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The flexible and transparent film for X-ray radiation shielding have been fabricated successfully in the form of
composites PVA/Gelatin/BaCOs/transparent wood. The wood samples were delignified for 3, 6, and 9 h to
remove the lignin content. Beer-Lambert equation was used to calculate the shielding parameter based on the

l();Zli\atin thickness of the sample and the intensity before and after applied all energy irradiation considered. FTIR and X-
Radiation ray shielding test confirmed that the shielding able to absorb most of photon energy and well-interacting with

atoms in samples. Low HVL shows the material was effectively block the radiation. The samples with 0.5 g BaCO3
showed the lowest HVL (0.72747 c¢cm) compared to others composition. The linear attenuation coefficient was
1.37463 cm™! at 55 keV with of 0.5 g of BaCOs. The mass attenuation coefficient also confirmed that the
attenuation of composites increases (ex. 55 keV irradiation energy for 0.1 g BaCOs is 0.793, 0.941 cm ™ for 0.3 g
BaCOs3, and 1.115 cm ™ for 0.5 g BaCOs) linearly along with increasing of BaCO3 concentration and shows good
agreement with theoretical calculation from XCOM database. It is indicated that the PVA/Gelatin/BaCO3/
transparent wood composites show high potentials as a new transparent and flexible shielding material for X-ray

Barium carbonate

radiation application in medical sector.

1. Introduction

The application of electromagnetic wave radiation including X-rays,
gamma rays and nuclear radiation has been widely used in the health
sector, such as diagnosis, surgery and radiotherapy [1-3]. The energy
range of X-rays was 10 eV to 100 keV [4]. Radiation workers or patients
are at risk of receiving excessive radiation, which can cause health
problems such as body tissue damage, fatigue, nausea, vomiting, hair
loss, headache, diarrhea, cell mutations, cancer and even death [5,6].
Therefore, radiation shielding materials are required to minimize the
intensity of radiation exposure by applying materials to absorb or scatter
radiation from a radiation source. The radiation shield must absorb at
least 50% of the given radiation intensity [7,8]. The radiation also re-
quires to have a high photon attenuation coefficient to obtain the best
intensity reduction [9].

Generally, radiation shields that have been used are lead (Pb) [10,
11] since X-ray radiations required high atomic number but for Pb toxic
to living things and the environment. Nowadays mainly protected the
X-ray radiography operators in medical or industrial by transparent
structure Pb compound. However, Pb also is dangerous for health and
forbid the use of Pb compound in near future by the International
Commission Radiation Protection (ICRP) [12,13]. Several types of
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metals such as bismuth (Bi) [14-18], tungsten (W) [19,20], and barium
(Ba) [7,21,22] are materials that are often used to replace Pb. Some
reported research composite containing bismuth have been employed
for shielding purposes due to high atomic number: bismuth trioxide and
EPDM rubber as reported by Gungor et al. [15] composite poly-
dimethylsiloxane/Bismuth (III) oxide as reported by Yilmas et al. [16],
both synthesized by vulcanization method, and composite PVC/Bi2O3
was synthesized by simple mechanical stirring [17]. Tishkevich et al.
[18] reported that the unique properties of Bi coated with gelatin syn-
thesized by electrochemical method and shows increasing dose X-ray
absorbed by the shield. Other composite also reported by Tishkevich
et al. [20] using tungsten for alternative shielding which was synthe-
sized by solid phase method.

The composite combination between barium and bismuth also was
reported in the form of barium-doped PVC/Bi2WO6 synthesized by
simple mixing and then continue stirring as reported by Gholamzadeh
et al. [23]. Barium sulfate (BaSO4) as an X-ray radiation shielding ma-
terial purposes was reported by Jiang et al. [7] and Thongpool et al. [21]
and showed an increase of attenuation coefficient along with increase of
barium concentration. Jaiyen et al. [22] also showed similar results,
where the best radiation shielding ability was achieved when the barium
concentration was higher. This can be caused by the interaction of
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X-rays with the atoms of the absorbent material which is relatively
higher because of the denser particles [19]. Another study by Kalkorn-
surapranee et al. [6] showed a comparison of the effectiveness of barium
carbonate (BaCOs3) and barium sulfate (BaSO4) as a radiation shield,
where BaCOj is high ability to attenuate photon due to the higher mass
attenuation coefficient and lower half value layer (HVL) which than that
of BaSOy4. These results also show a conformity with the linear attenu-
ation coefficient of BaCO3z which is lower than of BaSO4, moreover,
BaCOs has excellent electronic properties due to its oxide materials. This
was reported by Trukhanov et al. [24], barium hexaferrite synthesized
by solid state method shows good magnetic and electronic properties or
magneto-electronic at room temperature. Furthermore, other ferrites
which is complex iron oxides materials with similar characteristics
deposited by electrochemical method was studied by Zdorovets et al.
[25]. Then, other new methods for synthesis functional oxide nano-
materials have been developed was by Almessiere et al. [26] using cit-
rate gel process, simple green synthesis reported by Thakur et al. [27],
and electrolyte deposition methods for thin films reported in 2019 by
Zubar et al., [28,29].

However, the existing radiation shielding material has several dis-
advantages such as less plasticity and flexibility because it comes from a
rigid solid. Metal-polymer composites can be a good deal as flexible
radiation shielding [7,8,30]. Jiang et al. [7] obtained that
metal-polymer composites of barium sulfate (BaSO4)/cellulose can be
used as radiation shields. In addition, Yakubu et al. [31] shows a study of
wood-polymer composites that can also be used as radiation shields.
Furthermore, Aggrey-Smith et al. [9] also found that several types of
tropical wood can be used as radiation shielding materials in the energy
range of 50-150 keV and if metal materials are added, as in the study of
Poltabtim et al. [32], the linear attenuation coefficient and mass
attenuation coefficient increased within increasing metal concentration
but decreased as photon energy increased. The same result also obtained
by Ozkan [33] when pine wood was added with boric acid.

In line with previous research by Aggrey-Smith et al. [9,31-33],
normal wood is very effective to absorbing and scattering light [34] but
it is not transparent. Since the X-ray operators need also to see what they
are doing, the X-ray shield also should be transparent to the visible light.
To obtain transparent wood, chemical treatment was the easy way to
minimize or eliminate the lignin content as the dominant element
caused wood impurity. This treatment called delignification [35,36].
Ref. [36] showed that of hydrogen peroxide (H203) increased optical
transmission more than 44% as the delignification time increased. Some
delignification solutions that are often used by researchers are NaOH
[37]1, NaaS0Os3 [38] Hy04 [36], NaClO, and CH3COOH [39,40]. However,
transparent wood has fewer mechanical properties as the lignin content
decreases, so it needs to be reinforced with polymers to obtain good
flexibility.

Polymers such as polyvinyl alcohol (PVA) have often been used as
polymer matrices because they are more environmentally friendly,
easily soluble in water and good transparency [41,42]. Besides PVA,
gelatin is also a natural polymer that is easy to obtain and environ-
mentally friendly [43] where well known that, the combination of
different compounds that have excellent electronic properties leads to
new composite materials which have earned great technological interest
in recent years in the pharmaceutical and industrial fields [44,45]. The
addition of gelatin to PVA will produce new composite material as a
second phase as reported recently by Korolkov et al. [46]. By the addi-
tional of polymer also will improving electrochemical detection of metal
ion and affected significantly to the electronic properties. In fact, gelatin
was very easy to mold, so it required to add other binding agents such as
PVA to keep it durable [47]. In addition, PVA has been used as a matrix
of metallic materials to fabricate new materials for radiation shielding
[14,19,21,48,49]. In a study of Ebnalwaled and Ismaiel [50], showed
that PVA/Gelatin was well-interact as a radiation shielding.

Transparent wood has been developed as new biocomposite material
with good transmission and mechanical properties. The type of wood
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have been reported was basswood [36,40,51], poplar wood [37,52],
balsa wood [38,53-55], pine wood [56], birch wood [39,57], beech
wood [58,59], Betula alnoides, Chinese fir, New Zealand pine, oguman,
and black walnut [60]. As long as our knowledge, there is no reported
for Sonokeling or Indian rosewood for new application as a flexible and
transparent shielding of the X-ray radiation which has uniform texture
and easy to grow in Indonesia indicated that high availability. By
combining different types of polymers with oxides and carbon-based
materials, as reported Yakovenko et al. [61] and Yakovenko et al.
[62] using barium hexaferrite-epoxy composite polymerization with
carbon nanotube, the new composites with increase and attractive
electronic properties could be fabricated.

Hence, in this study, the delignification process on Sonokeling wood
veneers using HpOy solution with heating time of 3, 6, and 9 h,
respectively, and fabricate transparent wood composites using PVA/
Gelatin polymer doped with Barium Carbonate (BaCOs3) as a new com-
posite of X-ray radiation shielding. Then, the shielding ability will be
compared to theoretical database XCOM from National Institute of Sci-
ence and Technology (NIST). The chemical composition also will be
characterized by Fourier Transform Infrared (FTIR) and testing the
shielding ability using X-ray mobile.

2. Experimental section

2.1. Chemicals and materials

The chemicals: H,O3 50%, ethanol, HCI 0.1 M, BaCOs, and PVA, all
was purchased from Merck Chemical Co. (99.9% purity) KGaA, Darm-
stadt, Germany. Gelatin was obtained from local company by Msmart-
Shop bloom 140 mesh 20, Indonesia. The Sonokeling or Indian
rosewood veneers was measured in 10 x 10 cm dimension supplied from
local company by Kreasi Veneer Indonesia.

2.2. Wood delignification

Wood delignification process was follows [36]. Wood veneers were
immersed in delignification solution of hydrogen peroxide and heated in
microwave at 60 °C with adjusting treatment time of 3, 6, and 9 h. After
delignification, the wood samples were submerged in ethanol to remove
the chemical residual and stored for further treatment (Fig. 1).

2.3. Fabrication transparent shielding film

PVA (10 w/v %) and gelatin (20 w/v %) solution were prepared
using sol-gel method [37], as shown in Fig. 2. An aqueous solution of
PVA/Gelatin were mixed and stirred for 60 min. Then, three levels of
barium carbonate were added to PVA/Gelatin solution; 0.1, 0.3, and 0.5
g (in which prepared by dissolving in HCI (0.1 M) for every level). The
mixture was stirred for 60 min and formed shielding solution then
molded. The wood veneer was sandwiched between the shielding so-
lutions and heated 20 h. Let it dry in room temperature for 2 days then
peeled off. After that, the dried transparent wood shielding composites
ready for characterization. The Thickness and density of composite
PVA/Gelatin/Transparent Wood/BaCO3 for different delignification
time as shown in Table 1.

The synthesized methods were dependent on the materials, for
composite containing polymer such PVC was reported by mechanical
stirring method [17] and for polymer such EPDM rubber and poly-
dimethylsiloxane was synthesized by vulcanization method [15,16]. For
functional oxide materials were synthesized by various new methods
such as: [Nig 5Cog 5](DyxFe2.x)04 (x < 0.08) by citrate gel process [26],
barium ferrite (BaFe12019) nanoparticle by green technology [27], and
NiFe nanocrystalline films on Au film by pulsed electrolyte deposition
[28,29] (Tables 2 and 3).
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Fig. 1. Schematic illustration of delignification process in this study.
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Fig. 2. Illustration of transparent shielding film fabrication of composite PVA/Gelatin/BaCOs/wood in this study.

Table 1
The thickness of composite PVA/Gelatin/transparent wood without and with
additional BaCOj for different delignification time (3, 6, and 9 h).

Samples Delignification time (h) Density (g.
0 3 6 9 em )
Thickness (cm)
Normal Wood 0.104 - 0.010
PVA/Gelatin/Transparent 2.27 - 0.189
Wood
PVA/Gelatin/Transparent 2.28 216 174 162 0.195
Wood/0.1 BaCO3
PVA/Gelatin/Transparent 2.31 2.22 1.63 1.43 0.214
Wood/0.3 BaCO3
PVA/Gelatin/Transparent 2.35 217 145 1.23 0.223

Wood/0.5 BaCO3

2.4. Characterization

The wood veneers chemical composition was characterized using
Fourier transform infrared (FT-IR) from Shimadzu Corp Japan, type
IRPrestige-21 in the wavenumber range 3700-600 cm ™.

2.5. X-ray shielding test

The X-ray shielding test was measured in Health Facility Safety
Center (BPFK), Makassar, Indonesia, using a mobile X-Rays for 9 times
irradiation with energy 55, 66, 77, and 90 keV, 10 mAs. These types of
energies used to release photon for radiation to get image from thorax,
abdomen, head, and neck based on the ICRP [12,13]. The sample was
placed under the X-ray tube with the distance between the source and

sample is 1 m and the collimator set by area of 4 x 4 cm then irradiated.
After irradiated, the detector will show the initial and irradiated in-
tensity data. The data will be counted using Beer-Lambert equation to
calculate the shielding parameters.

3. Results and discussion
3.1. Transparent shielding film composite

During the delignification process, the wood veneers were treated
with hydrogen peroxide for 3, 6, and 9 h to remove the lignin content. As
shown in Fig. 3, the removal lignin content showed by changing in color
of the wood veneer from dark brownish (natural wood) to yellowish (3
h), and then brighter (6 h) to white (9 h). Theoretically, the longer
delignification time means the more lignin is loses, the more porosity in
wood cells, the more space to fill by polymer, before it saturated [56].
The delignification makes wood become weaker due to the loss of lignin,
its mean the mechanical properties decreased [40]. Normal wood is very
effective to absorbing and scattering light due to the presence of lignin.
The delignified wood was not transparent either, but delignification
increase the light attenuation [34,54].

Subba Rao et al. [37] shows that delignification process will form
pores or crack in wood cells that related to low mechanical properties.
To increase the mechanical properties, the polymer (PVA/Gelatin) was
added to the wood veneers [63]. The polymers will fill the pores and
interacted with the cellulose nanofibrils in wood cells. This interaction
resulting in increased flexibility and transparency of the composite, and
it will be able to bend without breaking the fiber. Polymers not only fill
the pores, but also penetrate in wood cells so that the wood cells will be
more tightly bonded resulting composite with good flexibility [36].
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Table 2
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The linear attenuation coefficient (cm ') from experimental results (EXP) of composite PVA/Gelatin/Transparent Wood with additional BaCOj3 (0.1, 0.3, and 0.5 g) for
various delignification time (3, 6, and 9 h) and energy of the X-ray sources (55, 66, 77, and 90 keV). We have included theoretical calculation from XCOM database for

comparison.

BaCOj3 additives Delignification time

Mass attenuation coefficient (cng’l)

55 keV 66 keV 77 keV 90 keV
EXP XCOM EXP XCOM EXP XCOM EXP XCOM
0g Oh 0,348 0,323 0,240 0,257 0,182 0,2 0,161 0,174
01lg 3h 4,219 5,039 2,936 3,135 2,077 2,109 0,995 1,421
6h 3,781 2,952 1,913 1,467
9h 4,066 3,052 1,981 1,504
03g 3h 4,828 3,014 2,265 1,663
6h 2,952 1,913 1,467 4,076
9h 3,052 1,981 1,504 4,397
05g 3h 6,164 3,402 2,918 1,928
6h 1,913 1,467 4,076 3,115
9h 1,981 1,504 4,397 3,998
Table 3

The mass attenuation coefficient (cm?g ') from experimental results (EXP) of composite PVA/Gelatin/Transparent Wood with additional BaCOs (0.1, 0.3, and 0.5 g)
for various delignification time (3, 6, and 9 h) and energy of the X-ray sources (55, 66, 77, and 90 keV). We have included theoretical calculation from XCOM database

for comparison.

BaCOs additives Delignification time

Linear attenuation coefficient (u) (cm™1)

55 keV 66 keV 77 keV 90 keV
EXP XCOM EXP XCOM EXP XCOM EXP XCOM
0g Oh 0,048 0,04 0,033 0,032 0,025 0,029 0,022 0,025
01lg 3h 0,823 1,079 0,573 0,642 0,405 0,457 0,194 0,274
6h 0,737 0,576 0,373 0,286
9h 0,793 0,595 0,386 0,293
03g 3h 1,033 0,983 0,645 0,585 0,485 0,416 0,356 0,249
6h 0,872 0,667 0,419 0,623
9h 0,941 0,856 0,518 0,449
05¢g 3h 1,375 1,124 0,759 0,669 0,651 0,476 0,430 0,285
6h 1,013 0,866 0,559 0,762
9h 1,115 1,030 0,617 0,522
Transparent wood composite
Delignified wood
)
Natural wood
Polymerized
—

9h

Hasanuddin
University Logo

0.1BaCO; 0.3 BaCO, 0.5 BaCO,

Fig. 3. The transparent shielding film of composite PVA/Gelatin/BaCO3/wood in this study. The Hasanuddin University logo clearly appear behind the shielding

indicated high transparency.

Fig. 3 also shows a composite radiation shielding film that has
become transparent after polymerization using PVA/Gelatin matrix. The
combination between two different types of polymers (PVA/Gelatin)
and carbon based (wood) with oxides BaCO3 materials, the new com-
posites could be fabricated with increase the electrochemical sensing
performance based on track-etched membranes when polymer was
added as reported by Korolkov et al. [46], and significantly improve
electronic properties (consequently affects to the transparency

performance) compared with that of the individual materials. Trans-
parency testing was done by placing Hasanuddin University logo behind
the composite film and photographed. The visual changes can be clearly
observed in Fig. 3. The delignification for 9 h shows the most effective
transparency compare with other samples. Then, when given the addi-
tion of BaCOs, there was a change in film transparency. The more BaCO3
content given, the sheer cloud will form which causes decrease of
transparency.  Transparent radiation shielding film from



N.A. Muhammad et al.

PVA/Gelatin/BaCO3/wood composite shows the best transparency after
being delignified for 9 h and with the addition of 0.1 g of BaCO3 content.

Moreover, the addition of metal element also reducing the thickness
of composite film from 1.62, 1.43, and 1.23 cm with variations of BaCO3
was 0.1, 0.3, and 0.5 gm, respectively.

3.2. Fourier transform infrared analysis

The FTIR spectra of 4 wood samples (Fig. 4) shows absorption in the
wavenumber between 600-3700 cm ™. The characteristic bands at 892
em ™! which is due to C—H bond, 1022 em~! is ascribed to C—O bond.
The appeared band at 1376 cm ™ corresponding to C—H bond reformed
by cellulose and hemicellulose [64]. The showed band at 1140-1240
em™! and 930-1117 cm ™! are GC—O—C bonds [65,66]. At 2802-2997
em™}, a stretching vibrational band of C—H bond appeared by the
methoxyl lignin group and the broad band at 3022-3700 cm™! due to
O—H bond [67]. The spectra at 1550-1828 cm ! forms the C=0 bond
by aromatic and hemicellulose groups and 1245 cm™! forms the C—O
bond contributed by lignin [68,69]. The others band at 600-725 and
1510 em ! form C=C bond contributed by aromatic rings [70,71].

As the heating time increases, absorption peak of C—C bonds and
some oxygen in the functional groups were changes due to wood fibers
reduced as well as the degradation of chemical compounds such as
polysaccharides, hemicellulose, and lignin.

The shifted of C—H and O—H bonds to higher wavenumbers also
contributed by the changes of cellulose crystallinity and oxidation of OH
groups in hemicellulose [71]. After 9 h delignification, the FTIR spectra
shows a shift in absorption peaks to a higher wavenumbers due to the
degradation of carbon aromatic groups or lignin content in wood sam-
ples or increase oxygen vacancies [70-75].

Polyvinyl alcohol (PVA) have been used as polymer matrices due to
the environmentally friendly, easily soluble in water, and good trans-
parency [41,42]. The natural polymer is environmentally friendly such
gelatin where easily for production in large scale [43]. The combination
of different compounds that have excellent electronic properties leads to
create new composite materials which have earned great technological
interest in pharmaceutical and industrial fields [44,45]. The addition of
gelatin to PVA will produce new composite material which have second
phase and affected significantly in improving the electronic properties
[76].

3.3. X-ray shielding

Radiation shielding material in the form of PVA/Gelatin/BaCO3s/
transparent wood composites for the thicknesses of 1.62, 1.43, and 1.25
cm by 0.1, 0.3, and 0.5 gm of BaCOs, respectively. The X-ray shielding
ability was tested for the photon energies of 55, 66, 77, and 90 keV by

100 oh b
a -
cH @ c.o\/c=C
~ 0 ]
3\0, 100 O-H CiHt
g (b)3h Al
c 0
& 100
g (c)6h J
g o §=C
s c=0
F 100
(d)9h L
c-0-C
0 1 1 1 1 1
3600 3000 2400 1800 1200 600

Wavenumber (cm™)

Fig. 4. FTIR spectra of wood with different delignification time.
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determine the initial intensity and intensity after radiation or attenuated
as shown in Beer-Lambert’s equation [77-79]:

I=Ie™ €))

where p is the linear attenuation coefficient, x is sample thickness, I, and
I are initial intensity and intensity after radiation or radiation attenu-
ated. The linear attenuation coefficient shows interaction probability of
photon and radiation shielding sample [79].

Fig. 5 shows the linear attenuation coefficient curve of the PVA/
Gelatin/BaCOg/transparent wood shielding. The experimental result
with different delignification time given for 3 h (filled square symbol), 6
h (filled circles symbol), and 9 h (filled triangle symbol). The theoreti-
cally calculation obtained by XCOM [80] for comparison (circle open
symbol). The linear attenuation coefficient decreases as the energy in-
creases from the photon energy. The PVA/Gelatin/BaCOgs/transparent
wood composite shows the highest linear attenuation coefficient of
1.37463 cm™! at 55 keV with of 0.5 g of BaCOs. This is due to the
dominant photoelectric interaction between photons and absorber ma-
terials in low energy ranges [8,19,77,81].

Fig. 5 also shows the mass attenuation coefficient curve that can be
determined by divided linear attenuation coefficient with the density of
PVA/Gelatin/BaCO3/transparent wood composite (p) [82]:

H
= @

From the Fig. 5, Tables 2, and 3 clearly shows that the mass atten-
uation coefficient decreases along with the increase in photon energy
caused by the photoelectric effect [77,83]. When photons are fully
absorbed by the absorber material, the major attenuation occurs in this
region [84]. After addition of 0.3 and 0.5 g of BaCOs in PVA/Gela-
tin/BaCO3/transparent wood composite, the curve shows a sudden
change when the photon energy up to 77 keV. This probably due to
agglomeration of Ba element in composite [85,86] and the ejected
photon from photoelectric effect or photoelectron interact with other
atoms around it and Compton interactions might happen at this energy
levels [14,49,81,85-88]. This might be led to the instability of experi-
mental and theoretical data (XCOM) at some energy levels. This changes
also related to the wood transparency decrease as shown in Fig. 3, in
which delignification increase the light attenuation but the metal
element makes the transparency become blurred [34,54].

The agglomeration of particle clearly can be seen in SEM image in the
Fig. 6, is due to the small size of particles joint together to form big
particle indicated that, there is no specific surface morphology. The high
delignification time of wood in the synthesized process affected in
reducing the surface energy through agglomeration. For Fig. 6(a)
delignified wood shows composed of many stacked nanorod-like, rod
shape, and spherical shape. The addition of BaCO3 oxide for Fig. 6 (b-d)
shows the polymer BaCOg3 oxide fill the pores and interacted with the
cellulose nanofibrils in wood cells. Polymers PVA/Gelatin also penetrate
in wood cells which play be more tightly bonded. It is clearly agglom-
eration occurred, and the shape and particle size distribution is ununi-
form which probably leading to increasing oxygen vacancies as reported
recently by Zhang and Li [89] also Yakovenko et al. [61] and Yakovenko
et al. [62]. The changes of oxygen content affected in changing the
charge state from the initial cations and consequence changes such
electrical parameters as dc- and ac-resistivity and band gap [75,90]. The
oxygen vacancies also contributed for destroy the grain size and increase
unit cell parameter as reported by Kozlovskiy and Zdorovets [91],
changes in structure and orientation of the grains lead to the porosity,
consequently low mechanical properties. After irradiation, in this case
the delignification process, there was point defect and dislocation near
the boundaries. The defect due to the oxygen vacancy and will be
reinforced by polymer-BaCO3 oxide to maintain the mechanical prop-
erties. Trukhanov et al. [92] and Kozlovskiy et al. [93] were mentioned
that by the additional various content of metal oxide will influenced to
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Fig. 5. The experimental value of linear attenuation coefficient (1) and mass attenuation coefficient (u,,) for different delignification time and BaCOj3 content (filled
symbol indicated by 3, 6, and 9 h). We have included theoretical calculation (XCOM database) from NIST (open symbol) for comparison.
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Fig. 6. Scanning electron microscopy (SEM) images of PVA/Gelatin/BaCOs/transparent wood composites with 9 h delignification time of wood, for (a) without
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the morphology or physical properties of the composite as well as
electronic properties. These phenomenon due to oxygen bonds redis-
tribution as the effect of oxygen vacancies, consequently affected to the
magneto and mass transport properties [28,29,72,73,75,94,95].

Fig. 5 also shows increasing of mass attenuation coefficient along
with the increase of BaCO3 concentration. This caused by higher inter-
action between X-ray photon with BaCO3 atoms of the shielding com-
posites due to the denser particles when the addition was increased.

The mass attenuation coefficient causing the decrease of HVL and the
varies of the attenuation coefficient also caused by Z (atomic number),
composition and thickness of absorber material, and photon energy (E)
that been used [49,96].

The radiation shielding ability of PVA/Gelatin/BaCOs/transparent
wood composite showed by its half value layer and mean free path
value. The Half Value Layer (HVL) is the thickness of a radiation shield
that interacts to absorb energy from a radiation source about 50% of its
initial intensity [8,79]. An increasing of mass attenuation coefficient
leads to a decrease of HVL [88]. HVL can be determined from linear
attenuation coefficient (u) [97], as shown in relation (3):

2 0.693

u

HVL = 3)

Low HVL proved that the material will absorbed the radiation from
photon energy [77,98]. HVL generally approach one at low energy and
increasing when the photon energy increase [85,98]. Fig. 7 shows that
the trend of HVL increases linearly with increased photon energy and
decreases as BaCO3 concentration increases.

In samples with a concentration of 0.5 g BaCOs in photon energy 55
keV showed the lowest HVL compared to other samples. This proves that
the shielding able to absorb most of photon energy as reported Yako-
venko et al. [61], and Yakovenko et al. [62], increasing of barium
content as well as increasing reflection properties. Therefore, PVA/Ge-
latin/BaCOs/transparent wood composites can be used as a good radi-
ation shielding material.

Mean Free Path (MFP) is the average distance between two photon
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interactions in an absorber material or the distance between the in-
tensity attenuated [8,77,99,100]. Mean free path can be determined by
relation (4) [77]:

1

MFP = — 4

Fig. 7 shows that the lowest mean free path of the PVA/Gelatin/
BaCOs/transparent wood composite is 0.72747 cm with a concentration
of 0.5 g of BaCOs3 at photon energy of 55 keV. Low MFP show that
photons and samples well-interacting.

Both HVL and MFP shows the different trend when BaCO3 concen-
tration was 0.3 and 0.5 g in the photon energy up to 88 keV. This
changes due to the increasing the light attenuation after eliminate lignin
content of the wood [34,54], and also affected by K-absorption edge of
Ba element and Compton interaction, as explained before [81,85,86].
This phenomenon proves that PVA/Gelatin/BaCO3/transparent wood
composite effectively work at low photon energy.

The interaction between photons with atoms and electrons is shown
by the atomic cross section and electronic cross section curves Fig. 8).
Experimental result with different delignification time given for 3 h
(filled square symbol), 6 h (filled circles symbol), and 9 h (filled triangle
symbol). The theoretically calculation obtained by XCOM [80] for
comparison (circle open symbol). The atomic cross section can be
determined by the relation ((5) [82,100,101,102]:

1
(o) = 5 2 SfAilk) ®)

where Ny, fi, Ai, (4,);> are Avogadro’s number, fractional abundance,
atomic weight of the PVA/Gelatin/BaCOs/transparent wood composite,
and mass attenuation coefficient, respectively. Similarly, the relation for
electronic cross section is given by:
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Fig. 7. Half value layer and mean free path for different delignification time and BaCO3 content.
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Fig. 8. The experimental value of atomic cross section and electronic cross section for different delignification time and BaCO3 content (filled symbol indicated by 3,
6, and 9 h). We have included theoretical calculation (XCOM database) from NIST (open symbol) for comparison.

where Z; is the atomic number of contributing element.

As shown in relation (5) and (6), the interaction depends on the
atomic number (Z) and electron density (p) of the material that has been
determined in the mass attenuation coefficient (up,). [8,49].

The atomic cross section and electronic cross section shows same
trend with linear attenuation coefficient and mass attenuation coeffi-
cient curve at photon energy 55 to 90 keV (Fig. 5). When BaCOs3 con-
centration was 0.3 g with energy up to 70 keV, the Compton scattering
slightly appear due to high light attenuation [34,54] and makes the
theoretical and experimental result has a bit differences [81,85,86].

The interaction between the incoming radiation with delignified
wood as shown in Fig. 8. The first rows show the different between
natural wood, delignified wood, delignified with additional BaCOg3 in
two- and three-dimensional view. The second rows show the interaction
mechanism by three-dimensional view when the X-ray incoming to the
composite and the absorption, reflection, and may few transmissions
process have occurred, resulting the electric field in three direction and
emission may in visible light or X-ray characteristics. Third rows show
two dimensional when considering the atom with the positive ion (Ba®*h)
is in the middle of free electron. The incoming photon (X-ray) will
generate heat from the external field and will produce uniform heating
by collision of electric field for uniform atomic structure and for
agglomeration will different phenomena.

The transparent wood needs to be reinforced with polymers to obtain
good flexibility and mechanical properties due to the lignin content
decreases [36,63]. The tensile strength of flexible and transparent
shielding shows very low about 0.19 MPa for 0.1 g BaCO3, 0.20 MPa for
0.3 and 0.5 g BaCOs. The mechanical properties of the composite come
from the polymer (PVA/Gelatin) [63], where fill the pores and inter-
acted with the cellulose nanofibrils in wood cells. The polymer will in-
crease flexibility and transparency which will be able to bend without
breaking the fiber. Polymers also penetrate in wood cells which play be
more tightly bonded.

XCOM is theoretical calculation by using software freely online
provided by NIST and the result of XCOM data for PVA/Gelatin/BaCOs/
transparent wood composite in this study for full energy range as shown
in Fig. 10. Photoelectric absorption, coherent and incoherent scattering,

total attenuation, and pair production was calculated. In energy ranges
below 10 MeV, the photoelectric effect is the major interaction [77] and
the trend does not follow the black line but the dashed yellow line; only
in certain areas of the curve [81]. When the X-ray beam reaches the
radiation shielding, the attenuation will be depends on the chemical
composition of the shielding sample and energy of the photon that
causes a decrease in radiation intensity. The decreasing of intensity
obtained from a combination of scattering and photon absorption [103].

Fig. 10 shows that all interactions decreased when the energy of the
photon increased in line with the decrease of mass attenuation coeffi-
cient in the sample. The mass attenuation coefficient is a parameter of X-
ray penetration when interacting with radiation shielding. The possi-
bility of X-ray interaction per unit length of radiation shield character-
izes its linear attenuation coefficient [9]. Compton scattering shows
little effect when photons interact with shielding, at an energy of about
60 keV. The compton scattering related linearly with the atomic number
of the radiation shielding material [83]. If high energy is used, then
Compton scattering may intersect with the interaction of pair produc-
tion [81].

The photoelectric effect will increase as the concentration of BaCO3
increases, the trend is the same as the mass attenuation coefficient [88].
The effectiveness of radiation shielding will be shown by its mass
attenuation coefficient and the thickness of its half value layer [77,98].

4. Conclusions

The delignified wood veneers has been fabricated by treated with
hydrogen peroxide for 3, 6, and 9 h to remove the lignin content and
showed changing in color of the wood veneer from dark brownish
(natural wood) to yellowish (3 h), and then brighter (6 h) to white (9 h).
Then, X-ray radiation shielding material in the form of PVA/Gelatin/
BaCO3/transparent wood composites also successfully fabricated for the
first time with the thicknesses of 1.62, 1.43, and 1.25 cm by 0.1, 0.3, and
0.5 gm of BaCOs, respectively. The X-ray shielding test shows the
highest linear attenuation coefficient of 1.37463 cm ™! at 55 keV with of
0.5 g of BaCO3. The mass attenuation coefficient increasing linearly
along with the increase of BaCOs concentration. In samples with a
concentration of 0.5 g BaCOs3 also showed the lowest HVL compared to
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Fig. 9. The schematic illustration for three-dimensional view (first row) of natural wood, delignified wood, and delignified + BaCO3. The second row the interaction
mechanism by three-dimensional view when the X-ray incoming and absorption process occurred and resulting the electric field in three directions. Third rows show
two dimensional when considering the atoms of the composite is positive ion in the middle of free electron, the incoming photon (X-ray) will generate heat from the
external field and will produce uniform heating by collision of electric field for uniform atomic structure.
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Fig. 10. Derived from XCOM for PVA/Gelatin/BaCOs/transparent wood com-
posite in this study to show full energy range from 10° MeV up to 10® MeV.

others with 0.72747 cm of mean free path. This proves that the shielding
able to absorb most of photon energy and the photons and samples well-
interacting. Therefore, PVA/Gelatin/BaCOs/transparent wood com-
posites can be a new opportunity as effective transparent and flexible X-
ray radiation shielding application.
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