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Geopolymer apron cassava starch/BC/Fes04/glycerin has been synthesized for various amount of Fe304 (0.5%,
1%, and 1.5%) into cassava starch and black carbon (BC) solutions. The quantitative analysis from Fourier
transforms infra-red (FTIR) was used to determine the optical properties, dielectric function, energy loss func-
Carbon black tion, attenuation constant, and propagation constant. The higher value of the distance between two optical ((LO-
Tensile strength TO)) phonon vibration, attenuation constant, propagation constant was strong correlation with higher absorp-
XRE tion properties and higher mechanical properties. The effectiveness of radiation shielding also from the density,
Absorbed dose linear attenuation coefficient (i), mass attenuation coefficient (ps), half value layer (HVL), and mean free path
(MFP) from gamma radiation source IBT 103 Cs 137. The attenuation was 0.178 cm™!, sample density was 0.984
g/cm®, HVL value was 3.893 cm, and MPF was 5.618 cm. The best characteristic in supporting composite
performance as an apron applications are for 1.5% FegO4 in the composite. This study shows that the FTIR
spectra could be useful for determining the optical properties, phonon vibration, dielectric function, energy loss
function, attenuation constant, and propagation constant of composite apron cassava starch/BC/Fe304/glycerin.

1. Introduction

Anti-radiation apron is one of the required protective devices for
radiation workers [1,2]. Most of the aprons produced by the industries
from the lead plate which are heavy and stiff which makes it uncom-
fortable for radiation workers [3-5].

The utilization of the aprons for radiation protective devices is
needed [4,6]. The NCRP (The US National Council on Radiation Pro-
tection and Measurements) provided limits of minimum dose per year is
50 mSyv for radiologists and medical staff and 3 mSv for other medical
workers such as spine surgeons. While, people who do not work in the
radiation field, the limit annually is not exceeding than 1 mSv [7].

Seung-Jae Hyun et al in 2016 [7] reported that the lead (Pb) aprons
with a thickness of 0.25 and 0.5 mm capable of attenuating about 90%
and 99% of the radiation dose, respectively. Pb material is the basic
content for the apron filler for protection ionizing radiation. Pb is a
heavy, toxic metal, and will trigger environmental damage [6,8]. There
are many natural materials that can be used for gamma radiation
shielding such as carbon and iron [9]. Iron and iron oxide is used to
increase the attenuation of electromagnetic waves, good electrical and
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magnetic properties such as hematite (Fe3O4) [10,11]. Low-cost mate-
rial, safe and it has a similar function with Pb in the protection radiation.
Therefore, the combination of the Fe and carbon materials must be
continue to study to find the maximum composition with the best
characteristics for protecting the radiation dose transmit to the medical
workers [9].

The effectiveness of materials in the protection of radiation in the
form of the apron can be seen by the density, attenuation coefficient (p),
mass attenuation coefficient (us), half-value layer (HVL), and mean free
path (MFP) [9,12-14]. To the best of our knowledge there is no reported
of these properties for composite cassava starch/BC/Fe304/glycerin. In
this research apron synthesized in the form of composite cassava
starch/BC/Fe304/glycerin by varying the amount of Fe3O4 to find the
maximum composition for the best characteristics in supporting the
absorption properties [15,16].

The effect of amount of Fe3O4 in composite cassava starch/BC/
Fe304/glycerin to the optical and absorption properties as the funda-
mental knowledge to understand the mechanism and the relation be-
tween these properties in supporting the performance of composite
which has not experimentally investigated adequately. In this study, the


mailto:dtahir@fmipa.unhas.ac.id
www.sciencedirect.com/science/journal/09253467
https://http://www.elsevier.com/locate/optmat
https://doi.org/10.1016/j.optmat.2021.110887
https://doi.org/10.1016/j.optmat.2021.110887
https://doi.org/10.1016/j.optmat.2021.110887
http://crossmark.crossref.org/dialog/?doi=10.1016/j.optmat.2021.110887&domain=pdf

N. Rauf et al.

quantitative analysis of the FTIR spectra used to determine the optical
properties in the form of the refractive index (n) and extinction coeffi-
cient (k) and then continue to find the dielectric function (), energy loss
function (ELF) (Im (—1/g)), attenuation constant, and propagation
constant. From an analysis of the optical properties, the longitudinal
(LO) and transversal (TO) optical phonon vibration identified. The effect
of amount of Fe3O4 in composite cassava starch/BC/Fe304/glycerin to
the optical properties and Gamma ray absorption properties is used to
find the best characteristic in supporting material performance.

2. Experiment
2.1. Materials

Glycerin (C3HgO3) (Merck) (molecular weight 92.09, boiling point
290°C),aquades, Fe304 was purchased from sigma aldric, black carbon
(BC) from PT Cahaya Indo Abadi Indonesia, and cassava starch from
local brand (Rose Brand Indonesia).

2.2. Sample Preparation

Fe30y4 in this study was varied 0.5%, 1%, and 1.5% (from the total
amount of composite) mixed with black carbon (1%) using a Retsch
mixing machine type MM400 (the year 2011, serial number:
121101082213) for 30 min to get composite Fe304—BC. After that,
Fe304-BC was mixed with 10 g cassava starch, 6 g of glycerin, and 94 mL
of aquades by stirring in a constant speed 900 rpm at 160 °C until the
solution becomes a gel. The apron solution then poured into a mold (10
cm x 10 cm x 2 cm) and then heated by using a furnace at 70 °C for 12 h.
The synthesis process of geopolymer apron can be seen clearly in Fig. 1.

2.3. Characterization

Bioplastic.

XRF is used to determine the composition of elements or compound
of materials [17] in the form of solids, powder, and liquid. X-ray method
were performed using a thermo ARL QUANT’S EDXRF model. The
EDXRF spectrometer is equipped with an X-Ray tube cooler (Rh anode,
50 W maximum power), a cooling device, a drifted crystal detector, and
a pulse processor (32 bits).

Fourier Transforms Infrared (FTIR) spectroscopy (Shimadzu Corp)
type IRPrestige-21 spectrometers with triglycine sulfate doped with 1-
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alanine (DLATGS) detectors, bright ceramic light sources, and KBr beam
splitters. FTIR identifying functional groups and chemical bonds in the
form of vibration modes of the covalent bonds at wavenumber in the
range 4000-400 cm ™ of its transmittance without damage the sample
[9,18,19].

Gamma-ray absorption is measured by the radiation dose using IBT
103 Irradiator radiation source from the Cesium (Cs)-137 isotope at the
Health Facilities Maintenance Agency (BPFK) Makassar, Indonesia. The
schematic illustration of the irradiator with the energy of 662 keV as
shown in Fig. 2 for measuring the intensity of gamma radiation passing
through the composites for the various compositions of Fe3O4 The
sample is placed in the hole of IBT 103 irradiator then gamma rays will
be transmitted to the pendosimeter. The measured intensity will be
recorded on the pendosimeter in units of puSv. For the additional, the
mechanical strength of the composite in the form of a tensile strength
also discussed.

3. Data analysis

The FTIR spectra was recorded in the percent of transmittance (T%)
between the light intensity transmitted through the samples (I) to the
incident light intensity (Ip). The spectra need to be convert to the
reflection (R(»)) using the following equations [20-22]:

A(w) =2 — log[T ()% @

R(w) =100 — [T(w) +A(w)] (2)

The reflection (R(®)) is used as input parameter to the phase change
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For the simple computations, we applied the K-K relation in (3), form
new equation:
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where, j is a series of wavenumber. If j is an odd number, i is 2,4,6,8,...,j-
1, and j+1, and when j is an even number, i is 1,3,5,7,...,j-1,j+1,... Aw =
wi11 — ;. equation (4) was the input parameter for determining the
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Fig. 1. Schematic illustration for the synthesis process composite apron in this study with various amount of Fe3O,.
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Fig. 2. Schematic illustration irradiator IBT 103 at the health facilities maintenance agency (BPFK) Makassar Indonesia.

refractive index (n) and extinction coefficient (k) by the following
relations:

- 1 - R(w)
n(w) = 1+ R(w) —2/R(w)cos p(w) ;
k() = 2V/R(w)sing(w) ©

1+ R(w) — 2+/R(w)cos ¢(w)

The complex dielectric function in the form of (¢(w) = & (w) +
iez(w)), where ¢;(w) is the real part and e;(w) is the imaginary part
determined as follows:

e (w) =n*(0) — K (w) 2]
&(w)=2n(w)k(w) 8)

From the dielectric function, the energy loss function (ELF)
(Im (%) ), the attenuation constant a, and propagation constant f can

be determined by the following relations:
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where g is permeability and the g is permittivity in a free space.

The mass density of the sample was calculated using:
m

_m 12

r=75 12)

where p is the mass density (g/cm®), m is the mass (g), and V is the
volume of the sample. The attenuation coefficient () determined by the
following equation with Iy is initial radiation intensity and the I is ra-

diation intensity through the sample.
I = Ie™ 13)

where 1 is the attenuation coefficient (cm~!) and d is the thickness of the

sample (cm). While the mass attenuation coefficient is calculated by the
following equation:

Hy= a4

P
Where i, is mass attenuation coefficient (cm?/g),  is linear attenuation
coefficient (cm™!), and p is the mass density (g/cm?®). HVL is determined
from the thickness of the radiation shielding which produces half of the
initial intensity. The HVL value can be calculated by:

0.693

HVL = (15)

where HVL is the thickness of the sample which produces half of the
initial intensity (I). The MFP is the average distance between two
adjacent particle by the photons interactions (cm), calculated by:

MFP :i
u

16)

In the process of interaction between photon from the X-ray and the
atoms of the shield, the photon loss their energy by three process;
photoelectric effect, Compton scattering, and pair production. All these
physical phenomena contributed to the absorption of an apron materials
which determined by the following equation:

DS = (1—e™) x 100% a7)

where DS is absorption (%) and d is the thickness (cm).
4. Result and discussion

Cassava starch with Fe3O4 can be used apron by improving the
electrical and mechanical properties of the polymer by mixture with
carbon black [2]. For composite without Fe304 (Fe;03-FeO) shows exist
83.86% Fe,03 in composite which probably come from carbon black and
cassava starch. For additional 0.5 g Fe3O4 shows FeyO3 is 92.47% in
composite and increase up to 96.36% for 1.5 g Fe3O4 in composite as we
expected, for detail XRF results shows in Table 1.

Fig. 3 shows FTIR spectra for determining the functional groups by
the additional of Fe3O4. Fig. 3 (a) shows for composite without FezO4
and an additional Fe3O4 in composite for (b), (c), and (d). The bonding
formation in the composites are O-H, Si-O, C = O, C-N, C-O, and Fe-O,
the corresponding wavenumbers are shown in Table 2.

At the wavenumbers 560 cm ™! is assigned Fe-0, at 1020 cm ™! for
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Table 1

Chemical oxide composition composite apron from the X-ray fluorescence (XRF)
for various composition of F304 in this study. We have included the composite
apron without Fe;04 (APFE0.0 (%)) as a control.

Oxide APFE0.0 (%) APFEO0.5 (%) APFE1.0 (%) APFE1.5 (%)
Compounds

SiO, 8.41 5.65 2.82 2.59

CaO 6.98 1.07 0.715 0.58

Fe,03 83.86 92.47 95.84 96.36

MnO 0.75 0.81 0.62 0.47

C-0, and at 1060 cm™! for C-N bond. Asymmetrical and symmetrical
stretching of C—=0 was observed from the wavenumber 1631 to 1645
em™! and the stretching vibration of the C-O bond at the wavenumber
1019-1024 cm™! [17,23]. At wavenumbers 2000-2500 cm ! assigned
for Si-O bond [9]. The fourth area, which is in the range of the wave-
numbers 3000-3500 cm™~' for the absorption of the O-H and C-H
aldehyde groups [18,24,25]. The addition of Fe304 shows shifted to the
lower wavenumbers of C-O and C=O, may due to the local bond
asymmetry and weak of the bonds among them as the effect of the
bonding nature of C atoms in composite is dominant metallic and co-
valent but also little ionic character. Another possibility may the Fe
atoms doesn’t sit in properly in the lattice structure that may effect of
local strain and bond asymmetry produced bonding C-Oy-Fej.x. Strong
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and sharp absorption at the wavenumbers 1160 cm ™' from C-N group.
From the XRF shows the composition of iron in the composite apron for
gamma ray radiation becomes the majority and from the FTIR indicated
that almost all primary bonding will bond with Fe, ex. for Si-Ox-Fe; x and
C-Oy-Fep

The optical properties as shown in Fig. 4 were determined from the
quantitative analysis of FTIR spectra from Fig. 3. The first rows of Fig. 4
show refractive index (n) and extinction coefficient (k) as a function of
the wavenumber. The intersection between n and k assigned as LO for
longitudinal optical and TO for transversal optical phonon mode [25,
26], and the distance between two optical phonon modes ((LO-TO)) is
shown in Table 3. The stable bonding with a new structure [19,27]
between filler (Fe304 and carbon black) and matrix shows 1.5% Fe304 in
the composite, indicated by the ((LO-TO)) is higher.

The main peak of the imaginary part (g5 ()) of the dielectric func-
tion in Fig. 4 (second rows) uses for conform the TO vibration mode
position and shows high consistency, similar for LO modes confirmed
from the energy loss function (ELF) (Im (—1/¢; (@)) in the third rows of
Fig. 4. The TO and LO wavenumber position for composite shows in-
crease with increasing the amount of Fe3O4 in the composite from 0.5%
to 1.5%, indicated going more stable bonding in the lattice structure
[26]. For composite apron without Fe3QO4, the LO and TO is high may
due the stable bonding connection between carbon atom with cassava
starch and glycerin [28]. The ELF was identified as a plasma frequency
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Fig. 3. Fourier transform infrared (FTIR) spectra of the composite apron as a function of concentration of Fe304. We have included the composite apron without

Fe30,4 (CB) as a control.
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Table 2

Wavenumber position for the corresponding chemical bond from the Fourier
transform infrared (FTIR) spectra with various amount of Fe304 in composite
apron.

Wavenumber (cm ™) Chemical
APFE0.0 APFEQ.5 APFE1.0 APFE1.5 Bond
3424 3431 3417 3405 O-H
2926 2912 2926 2926 C-H
2360 2353 2353 2353 Si-O
1645 1631 1645 1638 Cc=0
1160 1154 1140 1160 C-N
1024 1019 1025 1012 Cc-0
0 564 577 571 Fe-O

[28]. The ELF from the quantitative analysis of FTIR spectra was
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reported for composite cement/BaSO4/Fe3O4 [25], for composite
Fe/CNs/PVA [29], and composite geopolymer fly ash-metal [28].

The attenuation constant (a) and the propagation constant () shows
in Fig. 5 using dielectric function in Fig. 4 as the input parameters in the
calculation. The attenuation constant shows increase with increasing the
amount of Fe3O4 in composite from 91.244 for 0.5% Fe304, 101.275 for
1% Fe304, and 455.688 for 1.5% Fe30y4, similar trend for propagation
constant. It is indicated that the best composite in attenuating and easily
propagating between the atoms of the electromagnetic wave for com-
posite 1.5% Fe304 [30]. For composite apron without Fe3O4 in com-
posite shows higher than the low amount of Fe3O4 in composite may due
to the effect stable cross linking bond between carbon atom and cassava
starch—glycerin atoms [28].

Table 3 shows density of each sample, mass attenuation coefficient,
and the thickness, from Table 2, shows clearly the highest density is

TO : 2357 (a) 0% TO : 2351 (b) 0.5% T0 : 2353 (c) 1% (d) 1.5%
2 k k k
= n n n
LO :2382 LO : 2376 LO: 2378 LO : 2384
2357
- 2353
i <, 2
&
Sy
3 2382 2376
= 2384
~ 2378
2300 2350 2400 2350 2400 2350 2400 2350 2400

Wavenumber (cm") Wavenumber {cnfl )

Wavenumber (mf‘ ) Wavenumber (cm’ l)

Fig. 4. The refractive index (n) and the extinction coefficient (k) (top row), the real part (e;) and imaginary part (e,) of dielectric function (middle row), and the
energy loss function Im (—1/¢; (@)) (bottom row) derived from the quantitative analysis of FTIR spectra in Fig. 3 for composite apron in this study as a function of
concentration Fe304 from 0% (a) to 1.5% (d). The optical phonon vibration mode assigned by TO for transversal optical and LO for longitudinal optical (first rows).

Table 3

Attenuation coefficient for the energy 662 KeV, density, thickness, the distance between two optical vibration mode (A(LO-TO)) from Fig. 4, attenuation constant, and

propagation constant from Fig. 5 for composite determined in this study.

Sample Thickness (cm)

Density (g/cm®) Attenuation coefficient (cm 1) Mass attenuation coefficient A(LO-TO) Att. Constant Prop.
em™! constant

APFE0.0 0.846 0.114 0.147 0.201 25 141.035 709.556
APFE0.5 0.846 0.114 0.147 0.201 25 91.244 616.253
APFE1.0 0.980 0.115 0.166 0.169 25 101.275 747.767
APFE1.5 0.984 0.115 0.178 0.181 35 455.688 1255.00
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Fig. 5. The attenuation constant (@) (top rows) and the propagation constant () (second rows) for composite apron in this study as a function of concentration Fe304

from 0% (a) to 1.5% (d).
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APFEL. The highest attenuation coefficient shown by APFE1 is 0.178
em~ ! for energy 662 KeV. Ref. [17] reported bismuth based for radiation
shield shows the linear attenuation coefficient is 0.240 cm™L. The dif-
ference between Ref. [17] and results in study is 0.062 cm™! probably
due to the atomic mass between iron and bismuth are different, the
atomic mass of iron is 55,845 u while bismuth is 208,9804 u [23,31]. A
good radiation shield has a large density more effective for absorbing
gamma radiation, the corresponding calculation results presented in
Table 3. Ref. [32] reported the radiation shield from PANi/Pb material
with the thickness of 0.15 cm shows the attenuation coefficient is 0.909
cm ™! for energy 60 keV comparing in this study by additional Fe3Oy, the
difference attenuation coefficient is 0.731 cm ™! but much higher irra-
diation energy of 662 keV.

The photoelectric absorption is highly dependent on the atomic
number Z so that if the sample with a larger atomic number is much
better to be used for radiation in the form of the apron [7,33,34]. Based
on IEC 61331-1: 2002 [35] regarding for the apron standard of the
world’s best quality shows that, a thickness of 5 cm the apron can
absorbing radiation of 0.9%. For the sample APFEL.5, can absorbing
0.1738% wave radiation for the thickness of 0.115 cm. By comparing to
the international standards, the thickness in this study is 0.115 cm, must
be able to absorb radiation at least 0.021% but we found that the ab-
sorption of 1.021%, indicated that high potentials of the composite
apron in this study for gamma ray absorption.

The effectiveness of gamma-ray radiation absorption can be seen also
from the attenuation coefficient and the mass attenuation coefficient.
The higher of the both attenuation coefficient is indicated good to be
used as a radiation retaining material. The highest values for attenuation
coefficient, attenuation constant, propagation constant, and the distance
between two optical phonon mode as shown in Table 3 is 1.5% Fe304 in
composite, indicated that the Fe and O atoms successfully forming
isotropic covalent bonding with atom C in the polymer matrix of com-
posite apron [9]. HVL and MFP data in this study are shown in Fig. 6.
HVL is the thickness of the material needed to reduce the intensity of
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X-rays by half from the initial intensity while the MFP is defined as the
average distance between two interacting adjacent particles (cm) [9].

Based on Fig. 6, the best HVL is shown by APFE1.5 because it has a
lower value compared to other geopolymer aprons. So, to reduce the
intensity of the radiation to half the initial intensity, we need a absorber
with a thickness of 4.175 cm. The best MFP in this study was demon-
strated by APFE1.5 with a value of 5.618 cm.

Fig. 6 also shows the mechanical properties of the composite apron
for an additional of carbon and various amount of Fe3O,4 in composites.
Tensile strength increases with increasing the amount of FezQO4 in the
composite. The best tensile strength shown by APFEL.5 is 54.700 MPa.
The tensile test value is much better compared to the tensile test con-
ducted by Ambika (2017) [36] whose value is 25 MPa for bismuth
material. The higher value of the distance between two optical phonon
vibration, attenuation constant, propagation constant was strong cor-
relation with higher absorption properties and higher mechanical
properties for composite in this study. The best these characteristic in
supporting composite performance as an apron applications are by an
additional 1.5% Fe304 in the composite.

5. Conclusion

Geopolymer apron cassava starch/BC/Fe304/glycerin has been suc-
cessfully synthesized for Fe3O4 is 0.5%, 1%, and 1.5% by simple
methods. The stable bonding between filler (FesO4 and carbon black)
and matrix with a new structure shows for composite 1.5% Fe30O4 as
confirmed by the ((LO-TO)) is higher. The highest values for attenuation
coefficient, attenuation constant, propagation constant, and the distance
between two optical phonon mode ((LO-TO)) is composite 1.5% Fe3Oa4,
indicated that the Fe and O atoms successfully forming isotropic cova-
lent bonding with atom C in the polymer matrix. The best characteristic
in supporting composite performance as an apron applications are for
1.5% Fe30, in the composite. The attenuation was 0.178 cm~!, sample
density was 0.984 g/cm?, HVL value was 3.893 cm, and MPF was 5.618
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Fig. 6. The HVL and MFP (top rows) and the Tensile strength (second rows) for composite apron in this study as a function of concentration FezO, from 0% to 1.5%.
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cm. This study shows that the infrared spectroscopy is efficient methods
for determining the optical properties, phonon vibration, dielectric
function, energy loss function, attenuation constant, and propagation
constant of composite apron cassava starch/BC/Fe304/glycerin.
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