not exactly under the

same experimental conditions).

Figure 8 XCOM Mass attenuation coefficient, lm (cm2 g-1), vs

incident photon energy of polymer nanocomposite for total and

partial interactions (https://physics.nist.gov/PhysRefData/Xcom/h

tml/xcom1.html).
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Conclusion

A new polymer nanocomposite of polyvinyl alcohol/

polyvinyl pyrrolidone in the presence of HF (PVA/

PVP film containing AgCl/SnO2 nanocomposite) via

a one-pot synthesis reaction has been successfully

synthesized. XRD, SEM–EDX analysis including

mapping, Raman analysis, XPS, TEM, and thermal

analysis were used to characterize the synthesized

nanocomposite and confirm the synthesis route. XRD

confirmed the existence of Ag0/AgCl nanoparticles

with in a crystalline nature with Ag face-centered

cubic structure. The TEM images explained the AgCl

and SnO2 NPs actual size and the morphology as

well. The average particle size was found to be

11.4 ± 2.2 nm for AgCl NPs showing a narrow size

distribution, while SnO2 nano-size was 26 ± 7 nm

with a broad size distribution, according to the

obtained histogram with a regular spherical dot

structure. The SEM images revealed that the polymer

surface is soft and has smooth planar structure with

no porosity. XPS and Raman analysis confirmed the

presence of SnOx (hydrous/oxide form) with two

different oxidation states. Interestingly, the absence

of Ag and detection of Cl on the surface (1–3 nm in

depth) in the XPS confirm that the AgCl was doped

inside the polymer film. FTIR analysis for the syn-

thesized polymer nanocomposite before and after

radiation exposure reveals its chemical stability

against the radiation. This was further approved by

the chemical leachability investigation that reveals

the durability under several reagents conditions. The

synthesized polymer nanocomposite was applied

and tested for c-ray attenuation. The attenuation

capacity was investigated in terms of linear and mass

attenuation coefficients (l) and (lm), respectively, at a
low and high energies (137Cs and 60Co). The experi-

mental results were compared with XCOM program

results, and it was concluded that the fabricated

nanocomposite polymer has shielding properties

perfectly adequate for c-ray. Finally, HVL, TVL, and

MFP parameters provide that the essential thickness

of the fabricated polymer nanocomposite to reduce

the c-ray intensity to 50% is 6.6, 8.9 and 9.8 cm for

662, 1173, and 1332 eV, respectively.
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