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CHAPTER 1

INTRODUCTION

1.1 Research background

X-ray is generally employed in medical applications. The X-ray can be used for
diagnostic (30-140 kV) and radiotherapy (40-300 kV). [1], [2] The diagnosis is used for
medical imaging to diagnose the disorder symptoms in many organs. [3], [4] Besides,
the X-ray in high energy can be utilized for killing skin cancer by selecting the optimized
kilovoltage range for treatment. In general, radiation exposure from X-ray generators in
medicine can produce in two main categories, which are primary radiation and
secondary radiation. The primary radiation is the radiation that transmits from the X-
ray tube, which affects significant hazards, even exposure in a short duration, while
Secondary radiation is produced from primary radiation that incident to the matter and
reflects other objects. Scatter radiation is one type of secondary radiation that is less
hazardous compared to the primary beam, which normally affects the occupational
worker in the hospital. [5], [6] The biological effects of X-ray radiation tending to
damage the cell can classify into two types; deterministic effect and stochastic effect.
The deterministic effect relates to the radiation exposure in high levels over the
threshold in the short term, which depends on the radiation dose. The higher doses
obtained, the greater the severity effect. The symptom of deterministic effect reveals
skin burns, radiation sickness, cataracts, sterility, and tumor necrosis, while stochastic
effect associates radiation exposure at a low level over a long time. The severity is
independent of the dose received; however, the probability of appearing increased
with the long-term exposure tends to risk with the apparent effect, for example,

cancer, heritable effects, and genetic changes. [7], [8], [9]

Thailand complies with the Nuclear Energy for Peace Act, B.E. 2559 (2016) to
regulate occupational exposure for radiation protection follows the ALARA principle by

controlling the dose limit. The ministerial regulation of radiation safety, B.E. 2561 (2018)



defined as the radiation dose limit for public and occupational workers, according to
the ICRP 103. [10] Moreover, to minimize the exposure of X-rays according to the ALARA
principle, it is necessary to consider the benefits obtained by individuals exposed to
radiation at a reasonable level. The radiation safety for external protection is time,
distance, and shielding. Minimize spending time with radioactive sources can decrease
the radiation exposure dose, increasing distance from the source of radiation will
decrease the amount of radiation received, and selecting the appropriate shielding
materials for reducing the external radiation risk are taken into consideration. [11]
Lead is generally used in medical facilities to prevent radiation exposure
because it provides high atomic numbers (Z=82) and density (11.35g/cm?). Lead can
attenuate the primary X-ray and scattered X-ray with excellent performance. [12], [13],
[14] However, lead is a dangerous material and detriment to health due to its toxicity.
In addition, lead dust particles are formed on the object surfaces of the apron and
protective materials, causing occupational exposure from dust removal from the
surface when radiation incident to the object. The lead dust may contaminate the
airborne, floors, and nearby places, tending to be inhaled or ingested by workers. [15],
[16] Moreover, lead is a traditional material combined with a rubber, polymer,
elastomer polymer with elastic properties. These materials are applied to garments,
covers, and curtains for radiation attenuation purposes; however, the management of
the disposal of Pb-based material when expired is still an environmental concern. The
ICRP has also encouraged to study and development of shielding materials
incorporating non-Pb materials either as single metal powders or as mixtures of metal

powders. [17], [8]

Barium sulphate (BaSO,) is environmentally friendly and economical to
produce radiation shielding. BaSO4 has an absorption edge of 37.4 keV to absorb the
photoelectric effect, including can be absorbed the low energy through Compton
scattering effectively. BaSQy is safe for humans and has normally been used in X-ray

images for radiography by swallow since the early twentieth century. The predominant



function of BaSQ, is the oral helpful diagnostic test for pharyngeal or esophageal
symptoms, facilitating the selection of additional diagnostic procedures and guiding
decisions about medical, endoscopic, or surgical treatment. Moreover, BaSQO, is
employed as the main component for producing radiation shielding fiber. It was
because the absorption edge is lower than lead, which possesses a high atomic
number with the energy of the photoelectric effect area. [18], [19], [20]

Cellulose is a biopolymer with high mechanical properties. Cellulose has the
benefit of environment-friendly, biodegradable polymer, and renewable sources.
Cellulose molecule composes of B-1, 4-D-linked glucose chains. The intra-chain and
inter-molecule were linked with hydrogen bonds, which play a significant role in
enhancing conformation and mechanical properties. [21], [22], [23] The cellulose
chains are grouped into fibrils by hydrogen bonds, packed into larger microfibrils, and
aligned in different directions. [24] Generally, the microfibrils consist of two main parts;
the crystalline cellulose is in respect to the high ordered region, and the amorphous
cellulose has a mainly disordered position. The crystalline chain has a hydroxy group
orderly on the region showing the chemical resistance, while the amorphous cellulose
has a hydroxy group aligned disordered in the domain chain. Most of the reactants are
highly reactive with the amorphous region compared to the crystalline region, which
results in employment for many purposes. [25], [26]

Amorphous cellulose has been applied in various applications. For example,
the study of behavior in nanocrystalline domains [25], protein purification [27], and
enzyme screening incorporated displaying materials. [28], [29], [30] The amorphous
cellulose can prepare in many methods, for example, cellulose ball-milling,
deacetylation of cellulose acetate under nonaqueous alkaline conditions, dissolving
natural cellulose in an amine/inorganic salt solvent, associated with regenerate using
organic solvents, such as methanol, ethanol, and acetone. [31], [32] However, these
methods are complicated and require several chemical substances and solvents to

achieve amorphous products.
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Cellulose from recycled material is an interesting approach to reduce
detrimental the ecology system. It is usually underutilized and finally achieves burning
or slow biodegradation. [33] Recycling waste paper in one ton can preserve
approximately 17 trees and 7000 gallons of water, which provides the advantage of
environmental and economic. [34] Thailand has been employed office waste paper
approximately 2 million tons per year and tends to expand continuously by 15% each
year. [35] In terms of environmental aspects, office waste paper is wealth for recycling
to reduce polluting the earth ecology. However, the maximum ratio for recycling from
paper to paper is approximately 65 %, which may cause production in large quantities
for its disposal. The higher cost of manufactured paper from recycled pulp and disposal
of waste fibers are unfit for use. It is necessary to find alternative options to recycle
waste paper. Several attempts have been considered in a new procedure to utilizing
waste paper in terms of eco-friendly. The office waste paper provided a source of
cellulose that can be utilized in many applications. [36], [37]

Natural rubber is normally utilized for many purposes due to its being eco-friendly
and cost-effective. Radiation vulcanized natural rubber is non-toxic and eco-friendly
compared to sulfur vulcanized natural rubber. Besides, the radiation vulcanized
natural rubber would be economically acceptable to the latex industry when

supplied on a large scale. [38], [39]

This research aims to fabricate a substrate of X-ray attenuation using
amorphous cellulose. The amorphous cellulose was prepared from recycled pulp from
office waste paper using only the ice-cold sulfuric acid to rearrange the crystalline
order chain to the amorphous disorder chain. Due to the mild condition, almost the
crystalline part in cellulose transformed into the amorphous part results in high
production. The BaSOs/amorphous cellulose composite (Ba/AC) was prepared from
regeneration with BaCl, solution as a substrate for the X-ray shielding prototype. After

that, the X-ray shielding sheets were formulated by incorporation between the Ba/AC
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and RVNR, including comparing with the Ba/AC from eucalyptus pulp and barium
sulphate powder as conventional materials. The shielding sheets illustrate the X-ray
attenuation efficiency. Subsequently, the protective prototypes for X-ray were studied
and fabricated with equivalent to 0.25 mm Pb, regarding the Quality Standards of
Medical Diagnostic X-ray Machines, Department of Medical Sciences. [4] The lab coat
was produced to prevent the scatter radiation, while the X-ray protective materials
(head shield, thyroid shield, and breast shield) were prepared for intervention in the
primary radiation. The X-ray shielding prototypes present the benefits of
biodegradable, eco-friendly, cost-effective, and non-toxic.
1.2 Objective

1.2.1 To fabricate composite of BaSOs/amorphous cellulose from office waste
paper as X-ray shielding substrate.

1.2.2 To formulate composite of BaSOs/amorphous cellulose/natural rubber
for X-ray shielding material.

1.2.3 To study X-ray attenuation property of BaSOs/amorphous
cellulose/natural rubber.

1.2.4 To prepare the prototype of X-ray shielding protective materials
equivalency to 0.25 mm Pb.
1.3 Scope of research

1.3.1 Regenerate cellulose pulp from office waste paper.

1.3.2 Preparation of amorphous cellulose.

1.3.3 Fabrication of BaSO4/amorphous cellulose.

1.3.4 Comparison of BaSO4/amorphous cellulose from office waste paper
(recycled pulp) with eucalyptus pulp (purified pulp).

1.3.5 Study of gamma dose for radiation vulcanized natural rubber.

1.3.6 Formulation of BaSO4/amorphous cellulose/natural rubber.

1.3.7 Characterization of products.
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1.3.8 Investigation of X-ray attenuation property.
1.3.9 Produce the prototypes of X-ray protective materials.

1.3.10 Study of the physical property of X-ray protection products.

1.4 The benefit of this research

1.4.1 The BaSO4/amorphous cellulose can be used as a substrate for X-ray
shielding materials, with the benefits of environmental-friendly, non-toxic, cost-
effective, and appropriate scaling up for commercial purposes.

1.4.2 The BaSOg4/amorphous cellulose/natural rubber can attenuate X-ray
efficiency with the flexible material that can apply in many applications.

1.4.3 The prototype of the lab coat for intervention the X-ray scatter
produced at equivalency to 0.25 mm Pb can be used to prevent the occupational
worker.

1.4.4 The X-ray protection prototypes (thyroid shield, breast shield, and head
shield) from office waste paper as base materials can be employed for the direct ~ X-

ray beam equivalent to the thickness of lead 0.25 mm.
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Figure 1.1 Diagram of research.
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CHAPTER 2

THEORETICAL BACKGROUND

2.1 Radiation

Radiation is the energy of waves or particles that emit from sources and travels
through space or other mediums. The radiation in waves form is light, heat,
microwaves, X-rays, and gamma-rays, while the radiation in particles forms are alpha,
beta, and neutron. The radiation can divide into two categories depending on the

ionization properties; non-ionizing radiation and ionizing radiation. [40]
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Figure 2.1 An overview of the electromagnetic spectrum. [41]

2.1.1 Non-ionizing radiation

Non-ionizing radiation provides low energy less than the ionizing radiation to
produce ions; for example, ultraviolet, visible light, infrared, microwaves, and radio
waves. The non-ionizing radiation has low-frequency waves and is not considered to
health risk.

2.1.2 lonizing radiation

lonizing radiation is the electromagnetic wave or particles that possess high
energy to ionize the atom or molecule in the medium to be the ions. The example of

ionizing radiation is alpha particles, beta particles, gamma-rays, and X-rays. The ionizing



15

radiation is the radiation that can generate charged particles or ions in the matter

composing of X-rays, gamma-rays, alpha particles, beta particles, and neutrons.

2.2 X-rays

X-ray is highly energetic electromagnetic radiation that originates from the
electron shell of an atom. The X-ray is similar to visible light, which can penetrate the
medium depending on the density and atomic weight of the matter. When X-rays
incident to material, the inner atom will eject the electron and provide the hole in the
electron shell. Subsequently, the electron from the outer shell that has higher energy
will be released their energy to occupy the hole and create the characteristic X-ray as

shown in Figure 2.2.
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Figure 2.2 The mechanism of characteristic X-ray generation. [42]

2.3 X-ray utilization in medicine

X-ray is widely used in many applications, especially in medicine, which is
classified into two categorized; diagnostic at the X-ray dose range of 30-140 kV, and
radiotherapy at the dose range of 40-300 kV. [1], [2]

2.3.1 Radiation diagnosis

X-ray is utilized for medical imaging to diagnose the disorder's symptoms in

many organs. The example of X-ray diagnostics is computerized tomography, digital
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subtraction angiography, fluoroscopic X-ray, general radiographic X-ray, mobile X-ray,

and dental X-rays unit. [3], [4]

2.3.2 Radiation therapy

The X-ray in high energy can be used for killing skin cancer by selecting the
optimized kilovoltage range for treatment. X-ray therapy is conventionally divided into
four ranges; Grenz ray (10-20 kV) using to cure skin disorders, contact therapy (40-50
kV) applying to treatment depths of 1-2mm, superficial therapy (50-150 kV) utilizing
to injury treatment up to 5 mm deep, and orthovoltage therapy (150-300 kV)
employing to skin tumor treatment to 2 cm depths. [2]
2.4 Radiation dose quantities [40], [43]

2.4.1 Absorbed dose

Absorbed dose (D) is the amount of energy deposited on the human body or
object when exposed to ionizing radiation. The radiation exposure can measure in a

unit called the gray (Gy). A dose of one gray is equal to a unit of energy in a joule

accumulated in a kilogram of a substance (J/kg).

2.4.2 Equivalent dose

Equivalent dose relates the absorbed dose in human tissue to the effective
biological damage of the radiation. The equivalent dose can calculate by multiplying
the absorbed dose with the specified radiation weighting factor (wg), which depends
on the type of radiation as shown in Table 2.1. The equation for determining the
equivalent dose is demonstrated in equation 2.1. The unit of equivalent dose is J/kg,

and called in sievert (Sv).

Hy = 2 (DX wy) (2.1)
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where;
Hr = the equivalent dose in tissue or organ T
DR = the average dose from radiation R in the tissue or organ T
(Table 2.1)
Wg = the radiation weighting factor for radiation

Table 2.1 Recommended radiation weighing factors.

Radiation type Radiation weighting factor (wg)
Photons 1

Electrons and muons 1

Protons and charged pions 2

Alpha particles, fission fragments, 20

heavy ions

Neutrons A continuous function of neutron

energy can calculate according to

the Figure 2.3 and equation 2.2

25 1 I I 1 1 1 I 1 I
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Figure 2.3 The relationship between radiation weighting factor (wg) for neutrons

and neutron energy (E,). [43]
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To determine the radiation weighting factor of the neutron, it is recommended
to follow the continuous function of neutron energy (E,,) in Figure 2.3 and apply with

the equation as follows;

E, <1MeV, wr = 2.5 + 18.2¢~[In En)I*/6
1MeV < E, <50MeV, wg = 5.0+ 17.0e~[In 2En)I*/6
E, > 50 MeV, Wgr = 2.5 + 3.25¢"[In (004Ex)]*/6 (2.2)

2.4.3 Effective dose
Effective dose indicates how radiation exposure can affect human health. The
harmful risk depends on the exposed organ part, expressed by a tissue weighting factor
(wq) shown in Table 2.2. The equivalent dose can determine by multiplying the tissue

weighting factor of the exposed organ with the equivalent dose and shown the unit in

sievert.
= = 2 (HX wy) (2.3)
where;
Er = the effective dose for organ or tissue T
Hy = the equivalent dose in tissue or organ T
Wr = the tissue weighting factor for tissue T

Table 2.2 Recommend tissue weighting factors.

Tissue W

Bone-marrow (red), Colon, Lung, Stomach, Breast, 0.12
Remainder tissues*®

Gonads 0.08
Bladder, Oesophasus, Liver, Thyroid 0.04

Bone surface, Brain, Salivary glands, Skin 0.01
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* Remainder Tissues (14 in total): Adrenals, Extrathoracic (ET) region, Gall
bladder, Heart, Kidneys, Lymphatic nodes, Muscle, Oral mucosa, Pancreas, Prostate,
Small intestine, Spleen, Thymus, Uterus/cervix.

2.5 Radiation effects

The radiation exposure potential to damage the body, which can classify into
two types. The deterministic effect and stochastic effect described as follows. [7], [8],
[9]

2.5.1 Deterministic effect

Deterministic effect associates the radiation exposure in high levels over the
threshold in the short term, which depends on the radiation dose. The higher doses
obtained, the greater the severity effect. The symptom of deterministic effect reveals
skin burns, radiation sickness, cataracts, sterility, and tumor necrosis.

2.5.2 Stochastic effect

Stochastic effect relates to radiation exposure at a low level over a long time.
The severity is independent of the dose obtained, but the probability of appearing
increased. Long-term exposure tends to risk the obvious effect, for example, cancer,
heritable effects, and genetic changes.
2.6 Radiation protection

The principle of radiation safety protection is to limit the exposure of ionizing
radiation. The As Low As Reasonably Achievable (ALARA) principle is normally
considered the benefits achieved by individuals exposed to radiation at a reasonable

level. The radiation safety for external protection is time, distance, and shielding. [11]

2.6.1 Time
Minimize spending time with radioactive sources can decrease the radiation
exposure dose. The less time spent with radioactive materials, the lower radiation

absorbed. For radiation protection, the occupational worker is necessary to consider
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the proper time to work. The appropriate time to be spent can calculate using equation
2.4.

Dose = Dose Rate x Time (2.49)

2.6.2 Distance

Increasing distance from the source of radiation will decrease the quantity of
radiation acquired. The inverse-square law can use for calculating, which states that as
the radiation travels out from the source, the dosage decreases inversely with the

square of the distance.

l,di? = 1,d,? (2.5)
where;
ly = the intensity 1 at distance 1
I, = the intensity 2 at distance 2
d, = the distance 1 from radioactive source
d, = the distance 2 from radioactive source

2.6.3 Shielding

In case decreasing time or increasing the distance may not be achievable.
The shielding materials are necessary to select for reducing the external radiation risk
efficiently. The appropriate shielding material was recommended by considering the
activity, radiation type, energy, and dose limit for an occupational worker. The
individual radiation type and energy will affect the transmittance of radiation which

required specific shielding material.
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Figure 2.4 The suitable shielding material for the intervention of specific radiation. [44]

2.7 Dose limit under law and regulations

In terms of radiation protection, Thailand complies with the Nuclear Energy for
Peace Act, B.E. 2559 (2016) for regulation the occupation exposure, following the
ALARA principle by controlling the dose limit. The ministerial regulation of radiation
safety, B.E. 2561 (2018) defined as the radiation dose limit for public and occupational

workers, according to the ICRP 103, shown in Table 2.3. [10]

Table 2.3 The dose limits under the ministerial regulation of radiation safety.

Type of limit Occupational Public

Effective dose 20 mSv per year, 1 mSv in a year
averaged over defined
periods of 5 years

Annual equivalent dose in:

Lens of the eye 150 mSv 15 mSv

Skin 500 mSv 50 mSv

Hands and feet 500 mSv -
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2.8 X-ray interactions with matter

In general, when X-ray incident with the matter, they will interact with atoms
of the object and results in absorption or scattering. This behavior leads the beam to
the trajectory direction, which may not interact and penetrate through the material.
In terms of medical applications, the X-ray interactions related to medical are
composed of photoelectric absorption, Rayleigh scattering, and Compton scattering

are described as follows.

SN N NI NN No interaction
o
N .o Photoelectron
Absorption

Q

'"1?'-»--v..,,.'_K-characteristic x-ray
(L — K transition)

Es=E,
/ Rayleigh scattering

Recoil electron
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““2\  Compton scattering

E:<E,

Figure 2.5 Interaction of X-rays incident with the matter; (A) no interaction,

(B) Photoelectric effect, (C) Rayleigh scattering, and (D) Compton scattering. [45]

2.8.1 Photoelectric effect

The incident X-ray photon transfers its energy to the electron, which results in
the ejection of the electron from its shell (usually the K shell) with a kinetic energy
equal to the difference of the incident photon energy (E,) and the electron shell
binding energy (Ege) as shown in Figure 2.5B. Subsequently, the vacancy electron shell
was filled by an electron from an outer shell (L or M shell). After that, a characteristic
X-ray has released that is equivalent to the different energy between binding energies
of the source electron shell and the final electron shell. The photoelectric effect will

not occur if the incident energy is less than the binding energy of the electron.
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2.8.2 Rayleigh scattering

The Rayleigh scattering is a coherence scattering process that the incident X-
ray is interacted with an electron and deflected or scattered without loss of energy.
This process is elastic scattering that occurred by raising the electron energy without
removing it from the atom. The electron returns to the previous energy level by
emitting an X-ray equal to the incident energy, but slightly different direction. (Figure
2.5C) There is no absorption of energy, and most of the X-rays are scattered at a small
angle. The Rayleigh scattering is possibly enhanced when increasing Z of the absorbed

and decreasing X-ray energy.

2.8.3 Compton scattering

The Compton scattering is an incoherence scattering process that inelastic
interaction between the energy of X-ray (Ey), which is greater than the binding energy
of an atomic electron. Partial energy transfers to the electron, causing recoil and
removal from the atom at an angle. The remainder of the energy (Es) is transferred to
a scattered X-ray with a trajectory of angle relative to the trajectory of the incident

photon (Figure 2.5D).
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2.9 X-ray beam characterization in medicine
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Figure 2.6 The radiation exposure for X-ray utilization in medicine.

Radiation exposure from X-ray generators in medicine can produce in two main
categories, which are comprised of primary radiation and secondary radiation as

follows. [5], [6]

2.9.1 Primary radiation
The radiation that transmits from the X-ray tube is called primary radiation.
The primary beam is a significant hazard even exposure in a very short duration can

lead to severe radiation burns.

2.9.2 Secondary Radiation

1) Scatter radiation

When the primary X-ray incident with the patient, they will produce the
scatter radiation that generates less energy than the primary X-ray. The scatter
radiation has less hazard than the primary beam, which affects the

occupational worker in the hospital.
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2) Leakage radiation

Leakage radiation comes from the x-ray tube, providing very low
radiation that is not a hazard in case the tube housing is intact.
2.10 X-ray attenuation mechanism
The opportunity of X-rays to interact with matter varies according to the
incident energy and the medium of the barrier, which can define the attenuation
efficiency by linear attenuation coefficient, mass attenuation coefficient, and half-value

layer. The X-ray attenuation can explain by Lambert’s law by following equations. [11]

[ = Ioe_ux (26)
= L
== Xln(I) (2.7)
— Lin(k
T == pxln(l) (2.8)

where;

= the intensity of the attenuated beam

ly = the initial intensity without shielding material
x = the thickness of the shielding material (cm)
u = the linear attenuation coefficient (cm™)

Un = the mass attenuation coefficient (cm?g™)

p = the density of material (gcm™)

The linear attenuation coefficient is the possibility per unit length that X-ray
will undergo an interaction in the material. For example, if the value of the linear
attenuation coefficient is high, the possibility of the interaction is increased, which

means the radiation can attenuate in a short distance. The mass attenuation coefficient
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is dependent on the nature of the material, which does not relate to density but rather
the atomic composition. The half-value layer (HVL) is the thickness of a shielding

material required to attenuate the intensity of the radiation to half its initial value. [46]
HVL = T = — (2.9)

The radiation attenuation ratio (%) also utilized to determine the X-ray shielding

efficiency using the equation as follows. [47]
0 —_— (IO_I)
RAR (%) = = x 100 (2.10)
0

2.11 X-ray attenuation materials

2.11.1 Lead

Lead is generally used in medical facilities to prevent radiation exposure
because it provides high atomic numbers (Z=82) and density (11.35 g/cm?). Lead can
attenuate the primary X-ray and scattered X-ray with excellent efficiency. [12], [13],
[14] However, lead is a dangerous material and detriment to health due to its toxicity.
Lead dust particles are formed on the object surfaces of the apron and protective
materials, causing occupational exposure from dust removal from the surface when
radiation incident to the object. The lead dust may contaminate airborne and floors

tending to be inhaled or ingested by workers. [15], [16]

Burns et al. studied the lead-containing shields tend to provide lead dust on
the external surface. The results indicated a significant proportion of shields (63%) used
in hospitals were found the lead dust on the surface, which came from the
occupational worker that worn to against the radiation exposure. [48]

In terms of environmental impact, lead is a traditional material combined with

a rubber, polymer, elastomer polymer with elastic properties. These materials are
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applied to garments, covers, and curtains for radiation attenuation purposes. However,
the management of the disposal of Pb-based material when expired is still an
environmental concern. Besides, the International Commission on Radiological
Protection (ICRP) has also encouraged to study and develop shielding materials
incorporating non-Pb materials either as single metal powders or as mixtures of metal

powders. [17], [8]

2.11.2 Barium sulphate

Barium sulphate (BaSO,) is environmentally friendly and economical to
produce radiation shielding. BaSO4 has an absorption edge of 37.4 keV to absorb the
photoelectric effect, including can shield the low energy through Compton scattering
effectively. BaSQ, is safe for humans and can be used for X-ray images for radiography
by swallow since the early twentieth century, which a dominant function of the oral
helpful diagnostic test for pharyngeal or esophageal symptoms that facilitating the
selection of additional diagnostic procedures and guiding decisions about medical,
endoscopic, or surgical treatment. Moreover, BaSOy is used as the main component
for producing radiation shielding fiber. It was because BaSO, possesses a high atomic
number with the energy of the photoelectric effect area. [18], [19], [20] Many
researchers studied the BaSO, for X-ray shielding aspects, which are summarized as
follows.

Beck T.J. [5] developed the optional X-ray shielding material instead of lead
for preventing the X-ray scatter at the energy of 110 keV. Multi-layer and flexible was
produced in arrays to form a garment by combining the metal radiation absorption
with the vinyl matrix or polyolefin. The bilayers were comprised 60-90% of barium
oxide or barium sulphate for the outer layer, while the inner layer containing 60-90%
of antimony that reduce the radiation to 90%. As the parts of the tri-layers, the
outermost part produced from 60-90% of gadolinium in metal or oxide or salt form,
the middle part was barium metals or barium oxide or barium sulphate, and the

innermost part was 50-90% of antimony in the form of oxide or salts (chloride, iodide).
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Figure 2.7 Common exposures from X-ray scattering.

Rebar et al. [49] invented the X-ray shielding material by incorporating the
radiation shielding filler (Sb, W, Bi, BaSO,) with several polymers (polyolefin elastomer,
polyolefin copolymer, polyolefin terpolymer). The shielding products were vest-skirt
combinations, frontal aprons, dental drapes, thyroid collars, gonad, providing the
benefit of ¢ood mechanical properties and chemical resistance. The composites were
comprised of two main layers; the outer layer is the nylon or polyester that does not
absorb the radiation, while the middle layer contained the X-ray absorber that provides
the material thickness of 10-12 um. Since the metal fillers had various particle sizes
between 1 to 70 mm, they caused some particles to stab out of the layer, as shown

in Figure 2.9.
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Figure 2.8 X-ray protective materials.

FIG. 2B
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208 w#.

FIG. 2A

FIG. 2B

Figure 2.9 The inside of the X-ray shielding garment; (2A) A layer construction of
X-ray blocking garments following some embodiments, (2B) A detailed illustration of

a filled polymer sheet, showing probable surface structure.

The X-ray shielding sheets were prepared by mixing the chemical compositions
shown in Table 2.4. The composites were agitated at 25-35 rpm, and then using a
single screw extruder at 10 - 65 rpm with the temperature of 240 — 385 °F for 15 - 40
min to formulate the shielding sheets in thickness of 25-27 mm. All fillers were

controlled the particle sizes lower than that of 44 um.
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Table 2.4 The composition example of the mixtures for preparing the sample sheets.

Composition Ex1 (%ow/w) Ex2 (%ow/w) Ex3 (%ow/w)
ENGAGE 8150 10.8 6.6 59
INFUSE 9000 6.6 59
Lead 28.7 - -
Barium sulphate 4.3 71.2 43.9
Tungsten 1.3 - -
Bismuth - 10.8 13.2
Antimony 47.1 - 258
SUNPAR 2280 oil 7.4 4.6 5
BNX 1225 0.2 - -
KEMAMIDE U 0.2 0.2 0.3

where;

ENGAGE 8150 = Polyolefin elastomer

INFUSE 9000 = Olefin block copolymer of ethylene and
octene

SUNPAR 2280 oil = Paraffinic oil

BNX 1225 = Antioxidant and thermal stabilizer blend

KEMAMIDE U = Processing aid or slip agent comprising
oleamide

Apell et al. [50] studied the X-ray shielding filaments that contained non-lead

radiation absorbers (Sb, Ba, Sn, Ti, Bi, W) for medical purposes such as a drape, gonad,

breast, face, and thyroid shield. Because lead is toxic, heavy, and impermeable, causing

uncomfortable for the wearer. Therefore, the relationship between X-ray shielding

efficiency and air-permeable were investigated using the commercial filaments were

1030-785/2 (Roney Industri AB, Vellinge, Sweden) contained with 61% BaSO4 in

polyvinyl chloride, and Barilen 60 (Saxa Syntape GmbH, Luebnitz, Germany) has 61%

BaSQOq in polypropylene. The radiation attenuation ratio was examined for interpreting

the shielding performance, including the high value of air-permeable was selected for

the practical filament’s utilization.
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Table 2.5 The radiation attenuation ratio and air permeability of the commercial

filaments.
Penetrated dose (kGy) % RAR Air permeability (mm/s)
Number of
RONH RONH RONH
layers Barilen 60 Barilen 60 Barilen 60
1030-785/2 1030-785/2 1030-785/2

0 976 976 0 0 - -

1 591 756 39 22 1528 454

2 379 594 61 39 1000 -

3 262 477 73 51 750 -

il 170 386 82 60 - -

5 119 312 88 68 - -

6 86 258 91 74 - -

A
3 2 8

6

Figure 2.10 Cross-section views of filaments structural; (AJTwo layers array,

and (B) One layer array.

Aral et al. [47] developed a non-lead coating for applying to the textile surface.
The metals to be used for non-lead materials are BaSO4, W, and Bi. The composites of
silicone rubber (40 %w/w) were combined with fillers (60 %w/w) and then coated on
the cotton fabrics. The radiation attenuation ratio (%RAR) studied the X-ray shielding
performance, and the results demonstrated that the greater attenuation efficiency was
Bi> W> BaSOy. The experiments of BaSO, composites, when exposing at 80, 100, and

150 kV, illustrated %RAR was 21%, 19%, and 10%, respectively.
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Figure 2.11 The BaSO, mixed with silicone rubber and coated on the cotton fabric to

use as X-ray shielding aspects.

Kusuktham et al. [51] studied the X-ray shielding efficiency using BaSO, mixed
with the thickener and coated on cotton from one to ten layers. The radiation
attenuation was exposed at the energy of 50-100 kV, indicating the results of shielding
performance at the range of 1.48-77 % with increased by enhancing the BaSO, ratio.
The great shielding value was demonstrated of 779% when incorporated 50% BaSOq

and coated on the fabrics into ten layers, as shown in Figure 2.12.
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Figure 2.12 The radiation attenuation ratio of BaSO, coated on cotton

and exposed at 50-100 kV.
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Maghrabi et al. [52] studied the X-ray shielding performance using BaSO, coated
on textiles, including compared it to Bi,Os and BaSO4/Bi,O; composite at 80 kV. The
results demonstrated that the attenuation efficiency increased when enhancing the
BaSOs and Bi,Os. The combination between BaSO4 (20 %w/w) and Bi,Os (13.3%)
represented the highest absorbance of radiation (44.4%). While the BaSO4 was coated
on the fabrics at the ratios of 16.7 %w/w and 33.3 %w/w provided the results of 15.5%
and 29.1%, respectively.

Kim et al. [53] developed a lightweight apron used for shielding the X-ray
scatter in the medical room. Three kinds of textiles were produced by combining BaSO,4
and liquid silicone. The thickness of textile samples was 0.15 mm, 0.21 mm, and 0.29
mm conforming to lead equivalents of 0.039 mm Pb, 0.095 mm Pb, and 0.22 mm Pb,
respectively. The shielding efficiency when exposed to radiation at 1.5 m was 97%.
Consequently, the textiles were suitable for preventing the X-rays in low intensity, and
also possible to reduce the weight of the apron to 1/5 compared to that of a
commercial lead apron, which normally provides the weight of 3.25 kg for 0.25 mm Pb

and 4.95 kg, for 0.50 mm Pb.

Figure 2.13 The manufactured fiber for radiation dose reduction.

Pulford et al. [54] produced the alternative X-ray shielding textile instead of
lead by fabrication of three different samples; Sample A coated with BaSO4, Sample B
with Bi;Os, and Sample C with Na,WO,. These samples have sandwiched a layer of
chemically impregnated film between the textile substrate and an outer protective

layer, demonstrated in Table 2.6.
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Table 2.6 The composite of sample for coating on the textiles.

Layers Sample A Sample B Sample C
1 Protective textile Protective textile Protective textile
) BaSQO, film Bi,O5 film Na, WO, film
(70 %w/w) (70 %w/w) (70 %w/w)
3 85% polyolefin 85% polyolefin 85% polyolefin
+ 15 % viscose + 15 % viscose + 15 % viscose
Thickness (mm) 1.9 1.8 1.8

The results indicated that Sample A contains the BaSO4 provided the radiation
highest attenuation efficiency of 52.54 % when exposed at an X-ray tube voltage of

60-100 kVp as shown in Table 2.7.

Table 2.7 The radiation attenuation ratio of Sample A when exposed with 60-100
kVp.

X-ray tube voltage 60 70 80 90 100
(kVp)
% RAR 52.54 49.41 42.57 21.44 4.75

Jiang et al. [55] produced a novel BaSO4/cellulose nanocomposite membrane
(BSCM) by incorporating the nano BaSO4 (5-20%) and prepared in 0.3 mm thickness for
X-ray shielding purposes. At the X-ray tube voltage of 50kV, the results demonstrated
highest radiation attenuation ratio is 81.70 % when mixed with 20% BaSO,. The
nanocomposite membrane could be used as X-ray radiation shielding materials or filler

membranes, providing the benefits of low toxicity and less expensive.

CM BSCM05 BSCMI10 BSCMI15 BSCM20
Figure 2.14 The X-ray images of specimens under 50 kV when combining BaSO, at

concentration of 0% (CM), 5% (BSCMO05), 10% (BSCM10), 15% (BSCM15),

and 20% (BSCM20).
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Table 2.8 The radiation attenuation ratio of BaSOg/cellulose nanocomposite

membrane varying with BaSO,4 concentration.

Sample BSCMO5 BSCM10 BSCM15 BSCM20
% RAR 3.51 44.79 67.62 81.70

Kalkornsurapranee et al. [56] prepared and developed the natural rubber
composite with BaCOs, Bi,Os, and BaSO4 to be used as X-ray shielding material.
For the BaSO, composite, the natural rubber was vulcanized with sulfur to increase
the mechanical properties and then combined with 57.80 %w/w BaSOj, at the thickness
of 13 mm. The composites were irradiated with X-ray at 120 kV to study the radiation
attenuation. The X-ray shielding performance of the material is equivalent to 0.5 mm

Pb, which represented the advantages of being flexible, light, safe, and eco-friendly.

Figure 2.15 The natural rubber combined with metal oxide for radiation shielding.

Kim et al. [57] developed the clothing for shielding aviation crew members
from natural radiation of air travel. A tungsten double-layered composite yarn and a
polyethylene terephthalate (PET) fiber fabric containing BaSO4 was selected in this
study. Then, the prototypes of a protective scarf (thyroid gland shielding) and apron
(torso shielding) for flight attendants were invented. The shielding performances of the
tungsten composite and PET fiber fabrics containing BaSO4 were 0.018 Pb and 0.03 mm
Pb, respectively. The results were illustrated the low-dose reduction that may be

useful in preventing the aviation crew members from scattered rays. The radiation
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shielding clothing tends to be used in aviation, medical, and other industries, especially

in low-dose intervention.

A B

Barium sulfate fabric £
x £
\ X
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Figure 2.16 Prototype of radiation shield clothing: (A) scarf made from PET containing

BaSO,4 and (B) inset produced from PET incorporation with BaSQO.

From the above applications, even though the BaSO, can be used for X-ray
shielding purposes, it still provides a high particle aggregation because of low miscibility
causing worst-distribute in the material. This problem affects the reproducibility for
mass production when producing the shielding material in large amounts of shielding
material with pure BaSOq. Moreover, the BaSO4 packing in bulk particles tends to
increase the space in the material that is inclined to reduce shielding performance
because the radiation can penetrate to the holes compared to the well disperse

material. [18], [19]

2.12 Cellulose

Cellulose is a biopolymer with high mechanical properties. Cellulose has the
benefit of environment-friendly, biodegradable polymer, and renewable sources.
Cellulose molecule composes of B-1, 4-D-linked glucose chains. The intra-chain and
inter-molecule linked with hydrogen bonds play a significant role in enhancing
conformation and mechanical properties. [21], [22], [23] The cellulose chains are
grouped into fibrils by hydrogen bonds, packed into larger microfibrils, and aligned in

different directions. [24] Generally, the microfibrils consist of two main parts; the
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crystalline cellulose is in respect to the high ordered region, and the amorphous
cellulose has a mainly disordered position. The crystalline chain has a hydroxy group
orderly on the region showing the chemical resistance, while the amorphous cellulose
has a hydroxy group aligned disordered in the domain chain. Most of the reactants are
highly reactive with the amorphous domain, compared to the crystalline domain. This

benefit leads the amorphous cellulose to employ for many purposes. [25], [26]
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Figure 2.17 The fibril of cellulose chain grouped by hydrogen bond.

2.12.1 Amorphous cellulose

The amorphous cellulose has been applied in various applications.
For example, the study of behavior in nanocrystalline domains [25], protein purification
[27], and enzyme screening incorporated displaying materials. [28], [29], [30] The
amorphous cellulose can prepare in many methods, for example, cellulose ball-
milling, deacetylation of cellulose acetate under nonaqueous alkaline conditions,
dissolving natural cellulose in an amine/inorganic salt solvent, associated with
regenerate using organic solvents, such as methanol, ethanol, and acetone. [31], [32]
However, these methods are complicated and require several chemical substances

and solvents to achieve amorphous products.

2.12.2 Cellulose from waste paper
Cellulose from recycled material is an interesting approach to reduce

detrimental the ecology system. It is usually underutilized and finally achieves burning
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or slow biodegradation. [33] The recycling of waste paper in one ton can preserve
approximately 17 trees and 7000 gallons of water, providing the advantage of
environmental and economic. [34] The cellulose nanocrystal (CNC) is also isolated
from waste paper using an alkali solution and following with acid hydrolysis. [58] The
CNC was separated from residues of waste paper by employing sulfuric acid hydrolysis
and assisted with the sonication process of the raw materials to achieve a fine powder
with high properties for applying in other processes and techniques. This process can
remove lignin and hemicellulose. [59] The waste paper was also converted into
cellulose films according to rapid dissolution in pre-cooled H,SO, aqueous solution by
studying two types of waste paper; office paper and cardboard. The dissolution of
waste cardboard was relatively slower than that of office waste paper and observed
the several tiny undissolved pieces of cardboard due to the high lignin content. The
CNC tends to prepare on a large scale by using sulfuric acid. [60] Besides, the office
waste paper was utilized for CNC production by acid hydrolysis, providing the greatest
crystallinity when using 59% sulfuric acid. Then, the CNC film was fabricated by
convolution nanofibers to the transparent specimen with orientated nanofibers. After
that, the CNC prepared from 65 % sulfuric acid was coated on PET sheets, which
present the advantages of better water vapor barrier property and illustrate the
transparency of PET that useful for applying when coating in packaging materials. [61]
Some researchers presented that waste paper can produce CNC by extracting from
waste paper, and used CNC as the organic filler to reinforce polyurethane elastomer
in thermal properties by preparing from the in situ process in solvent N, N-
dimethylformamide solution. The polyurethane nanocomposite with CNC of 2 9%wt
had provided better comprehensive properties with less water absorption, which made
it appealing in load-bearing and outdoor applications. [62]

Thailand employed office waste paper approximately 2 million tons and

increasing by 15% per year. [35] In terms of environmental aspects, office waste paper
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is wealth for recycling to reduce polluted the earth ecology. However, the maximum
ratio for recycling paper is approximately 65 %, causing produced disposal in large
quantities when manufacturing in high production.

Besides, the higher cost of produced paper from recycled pulp and disposal of
waste fibers is inappropriate for use. Therefore, it is necessary to find alternative
options to recycle waste paper. Several attempts have been considered in a new
approach to utilizing waste paper in terms of eco-friendly. The office waste paper
provided a source of cellulose that can be applied in many applications. [36], [37]
2.13 Natural rubber

Natural rubber (NR) is normally utilized for many purposes due to its being eco-
friendly, cost-effective, and plenty in Thailand. Generally, natural rubber is necessary
to improve the mechanical properties before use. The vulcanization is employed to
increase their quality, consisting of sulfur vulcanization and radiation vulcanization. The
radiation vulcanization is free from undesired side reaction effects from high-
temperature preparation compared to sulfur vulcanization. Besides, the radiation
vulcanization is safe from chemical residue that is proper to use for direct skin
application. [38]

2.13.1 Property of natural rubber

The NR is a biopolymer extracted from a tropical plant in which cis-1,4-
polyisoprene molecule. The natural rubber presents an amorphous composing solid
contained shown in Table 2.9. The NR has a pH of 6.5-7.0 and a density of 0.98 g/cm”.
The rubber particle sizes varied from 0.15 to 0.3 mm and molecular weight distribution

10°-10" g¢/mol, depending on clone, weather, tapping frequency, and other factors.
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Table 2.9 Compositions of the total solids content in natural rubber.

Composition Percent by weight
cis-1,4-polyisoprene >90

Acetone soluble 2.5-45

Nitrogen 0.3-0.5

Ash 0.2-0.4

The average rubber content of fresh NR is in the range of 30 to 45%. In general,
the fresh NR can not be utilized directly due to it contains high water and susceptibility
to bacterial attack. Therefore, it is necessary to concentrate the NR up to 60% and add
the preservative to increase the stability before using it. The most common for
increasing NR concentration is achieved by centrifugation, creaming, or by evaporation.
In addition, ammonia is normally applied to preserve latex from bacterial attack, which

generally used the High ammonia (HA) latex containing 0.7% ammonia in the latex.

[63]
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Figure 2.18 Chemical structure of natural rubber (cis-1,4 polyisoprene).

The NR is renewable and does not contribute to global warming due to it
initiating from carbon. If the end of its life, it decomposes to carbon dioxide, which no
increase in gas. Moreover, NR is elasticity, which becomes an essential material for
many applications. [64]

2.13.2 Vulcanization of natural rubber

Vulcanization is the process of converting natural rubber to crosslink polymer

into more durable by curing process. The crosslinked rubber has improved mechanical
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properties compared to unvulcanized rubber. In general, the process of rubber
vulcanization is sulfur vulcanization natural (SVNR) and radiation vulcanization natural

rubber (RVNR).

1) Sulfur vulcanization natural rubber (SVNR)

The SVNR is a process in which rubber is heated to induce a chemical reaction
to form a three-dimensional network that imparts resilience and strength properties.
The most common vulcanization agent is sulfur. It forms bridges between individual
polymer molecules when heated with rubber. Ordinarily, a catalyst and initiator are
added to accelerate the vulcanization process. Sulfur is generally used to crosslink NR
because it consists of polyisoprene, which has many double bonds in its molecular

chains and will be reacted with sulfur to form a network. [65]

Figure 2.19 The sulfur vulcanization natural rubber (SVNR).

2) Radiation vulcanization natural rubber (RVNR) [38], [39]

In general, vulcanization to improve mechanical properties is utilizing sulfur or
peroxide. However, these methods are necessary for the high temperature (150-180
°C), which cannot control the side effect of the reaction and provided the residue
chemical. The RVNR advantages are presented in nitrosamines-free, SO, low emission,
and degradable environment. The RVNR does not contain dithiocarbamates, sulfur, or

zinc oxide. Therefore, the RVNR can overcome the drawbacks of chemical
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vulcanization, for example, pollution, energy consumption, and time consuming. The

mechanism of RVNR is demonstrated in Figure 2.20. [66]

Primary Process

P (Polymer) —www—s P+ € (1) lonization
A p* (2) Excitation
=3 e &4 (3) Themnal stabilization of the electron
Prrey —» P (4) Neutralization
P’ EE— Ri + R (5) Radical formation
Ra* + Ry (6) Radical formation
Secondary Process
R+ B —* R-R (7) Crosslinking
R @—* R+ Rz (8) Degradation
R+ P — RH + R (9) Hydrogen abstraction
Re+ 0 — —* ROy (10) Oxidation
RO;* —_— C=0, OH, COOH (11) Degradation
R+ M ————* Rh* (12) Initiation of graft polymerization
RMe+ nht ———* Rivip® (13) Propaegation of eraft polymerization

Figure 2.20 The mechanism of radiation vulcanization of natural rubber.

The RVNR can prepare in two types; mixing NR with sensitizer and then

irradiating with gamma rays. The RVNR can be used for the manufacture of NR products

by the conventional coagulant dipping process. The first progress was achieved by

using the non-toxic sensitizer is n-butyl acrylate (n-BA) which plays a role in decrease

the irradiation dose for vulcanization up to 15 kGy using 5 phr of n-BA. The properties

of obtained RVNR can describe as follow.
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1) Mechanical property

The mechanical property of RVNR depends on the origin of the latex. The
processing factors such as leaching and drying also affect the qualities of the products.
Tensile strength increased when drying in heat and leaching of the latex film because
of better fusion of the rubber particles.

2) Nitrasamine free

Dithiocarbamates are used as accelerators for sulfur vulcanization, which

may react with airborne nitrogen oxides to become nitrosamines. Nitrosamine is a
carcinogen substance that not detect or found in low levels in the RVNR, which was
notably below the allowable levels. The absence of dithiocarbamates in RVNR
provided an advantage compared to SVNR due to the zinc dithiocarbamate residues
can cause cell damage. Besides, commercial catheters, gloves, and RVNR latex films
were tested for cell toxicity because the cytotoxicity related mainly to the content of
dialkyl dithiocarbamate in the SVNR. The cytotoxicities of RVNR latex films were very
low and decreased with increasing leaching time with an aqueous KOH solution at
room temperature. It means that substances of low toxicity exist in RVNR latex films
but can be removed by leaching. The very low cytotoxicity will be favorable for the
biodegradation of RVNR products.

3) Low emission of SO,

The results of the combustion test on RVNR and conventional sulfur
vulcanized latex gloves are shown in Table 2.10. There was no detectable SO, from

the RVNR while observing 19 mg/g of SO, in the conventional SVNR.



Table 2.10 The combustion analysis of gases composition.

Gases composition (mg/g) RVNR SVNR
SO, >1.0 19.0
HCL >0.05 0.27
HCN 0.014 0.015
CcO >0.5 330
Ashes (%wt) 0.5 2.2

3) Degradability

aq

According to the fabrication of RVNR, C-C bond crosslink structures are formed.

While the SVNR, C-S-C, C-S-S-C, and C-S,-C bonds are formed, depending on the

utilization of the accelerator system. In addition, the C-C bonds have more powerful

bond energies than C-S bonds, resulting in the temperature stability of an RVNR latex

film is superior to that of sulfur vulcanization. However, under an oxidative

atmosphere, the aging properties of the RVNR became very poor after leaching with

ammonia solution compared to the SVNR as shown in Figure 2.21. The absence of

dithiocarbamates plays a role in strong antioxidants in RVNR to affect improving the

aging properties, for example, tris(nominated phenyl) phosphite (TNPP) and 2,5- dessert

amylhydroquinone (DAHQ).
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Figure 2.21 Effect of leaching on aging properties of radiation vulcanization (RV)

and sulfur vulcanization (SV).

4) Application of RVNR

From all the above advantages of RVNR, it could be concluded that the RVNR
is non-toxic and eco-friendly compared to SVNR. Besides, the RVNR would be
economically acceptable to the latex industry when supplied on a large scale. The

potential application for RVNR is demonstrated in Table 2.11.

Table 2.11 The potential application field of RVNR.

Advantages Applications

Absence of nitrosamine Teats, Balloons, Gloves

Very low cytotoxicity Catheters, Medical tubing, Household gloves
Low emission of SO, AWl medical/surgical products

Degradability Toy balloons, Advertising balloons




CHAPTER 3

EXPERIMENTAL SECTION

3.1 Chemicals and materials
1. Office waste paper
2. Eucalyptus pulp, Siam Cement Group Public Co., Ltd.
3. Sulfuric acid (H,SO,4, 98% w/w), Merck, Ltd.
4. High-ammonia natural rubber latex (60% dry rubber contents), Chemical

and Materials Co., Ltd.

5. Barium chloride (BaCl,, 99%), Gammaco Co., Ltd.

6. Barium sulphate (BaSOy, 99%), Gammaco Co., Ltd.

7. Potassium hydroxide (KOH, 99%), Gamsmaco Co., Ltd.

8. Ammonium solution (NHs, 27%), Gammaco Co., Ltd.

9. Normal butyl acrylate (n-BA), Miracle Chemical Industry Co., Ltd.

10. Sodium hydroxide (NaOH), Krungthepchemi Co., Ltd.

11. Hydrogen peroxide (H,O,, 30%), Krungthepchemi Co., Ltd.

12. Sodium metasilicate (Na,SiOs), Krungthepchemi Co., Ltd.

13. Nonylphenol ethoxylate (NP-9) Krungthepchemi Co., Ltd.

14. Linear alkylbenzene sulfonate (LAS 24), Krungthepchemi Co., Ltd.
3.2 Instruments

1. Scanning Electron Microscope with Energy Dispersive X-ray Fluorescence
(SEM/EDX) , TESCAN VEGA 3

2. X-Ray Diffractometer (XRD), Bruker D2 PHASER

3. Fourier transform infrared spectroscopy (FT-IR), Thermo Scientific
Nicolet iS5

4. Gammacell 220 excel, Nordion
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5. X-ray Generator, YXLON MGC41

6. Sputter coater, Ouorum Q150R ES

7. Homogenizer, IKA T25

8. Oven, BINDER FP 115

9. Electronic balance, METTLER TOLEDO MS204TS

10. Ultrasonic cleaner, CREST CP1000D

11. Centrifugal, OHAU FRONTIER 5706

12. Thickness gauge, Mitutoyo ID-C112EBS
3.3 Regeneration of cellulose pulp from office waste papers

Office waste paper (100 ¢) was cut into small pieces and soaked for 3 h with
1000 ml deink agents: NaOH (99 %, 450 ¢), H,O, (30 %v/v, 300 ml), NaSiO5 (99 %, 150
g), LAS (249%, 188.5 ml), and NP-9 (45 ml). Then, the mixer was agitated at 1,000 rpm
for 2 h to defibrate, including deink the pulp from the waste paper. The defibrated
waste paper was washed with water several times until the pH of the filtrate was
neutral to obtain the cellulose pulp; subsequently, dried in an oven at 100 °C for 3 h.

[61]

120 °C
3h

Office waste paper Office waste paper Cellulose pulp

Figure 3.1 Defiber and deink of cellulose pulp from office waste papers.

3.4 Preparation of amorphous cellulose
The cellulose pulp from office waste paper (10 g) was dissolved in ice-cold
H,SO4 (60% v/v, 150 ml) by controlling the temperature at 0 °C throughout the process

to obtain a high yield of amorphous cellulose. The cellulose fiber was slowly
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transformed into the gel of the amorphous region. The final product was illustrated
the fibrous residue in the gel and required to remove using centrifugal at 3,000 rpm
for 15 min. The clear gel of amorphous cellulose was separated, but it still observed

ink residues in the product.

60% H,SOq
0°C

Centrifuge

3,000 rom

Cellulose pulp AC-W with fibrous residue AC-W

Figure 3.2 Fabrication of amorphous cellulose using iced-cold sulfuric acid.

3.5 Fabrication of BaSOs/amorphous cellulose

The barium chloride solution (60 g, 800 ml) was vigorously stirred under 20,000
rom using a homogenizer and slowly injected amorphous into the solution. The
BaSOy/amorphous cellulose (Ba/AC) occurred with a white suspension of Ba/AC

particles. The product was washed with water several times until the pH is neutral.

BaCl, (aq) Wat
a ~er
20,000 rpm pH=7
AC-W Ba/AC-W Ba/AC-W

Figure 3.3 Regeneration of amorphous cellulose using barium sulphate chloride

solution to produce Ba/AC.
3.6 Preparation of BaSO,/amorphous cellulose from eucalyptus pulp
The Ba/AC was produced from eucalyptus pulp according to the procedure of

office waste paper as described in the preparation of amorphous cellulose, including
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Ba/AC. The eucalyptus pulp (10 g) was dissolved using ice-cold H,SO, and maintained
the temperature at 0 °C until acquiring the clear gel solution. The Ba/AC was
regenerated using barium chloride solution (60 g, 800 ml) by stirring the solution at
20,000 rpm, and then inject the amorphous gel into the solution during agitation. The

Ba/AC occurred in a white suspension product, the process shown in Figure 3.4.

60% H,SO4
0°C

Eucalyptus pulp AC-E

Ba/AC-E Ba/AC-E

BaCl; (ag)| 20,000 rpm

Water
pH =7

Figure 3.4 Fabrication of Ba/AC from eucalyptus pulp.

The BaSO,4 concentration was determined using the deference of decomposed
temperature between cellulose at 400 °C [67] and barium sulphate at 1580 °C. [68]
The Ba/AC was weighted (0.1 g) using four digits electronic balance. The samples were
dried using electronic oven (120 °C, 3 h) and then ignited (500 °C) using the furnace
to decompose the cellulose and then recorded the weight after ignition. The BaSOy

concentration was calculated using the equation as follows.
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Wb - Wa
%BaS0, = ——2 x100
Wh
(3.1)
where;
W, = the weight of Ba/AC before ignition
Wi = the weight of Ba/AC after ignition

3.7 Study of gamma dose for radiation vulcanized natural rubber

NH- solution (1% v/v, 20 ml) was added into 100 ¢ of high ammonia natural
rubber latex (HA Latex) and stirred using a blender for 15 min. KOH (10%, 0.25 ml) was
dropped into the solution, and further agitated for 15 min. Then, mixed with n-BA
(5 ml) and stirred for another 1 h. The mixed HA Latex was exposed using ®°Co gamma
radiation (Nordion Model: Gammacell 220 excel) at the dose 10, 15, 20, 25, and 30 kGy
under a dose rate of 0.52 Gy/s. After that, the suitable irradiation dose was estimated
from swelling ratio and crosslink density following the ASTM D471-06 testing method.
The swelling ratio was tested by cutting in 2x2 cm and weighed for 1 ¢ using four digits
electronic balance (three repeats for each sample), including immersed in toluene for
24 h. The soaked specimens were recorded the weighed and calculated according to

equation 3.1. [69], [70]

Wy —Wi  Pr

Swelling ratio = —— X —x 100
W1 Ps
(3.2)
where;
Wi = the sample weight before immersion with the toluene
W, = the sample weight after immersion with the toluene
Ps = the density of RVNR

o} = the density of toluene
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The crosslink density was tested by immersion the samples in toluene for
72 h or three days to achieve the equilibrium swelling state. The crosslink density was

calculated using the Flory-Rehner equation.

1In(1 = V,) + V. + xVZ
n= - T v
VS (Vr3 - 71')

(3.3)

The V, is the molar volume of toluene (106.1 cm>/mol), ¥ is the parameter of
interaction (0.393 for NR-toluene system), V, is the volume fraction of RVNR, which was

determined using equation 3.3.

(3.4)
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NR with dosimeters NR in container
Gamma irradiation

NR sheets RVNR Gamma irradiator

Figure 3.5 Preparing the RVNR using Gamma ®°Co Irradiation.

3.8 Formulation of BaSO4/amorphous cellulose/natural rubber

The ratio between Ba/AC and RVNR was studied for casting the testing sheet.
The Ba/AC was added into RVNR by varying the concentration with 50, 55, 60, 65, and
70 %w/w and formulated by pouring on the glass square mold, including left to dry
2-3 days. The samples were immersed with water for 8 h to remove all remaining
chemical agents, then dried with the electronic oven at the temperature of 80 °C for
3 h. The completed BaSO4/amorphous cellulose/natural rubber sheet was selected as
a suitable ratio for preparing the BaSO4/amorphous cellulose/natural rubber for further
X-ray shielding study.

The RVNR was combined individually with Ba/AC (NR-W) at the ratio of 40, 50,
and 60 %w/w. The Ba/AC produced from the eucalyptus pulp (NR-E), and BaSO,

powder (NR-P) was fabricated to compare with the conventional method. The NR-E

represents the purified Ba/AC material and traditional material of X-ray shielding. The
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homogeneity particle distribution can vividly observe by adding 5 %w/w of the
pigment, which is green (NR-W), pink (NR-E), and yellow (NR-P). The dyes are specified
for the natural rubber and do not affect the shielding sheet's properties. The

composites for each sample indicate in Table 3.1.

Table 3.1 The sample code of X-ray shielding filler incorporated with RVNR.

Sample Concentration of composites incorporated with RVNR
NR-W40 40% w/w Ba/AC (office waste paper)

NR-W50 50% w/w Ba/AC (office waste paper)

NR-W60 60% w/w Ba/AC (office waste paper)

NR-E40 40% w/w Ba/AC (eucalyptus pulp)

NR-E50 50% w/w Ba/AC (eucalyptus pulp)

NR-E60 60% w/w Ba/AC (eucalyptus pulp)

NR-P40 40% w/w BaSO, powder

NR-P50 50% w/w BaSO, powder

NR-P60 60% w/w BaSO4 powder

3.9 Characterization techniques

3.9.1 Scanning electron microscope

The morphology of Ba/AC was investicated using a scanning electron
microscope. The ultrasonic bath was utilized to disperse the samples, dropped directly
onto the aluminum stub, and dried at room temperature. Then, the microparticles of
composites were coated with gold to obtain a surface thickness of 10 nm using a
sputter coater for 30 s (20 kV of power voltage, 23 mA of current. The images and
particle sizes were observed using an accelerating voltage of 10 kV with a secondary
electron detector and TESCAN software. The NR specimens were prepared by cut into
small pieces, attached to the aluminum stub, and then coated with the gold using

sputter coater before study with SEM/EDX.
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3.9.2 X-ray diffractometer

The X-ray diffractometer was utilized to collect the XRD spectra of samples.
The cellulose pulp from office waste paper, eucalyptus pulp, including amorphous
cellulose from the office waste paper (AC-W), and eucalyptus pulp (AC-E) were
prepared for investigation. The Ba/AC substrates fabricated from the office waste paper
(Ba-W) and eucalyptus pulp (Ba-E) were identified and compared to the BaSO, standard
for confirming the fingerprint of produced substances. The X-ray diffraction patterns
were collected with a scanning rate of 0.06 deg/ min, using Cu Ka irradiation (0.154 nm,

30 kV, 10 mA).

3.9.3 Attenuated total reflectance Fourier transform infrared
spectroscopy

The eucalyptus pulp, office waste papers, and their products were analyzed
the functional groups using infrared spectroscopy. The cumulative scans were obtained
in the frequency of 4000 cm™ to 500 cm™ with a resolution of 4 cm™.
3.10 Investigation of X-ray attenuation property

The attenuation property was studied at the Secondary Standard Dosimetry
Laboratory (SSDL). The NR-W and NR-E were cut into 10 cm x10 cm and placed
between the X-ray tube and ionization chamber. The samples were irradiated using
the X-ray generators (YXLON Model: MGC41) at the dose of 30, 40, and 60 kV by
complying with the N-series of I1SO 4037-1 [71], as shown in Table 3.2. The equipment
has arranged concerning the settled condition to 2 mA in tube current and 60 sec of
shooting time. The X-ray tube has maintained the distance to the ionizing detector is

100 cm, as demonstrated in Figures 3.6 and 3.7.
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Table 3.2 The characteristics of narrow-spectrum series (N-series) for X-ray irradiation.

Tube Mean Recommended
Resolution Additional
Code potential energy inherent
(%) filtration
(kV) (keV) filtration
N-30 30 24.6 32 1 mm Be 4.00 mm Al
N-40 40 333 30 4 mm Al 0.21 mm Cu
N-60 60 47.9 26 4 mm Al 0.60 mm Cu
Additional

Beam shaping filters

diaphram l/ Sample

77

)

X-ray tube lonization chamber

Figure 3.6 Schematic of X-ray attenuation study.

NR sheets X-ray generator (SSDL) Control room

Figure 3.7 The samples were exposed using the X-ray generator from SSDL.
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3.11 Prototype for x-ray protection products

The Ba/AC produced from the eucalyptus pulp and office waste paper were
fabricated utilizing the BaCl, solution (120 g, 800 ml). The Ba/AC was incorporated with
RVNR at the concentration of 40, 50, and 60 %w/w to obtain the sheets of
BaSOy/amorphous cellulose/natural rubber. The shielding samples were exposed with
the X-ray generator at the tube voltage of 60, 80, and 100 kV. The comparative of the
linear attenuation coefficients between the lead sheet (0.3 mm Pb) and the samples
was calculated to achieve the thickness for the shielding prototype with equivalency
to 0.25 mm Pb. Subsequently, the X-ray shielding sheets were formulated at the
required thickness. The Ba/AC produced from eucalyptus pulp was selected for
preparing the X-ray shielding lab coat, while the X-ray protective materials were
prepared from the office waste paper. The required thickness for preparing the
prototypes could be calculated according to the correlation from equation 2.6, which

was expressed as follows;

[ = Ioe_ux

The experiment was utilized the lead sheet at 0.3 mm thick of Pb to expose
with 60 kV. Therefore, the linear attenuation coefficient of 0.3 mm Pb (4.034 mm™)
and the desired thickness (0.25 mm) were replaced in the equation to calculate the

/o

/1, = e—(4.034 mm~1)(0.25 mm)

[/l = 0.3648
Subsequently, the I/l was substituted for equation 2.6, including the added
linear attenuation coefficient of the sample that irradiated at 60 kV for calculating the
required thickness.
0.3648 = e~(0:093mm™)(9

X = 6.93 mm
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In summary, to prepare the sample equivalent to 0.25 mm of lead at 60 kV,

it was necessary to fabricate the X-ray shielding at the thickness of 6.93 mm.

3.12 Physical property of X-ray protection products

The X-ray shielding sheets were prepared, which were eucalyptus pulp for
a lab coat and office waste paper for X-ray protective materials. The physical properties
of samples were studied, comprising density, tensile strength, and elongation at break.
The density was determined according to the ASTM D792, while the tensile strength

and elongation at break were tested following the ISO 37 (Type 1).
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Preparation of amorphous cellulose
The office waste paper was defibered and deinked to obtain the cellulose pulp,

which provided a production yield of 54.56 & 4.07 %w/w. The morphology of recycled

pulp was compared with the eucalyptus pulp as a purified substance, as shown in

Figure 4.1.

Figure 4.1 The SEM images of (A) cellulose pulp from office waste paper
and (B) eucalyptus pulp.

The amorphous cellulose was prepared using ice-cold sulfuric acid to dissolve
the fibrils and transform the order structure in the crystalline chain to the disorder

arrangement. The transformation of order structure to disorder structure slowly
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occurred in mild condition without destroying the crystalline chain, compared to utilize
the high temperature. As a result, almost the crystalline part was converted to the

amorphous form, as presented in Figure 4.2 and Figure 4.3.

0°C
Cellulose pulp + 60%H;S0s ———> amorphous cellulose (4.1)

,,,,,,, — Sulfuric acid

Acid dissolution
(60%, 0 °C)

—— Cellulose e H,0 @ H,S0,

.,,Z';f‘""&n_x M'E:ﬁx,‘;;%é; .
Crystalline region ,J.?-Jr& }(‘\:%'t;\ ENg
,%\,_z(:ﬂr%ﬁm 35;;4
Amorphous region 'ﬁj ;

Figure 4.2 Schematic for preparation of amorphous cellulose

using ice-cold sulfuric acid.
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Figure 4.3 The SEM images of amorphous cellulose illustrate the submicron scale of

particles; (A) AC-E and (B) AC-W.

The X-ray diffractograms demonstrated cellulose pulps completely converted
to amorphous cellulose. The XRD patterns of cellulose pulps were indicated at the
peak of 15° and 23° in Figure 4.4 (A). While the broad spectrum of the amorphous

form in Figure 4.4 (B) occurred following the Ciolacu et al. studied. [25]

5 S5
8 Office waste paper 9
2 o
= —
c c
QO [}
c Eucalyptus pulp | £

Wiy ape

10 20 30 40 10 20 30 40 50 60

20 (degree) 20 (degree)

Figure 4.4 The XRD spectra; (A) cellulose pulp, (B) amorphous cellulose.



61

Figure 4.5 and Figure 4.6 show the ATR-FTIR spectra of the cellulose pulps
and amorphous cellulose. The amorphous structure can confirm by the band shift
from 2900 cm, which represented the C-H stretching vibration at the wavenumber in
the high region. The absorption bands on the 1500-899 cm™ are strongly reduced the
C-O-C stretching at B-(1-4) glycosidic linkage and increased in the intensity of the CH,

absorption band at 898 cm™ which represents the amorphous absorption band.

(a) office waste paper

(b) eucalyptus pulp

Transmittance (a.u.)

C-O

T T T T T T U T T T T T '
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1)

Figure 4.5 The ATR-FTIR spectra of cellulose pulp from: (a) office waste paper, and
(b) eucalyptus pulp.
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Transmittance (a.u.)
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4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1)

Figure 4.6 The ATR-FTIR spectra; (a) cellulose pulp from office waste paper,
(b) eucalyptus pulp, (c) AC-W, and (d) AC-E.

4.2 Fabrication of BaSOz/amorphous cellulose composite

The Ba/AC composite was produced from the in-situ regeneration by injecting
the amorphous cellulose during the vigorous agitation of the BaCl, solution, resulting
in the SO, in H,SO, will be exchanged the ionic groups between the SO,* and Cl,
Then, the white suspension product was occurred in the sub-micro scale, as shown in

Figure 4.7 and Figure 4.8.

20,000 rpm
BaCly(ag) + amorphous cellulose S inssitu BaSO4/amorphous cellulose  (2)
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Sulfuric acid M BaCl, + H,0
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Acid dissolution el e o . ©
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Figure 4.7 Schematic for preparation of Ba/AC by in situ regeneration of amorphous

cellulose using BaCl, solution.

28 am

Figure 4.8 The SEM images of Ba/AC demonstrate the submicron scale of particles;

(A) Ba-E and (B) Ba-W.
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Figure 4.9 shows the XRD data of Ba/AC composite produced from AC-W and
AC-E compared to the BaSO, standard. The results demonstrated the structure of

Ba/AC-W and Ba/AC-E parallel with the BaSO, standard.

(a) BaSOy

i

(b) Ba/AC-W

Transimittance (a.u.)

(c) Ba/AC-E

10 20 30 40 50
20 (degree)

Figure 4.9 The XRD spectra Ba/AC composites compared to the BaSO, standard.

The ATR-FTIR spectra were carried out to investigate the functional groups
present in samples. The spectra of Ba/AC composites were illustrated the disappear
peak of OH stretching (333.6 cm™) and CH stretching (2897.6 cm™), while the peaks
were shown SO,* symmetrical vibration (983.5 cm™) and SO4* out-of-plane bending

vibration (638.3 and 605.1 cm™).
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(a) Ba/AC-W
= SO*
c o\ I\
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S | (b) Ba/AC-E
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Figure 4.10 The ATR-FTIR of the Ba/AC-W compared with the Ba/AC-E

As observed in the characterization of purified pulp (eucalyptus pulp) and
recycled pulp (office waste paper), it should be noted that there are no significant
differences in terms of morphology, particle sizes, crystal structure, and functional
groups. Besides, the BaSO,4 concentration in Ba/AC showed a similar concentration of
10.98 %w/w (Ba/AC-W) and 9.66 %w/w (Ba/AC-E). Consequently, the Ba/AC-W may be

provided equality properties with the Ba/AC-E for utilizing in many applications.

4.3 Preparation of radiation vulcanized natural rubber latex

The swelling ratio and crosslink density were utilized to study the suitable
irradiation dose for RVNR preparation. The cured natural rubber was exposed to gamma
radiation at the dose of 10, 15, 20, 25, and 30 kGy. The results indicated that the
swelling ratio decreased when increasing the irradiation dose, while crosslink density

showed the opposite behavior.
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The swelling ratio and crosslink density on gamma radiation could be described
by the gamma-ray energy transferred to the natural rubber molecules, causing the
natural rubber free radicals. Afterward, the free radicals will recombine to form the
crosslink networks. [67] The swelling ratio was expressed as the dose level that the
natural rubber was expanded until equilibrium, while the crosslink density shown the
amounts of the crosslinked network in the natural rubber. It could be indicated that
the dose of 20 kGy, which obtained the lowest swelling ratio and high crosslink is

proper for preparing the RVNR.

10 __0.10
A = B
(8]
8 = 0.08-
o
g }
86{ e _ > 0.06 %'—}/ \%/}
£ — S
= 44 2 0.04-
& £
2+ % 0.021
1]
e
04— . . : . © 0.00+— . . ; .
10 15 20 25 30 10 15 20 25 30
Gamma irradiation dose (kGy) Gamma irradiation dose (kGy)

Figure 4.11 The relationship between gamma radiation dose (kGy) and RVNR
properties; (A) swelling ratio, (B) crosslink density.

4.4 Fabrication of BaSOy,/amorphous cellulose/natural rubber
The highest filler loading that does not deteriorate the material was studied by
incorporated the Ba/AC with concentrations at 50, 55, 60, 65, and 70 %w/w. It could be

observed that the samples contained with filler loading of 65 and 70 %w/w provided the
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deterioration of the rubber sheet, as shown in Figure 4.12. Consequently, the ratio of filler

lower than 65 %w/w was selected for further study.

Figure 4.12 The Ba/AC concentration for fabrication of shielding sheet (a) 50 %w/w,
(b) 55 %w/w, (c) 60 %w/w), (d) 65 %w/w), and (e) 70 %w/w.

The Ba/AC composites were combined with RVNR at the ratio of 40%, 50%, and
60 %w/w, comparing with BaSO4 powder as the traditional material. It could be
observed that the materials sheets of NR-W, NR-E, and NR-P provided well-distribute

of particles without deterioration expressed in the material is shown in Figure 4.13.
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Figure 4.13 The RVNR sheets for shielding test; (A) RVNR without filler, and RVNR
incorporated with fillers (B-D).

Figure 4.14 to Figure 4.17 show the BaSO, particle distribution of NR-W60, NR-
E60, and NR-P60. The SEM images illustrated the white suspended particle of Ba/AC
providing thorough distribution into the natural rubber. The Ba/AC plays a role in
decreasing the agglomeration in the materials. The BaSO, powder demonstrated the
aggregation of the particles, leading the several holes inside the natural rubber. Due
to the BaSOy is low miscibility when combining in high amounts that tend to collect in
large molecules, causing dispersion problems. [18], [71], [19] The amorphous cellulose
surrounded with the BaSO, plays a significant role in dispersing the particle, including

prevented the BaSO, gather in a large molecule.



Figure 4.14 SEM/EDX results of RVNR without filler; (A) SEM image, and (B) EDX

spectrum.
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Figure 4.15 SEM/EDX results of NR-W; (A) SEM image, and (B) EDX spectrum.
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Figure 4.16 SEM/EDX results of NR-E; (A) SEM image, and (B) EDX spectrum.
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Figure 4.17 SEM/EDX results of NR-P; (A) SEM image, and (B) EDX spectrum.
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4.5 Investigation of X-ray attenuation property
The NR-W, NR-E, and NR-P have been carried out the X-ray attenuation study
by varying the concentration of filler at 40, 50, and 60 %w/w, and exposed with the X-

ray generator at a tube voltage of 30, 40, and 60 kV.

4.5.1 The radiation attenuation ratio
The results indicated that the radiation attenuation ratio enhanced

when increasing the filler loading, as shown in Figure 4.18 to Figure 4.20.
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Figure 4.18 The % RAR of RVNR samples mixed with BaSO; fillers and irradiated
at 30 kV X-ray tube voltage.
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Figure 4.19 The % RAR of RVNR samples mixed with BaSO; fillers and irradiated
at 40 kV X-ray tube voltage.
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Figure 4.20 The % RAR of RVNR samples mixed with BaSO; fillers and irradiated
at 60 kV tube voltage.
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The BaSO, plays an important role in absorbing the incident X-ray; nonetheless,
some X-rays can penetrate through the porosity, causing the transmittance radiation
of the material. The high amount of filler dispersed in the material could improve the
X-ray attenuation; however, the BaSO, behavior would be packed into a large
molecule that affects increasing space in the materials. The Ba/AC illustrated a high
shielding efficiency than using the BaSO4 powder as the conventional method. It was
because the amorphous cellulose could distribute the BaSO, particle, which could
prevent the collecting of particles compared to the BaSO, powder. The NR-W and NR-
E provided a homogeneous distribution of BaSO, particles throughout the natural

rubber that leading to decreased X-ray transmittance opportunity through space.

A VLA,

Figure 4.21 BaSO, particle distribution affects with X-ray transmittance;
(A) BaSO4 powder, and (B) Ba/AC.

4.5.2 The linear attenuation coefficient
Figure 4.22 demonstrates linear attenuation coefficient of the RVNR composites
from Ba/AC were higher than that of BaSO, powder when irradiated at 30, 40, and 60
kV. The filler concentration in the materials impacted the linear attenuation coefficient.

The increased BaSO, particles provide a high linear attenuation coefficient, which
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improved the shielding performance. The linear attenuation coefficient describes the
fraction of the X-rays, which are absorbed or scattered per the thickness of the
materials. The value generally expresses the number of atoms in cubic millimeters,
volume of material, and the probability of incident X-rays will be absorbed or scattered

from the BaSO, particles.
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Figure 4.22 The linear attenuation coefficient of RVNR samples mixed with BaSO4

fillers; (A) 40 %w/w, (B) 50 %w/w, and (C) 60 %w/w.

4.5.3 The half-value layer
The results in Figure 4.23 illustrates half-value layer of the natural
rubber composites from Ba/AC is lower than that of the BaSO4 powder. The amount
of BaSO4 contained in the materials plays a significant role in the X-ray shielding
efficiency because the half-value layer describes the thickness of materials in which

50% of incident X-rays attenuated. The higher volume of BaSQO, filler was added, the
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greater X-ray absorption was achieved. The lower thickness of materials that can
absorb the radiation representing the higher efficient shielding of the materials.
Moreover, enhancing the X-ray tube voltage results in increasing the half-value layer

of materials because of high X-ray densities than lower voltage.
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Figure 4.23 The half-value layer of RVNR samples mixed with BaSO; fillers; (A) 40
%w/w, (B) 50 %w/w, and (C) 60 %w/w.

The results indicate that BaSOs/amorphous cellulose/natural rubber tends to
prevent X-ray efficiency. The radiation attenuation increased when enhancing the
BaSQO, in the materials. The X-ray tube voltage also affects the radiation penetration:
increased tube voltage provides a high density of X-ray incidents at the materials.
The greater voltage was utilized, the lower the X-ray absorption was obtained,
comparing to the same ratio of Ba/AC composites. The Ba/AC substrates incorporates

with RVNR illustrated higher X-ray shielding performance than the BaSO, powder. It



78

was because the amorphous cellulose plays a role in BaSO, distribution, including
reducing the particle aggregation to large molecules. As a result, the X-ray can
penetrate the several porosities that occurred from particle packing. Moreover, the
Ba/AC-W showed similar results without significant differences, comparing to the Ba/AC-
E. It could be concluded that RVNR incorporated with Ba/AC-W from recycled pulp
tends to utilization as an X-ray shielding substrate with equality properties to the
purified pulp.

However, it is difficult to compare the attenuation efficiency with previous
researches because we can not maintain the beam quality for each experiment to be
the same. The beam quality of X-rays depends on the tube voltage, current, source
distance, and environmental control during irradiation. Therefore, this research

employed the lead equivalent to comparing the X-ray shielding efficiency that is

normally used in the manufacturing commercial.

4.5.4 The mass attenuation coefficient

Mass attenuation coefficient can describe how the sample will be absorbed X-
ray per unit mass. The mass attenuation coefficient is a ratio of photons removed from
a Monochromatic X-ray beam by the absorbed material per unit mass. In Table 4.1,
the NR-W60 illustrated similar results with the NR-E60, which meant both materials
provided the same X-ray shielding efficiency. While the NR-P60 demonstrated less
X-ray attenuation property than the NR-W60, and NR-E60 as shown in the lower

attenuation coefficient.
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Table 4.1 The density and mass attenuation coefficient of the varied thickness for

RVNR composites.

Sample  Density Mass attenuation coefficient (cm?/g)
(g/cm2) 30 kv a0 kv 60 kV
NR 0.92 0.381 0.273 0.209
NR-W60 1.20 2.895 2.121 1.596
NR-E60 1.10 2.874 2.085 1.642
NR-P60 0.98 1.810 1.303 1.005

4.5.5 The varied thickness of BaSO,/amorphous cellulose/natural rubber

The BaSOg/amorphous cellulose/natural rubbers have been studied the
tendency to be used as X-ray protective materials. Each sample layer was stack in
several thicknesses and compared to the lead sheet at the thickness of 0.3 mm. The
radiation attenuation ratio, the linear attenuation coefficient, and the half-value layer
were taken into consideration. The sample sheets were carried out to irradiate at 60
and 80 kV. Figure 4.24 shows the radiation attenuation ratio and the linear attenuation
coefficient that increased when enhancing the thickness, while the half-value layer
provided the opposite value. As a result, the samples with adequate thickness can
present the performance of radiation attenuation equivalent to lead. The higher
thickness by layering the specimens can increase the shielding abilities. The BaSO4 and
particles provided well-distributed to fulfill the space that array the layers on the stack,
which resulted in most incident radiation could be absorbed by the BaSO,. W1, W2,
W3 were the sample sheet prepared from office waste paper, while E1, E2, and E3
were produced from the eucalyptus pulp at different thicknesses, as shown in Table

4.2.
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Table 4.2 The thickness of the sample sheet that array in the layer stack.

Sample code W1 W2 W3 El E2 E3

Thickness (mm) 5821 8.543 10.689 6.769 9.123 12.354

Table 4.3 The linear attenuation coefficient and the half-value layer of samples.

Linear attenuation coefficient Half-value layer
Sample (mm™) (mm)

60 kV 80 kv 60 kV 80 kV
W1 0.239 0.147 2.904 a4.727
W2 0.240 0.155 2.884 4.461
W3 0.259 0.160 2.677 4.342
El 0.180 0.112 3.859 6.201
E2 0.182 0.115 3.801 6.051
E3 0.189 0.129 3.668 5.363
Pb 4.665 2.542 0.149 0.273

The linear attenuation coefficient and the half-value layer of the samples and
the lead presented the lead has greater values than the samples. Because the lead
provides a high atomic number and density than BaSO,, which meant it is necessary
to prepare the natural rubber composites in thick sheets to obtain the shielding
efficiency equivalent to 0.3 mm Pb. However, the very thick shielding material may
not suitable for an occupational worker in daily use. Therefore, it is essential to concern
the density and amount used of the BaSO, to compensate between the shielding
abilities and the thickness. An insufficient amount of BaSO, affects the inadequate
shielding performance compared to utilize in high concentration. Consequently, to
produce the practical X-ray protective materials, it is required to increase the BaSO,
loading in the substrate before combining it with the natural rubber to reduce the

thickness of RVNR sheets.
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4.6 Preparing of X-ray shielding protective prototypes

X-ray shielding protectives had been fabricated with optimized thickness for
practical use. The high BaSO, amounts were utilized during the Ba/AC regeneration
process to enhance the attenuation efficiency. Subsequently, the Ba/AC was
incorporated with RVNR at the ratio of 40%, 50%, and 60%, and then study the X-ray
shielding performance by exposing at 60, 80, and 100 kV. The radiation attenuation
ratio of the X-ray shielding sheets was compared to the 0.3 mm lead thickness and 0.5
mm thyroid shield. The NR-E60 PROTO provided a radiation attenuation ratio similar
to the lead sheet at the thickness of 0.3 mm when exposed with 60 kV. While the NR-
W60 PROTO demonstrated a lower shielding efficiency than the NR-E60 PROTO. It was
because the BaSO, content in NR-W60 PROTO (16.51 %w/w) was less than the NR-E60
PROTO (22.46 %w/w). The lead sheet was tracible to the thyroid shield in the
commercial, which illustrated the 0.3 mm lead that complying with the 0.5 mm thyroid

shield, as shown in Table 4.4.

Table 4.4 The radiation attenuation ratio of X-ray shielding sheets of prototype
development when exposed with 60, 80, and 100 kV.

Thickness Radiation attenuation ratio (%)

Materials

(mm) 60 kV 80 kV 100 kv
NR-E40 PROTO 7.821 51.13 36.97 21.08
NR-E50 PROTO 6.698 54.42 37.08 25.86
NR-E60 PROTO 3.808 12.77 42.21 31.31
NR-W40 PROTO 5592 46.12 30.15 18.99
NR-W50 PROTO 4.833 55.49 34.60 20.61
NR-W60 PROTO 4.182 55.30 35.42 22.68
Pb 0.3 70.19 46.49 42.00

Thyroid shield 0.5 92.37 75.50 72.91
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The linear attenuation coefficient of the lead sheet was used for calculating

the thickness of X-ray protective prototypes equivalent to 0.25 mm of lead, as

expressed in Table 4.5.

Table 4.5 The linear attenuation coefficient of X-ray shielding sheets to study the

prototypes producing.

Linear attenuation coefficient (mm™)

Materials

60 kV 80 kV 100 kv
NR-E40 PROTO 0.092 0.054 0.030
NR-E50 PROTO 0.144 0.077 0.049
NR-E60 PROTO 0.342 0.142 0.068
NR-W40 PROTO 0.112 0.056 0.037
NR-W50 PROTO 0.167 0.083 0.049
NR-W60 PROTO 0.199 0.094 0.060
Pb 4.034 1.937 1.800
Thyroid shield 5.146 2.725 2.602

The thickness of the prototype equivalent to 0.25 mm was calculated from

the linear attenuation coefficient of 0.3 mm Pb, showing the results in Table 4.6.

Table 4.6 The required thickness of the prototypes that equivalency to 0.25 mm of

Pb.

Materials thickness at lead equivalent to 0.25 mm Pb

Materials (mm)

60 kV 80 kV 100 kv
NR-E40 PROTO 10.93 8.95 14.97
NR-E50 PROTO 7.00 6.30 6.62
NR-E60 PROTO 2.95 3.42 9.19
NR-W40 PROTO 9.02 8.57 12.18
NR-W50 PROTO 6.02 5.85 9.16
NR-W60 PROTO 5.07 5.16 7.46
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The X-ray protective prototypes were categorized into two purposes;
attenuation of the primary X-ray beam and scattered beam. The linear attenuation
coefficient at 80 kV is selected for preventing the primary X-ray beam, while the 60 kV
is represented for the scattering X-ray beam. [72] The X-ray protectives for the
intervention of direct beam were formulated by incorporating RVNL and 60% w/w
Ba/AC prepared from office waste paper at the thickness of 5.16 mm. Subsequently,
the shielding sheets were cut into a specific shape to produce the head shield, thyroid

shield, and breast shield shown in Figure 4.26.

Al A2

Figure 4.26 Prototypes for X-ray protectives materials; (A1-A3) shielding sheets
in various shapes and prototypes of (B1) head shield, (B2) thyroid shield,
and (B3) breast shield.

The lab coat shielding for X-ray scattering was also fabricated using the 60%
w/w Ba/AC prepared from eucalyptus pulp at the thickness of 3.42 mm, then attached

in the middle of the lab coat as demonstrated in Figure 4.27.
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Figure 4.27 The X-ray shielding prototype; (A) shielding sheet prepared for attaching

with the lab coat, and (B) lab coat for X-ray scattering attenuation.

4.7 Interaction of X-ray with barium sulphate/amorphous cellulose/natural
rubber using XCOM program

To estimate the attenuation performance of X-ray interaction with barium
sulphate/amorphous cellulose/natural rubber, the XCOM program from NIST was
employed to investigate each mass attenuation coefficient (cm?®/g). The photon energy
from 24.6 keV to 83.3 keV representing the X-ray energy from 30 kV to 100 kV that was
utilized in this research. The coherent scattering, incoherent scattering, and
photoelectric absorption were examined at the concentration of Ba/AC composites 60
%w/w. The mass attenuation coefficients associated with the energy range
demonstrated the photoelectric absorption is predominant for all photon energy
ranges. The barium sulphate provides the K-absorption edge at 37.4 keV, which affects
photoelectric absorption. The absorption of photon will increase remarkably at the K-
edge absorption above the binding energy of the K shell. The probability of a
photoelectric interaction dramatically increases for photons of energies above the
absorption edge relative to energies below the edge.

In addition, the coherent scattering (Rayleigh scattering) was reduced when

enhancing the photon energy because the coherent scatter interacts with an electron
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of an atom in the excited state and emitted the photon with the same energy but in
a different direction. As a result, there are no ionization occurs, and no electrons were
gjected. Therefore, they emitted photons in the change of direction but without
change in wavelength.

According to the incoherent scattering (Compton scattering), the trend of mass
attenuation coefficient demonstrated no difference significantly compared to the
behavior of photoelectric absorption and coherent scattering. The photon interacts
with an outer shell electron of an atom, leading the electron is ejected from the atom
including the photon is scattered with some energy reduction.

Therefore, it could be summarized that the BaSOz/amorphous cellulose/
natural rubber provides the mass attenuation coefficient in the dominant behavior of
photoelectric absorption depending on the K-edge absorption. While the coherent
scattering present mass attenuation coefficient will be decreased when increasing the
photon energy that is different from the incoherent scattering, illustrated the

consistent trend of shielding performance, as show in Figure 4.28.
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Figure 4.28 X-ray interaction of BaSO4/amorphous cellulose/natural rubber.

4.8 Physical property of X-ray protection products

Density, tensile strength, and elongation at break of the X-ray shielding sheet

were studied, as shown in Table 4.7.

Table 4.7 The densities and physical properties of representative for X-ray shielding

sheets.

Density Tensile Elongation
Sample BaSQO, (%)

(g/cm?) strength (MPa)  at break (%)
NR 0.925 £ 0.003 10.02 +0.88 73315
NR-W60 PROTO  16.51 1.119 £ 0.003 11.24 £ 0.69 595 + 15
NR-E60 PROTO  22.46 1309 +0.001 839 +1.07 558 + 19
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The BaSO, concentration of NR-E60 PROTO is higher than NR-W60 PROTO even
though prepared in an equal ratio. It was because the NR-E60 PROTO produced from
the eucalyptus pulp is purified cellulose (100 %), while the NR-W60 PROTO originated
from recycled cellulose of office waste paper. In general, waste paper is fiber sheets
composing chemical agents, which are limestone (calcium carbonate), clay (kaolinite),
starch, and ink. [73] The impurities may have an effect on the preparation of
amorphous cellulose and Ba/AC composites during the cellulose pulp regeneration
when produced in large scale.

In addition, increased Ba/AC amounts, result in a decrease in the tensile
strength and elongation at break compared to RVNR without filler. The quantity of
BaSO, in Ba/AC correlates to the density of material and mechanical properties;
enhanced the BaSO, amounts lead to reduce mechanical strength in materials.
The BaSO4 concentration of NR-W60 PROTO (16.51 %w/w) demonstrated higher
mechanical properties than the NR-E60 PROTO (22.46 %w/w) due to the filler-filler
interactions affect in the materials, tending to aggregation of BaSQy in the materials.[74]
The more fillers were added, the probability of the interaction was increased, resulting
in worse particle dispersion and decreased tensile strength and elongation at break,
shown in Figure 4.29. Consequently, it was because BaSO, contain in materials
correlated to the mechanical properties of X-ray shielding sheets. It is necessary to
consider the optimal amount corresponding to the shielding efficiency to obtain the
X-ray protective materials with high-quality mechanical properties when producing in

manufacture in the future.
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Figure 4.29 The Ba/AC particles dispersion in natural rubber;

(A) Ba/AC NR-W60 PROTO and (B) Ba/AC NR-E60 PROTO.

4.9 Comparison of investment for X-ray shielding prototypes and commercial

products.

The price of raw materials and prototype production were investigated by

comparing with commercial manufacturing. The X-ray shielding prototypes present a

lower investment than the commercial products, approximately two times shown in

Table 4.8.

Table 4.8 Comparison of price for X-ray shielding prototypes and commercial

products.

Protective materials

Price (bath)

Shielding prototypes Commercial products

[75], [76], [77]

Head shield
Thyroid shield
Breast shield

Lab coat/ Apron

~ 1,400 3,000 - 3,500
~ 1,000 1,900 - 2,500
~ 1,500 3,500 - 3,800
~ 4,000 7,800 - 10,000
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CHAPTER 5

CONCLUSION

The Ba/AC was successfully fabricated as the substrate in X-ray shielding
applications. The benefits of amorphous cellulose are to improve the features of
barium sulphate compounds, which are biodegradable, environment-friendly, non-
toxic, and low-cost. The flow injection techniques are employed to prepare the
composites with barium sulphate compounds to obtain the sub-micron particles
preventing material aggregation. These advantageous properties lead the X-ray
substrates can utilize in many applications. Due to the simple method without using
several chemical substances, this technique is proper to scale up for commercial

applications.

The X-ray shielding lab coat was produced for the occupational worker to
protect the scatter radiation with equivalency to 0.25 mm Pb. The Ba/AC plays a role
in enhancing the x-ray attenuation efficiency. The advantages of the Ba/AC are well-
dispersed when combining with the RVNR due to amorphous cellulose surrounded
barium sulphate in Ba/AC, resulting in decreased aggregation of barium sulphate
particles compare with the barium sulphate powder. Moreover, the Ba/AC can
combine in RVNR in high loading up to 60 %w/w to obtain thin material, which is
practically utilized for the worker in terms of more comfortable movement. In addition,
the X-ray protection prototypes from office waste paper as base materials were
fabricated for the direct X-ray beam equivalent to the thickness of lead 0.25 mm. The
Ba/AC from office waste paper was also studied the properties correlate with the
eucalyptus pulp. The characterization results have illustrated the consistency with
both substrates, which means no significant properties between recycled pulp and

purified pulp. Moreover, the RVNR was combined with the filler to investigate the
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shielding efficiency. The Ba/AC from office waste papers indicated the attenuation

property the same as Ba/AC from eucalyptus pulp.

The self-life of BaSO4/amorphous cellulose/natural rubber is drawn attention
to estimating the aging of the prototypes by consideration from the radiation
vulcanized natural rubber. It could be concluded that the materials possible to expired
approximately three to five years after production under normal utilization condition.

[78], [79]

In terms of environmental benefits, the Ba/AC was produced from the office
waste paper as recycled materials to produce cellulose pulp. The recycling of waste
paper can preserve trees, water, and economics. The waste paper can reduce
chemicals used, including save electricity during the manufacturing process. Moreover,
utilizing waste paper is wealth to cut down on the pollution, which is greenhouse
gases. The decomposing of paper can release greenhouse gases composing carbon
dioxide, methane, nitrous oxide, ozone, chlorofluorocarbons, and hydrofluorocarbons,

which contributed to climate change in the long term.
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APPENDIX



1. X-ray beam set-up for Secondary Standard Dosimetry Laboratory (SSDL)

The X-ray tube is set up to generate a narrow spectrum following the ISO 4037-
1. The characteristics of the radiation qualities used for X-ray calibration are shown in
Table S1. The chamber with the build-up cap is positioned free in the air as a reference
point on the beam central axis. The reference plane of the chamber must be
perpendicular to the central axis of the beam. The size of the radiation field at the
reference plane is diameter 340 mm as shown in Figure S1. This procedure provides
an overall uncertainty (k = 2) of about 6 % to 10 % for the phantom related to

operational quantities.

X-ray tube lonization chamber

Figure S1 X-ray calibration facilities in terms of the physical quantity air kerma.



Table S2 Radiation qualities at the IAEA for the ISO 4037-1 Narrow Spectrum Series.

Additional filtration

Mean Tube Recommended
Short Resolution

energy potential inherent Pb Sn Cu Al
name (%)

(keV) (Kv) filtration (mm) (mm) (mm) (mm)
N-30 24.6 32 30 1 mm Be - - - 4.0
N-40 33.3 30 40 4 mm Al - - 0.21 -
N-60 47.9 36 60 4 mm Al - - 0.6 -
N-80 65.2 32 80 4 mm Al - - 2.0 -
N-100 83.3 28 100 4 mm Al - - 5.0 -

2. Gamma dosimetry for RVNR using Red 4034 Harwell dosimeters

The quality control for gamma irradiation can perform  using
polymethylmethacrylate (PMMA) dosimeters. In general, the Red 4034 Harwell
dosimeters (Figure S2) are widely used in routine high dose rate dosimetry in the field
of industrial radiation processing. The main advantages of this dosimetry method are
rugeedness, stability, simplicity, and low price. The interaction of ionizing radiation
with  PMMA produces free radicals that affect its optical absorbance in certain
wavelength bands. This dosimeter is cover in the range of 5 to 50 kGy. The PMMA
dosimeters were attached to the natural rubber to measure the absorbed dose of
gamma irradiation, as shown in Figure S3. After irradiation, the PMMA dosimeters were
determined the intensities by comparing with the calibration curve as shown in Figure
S4. The average absorbed dose from each point was obtained to ensure that the RVNR

is the desired dose.




Figure S2 Red 4034 Harwell dosimeters before and after radiation.

Position 1

Position 2

Figure S3 Red 4034 Harwell dosimeters positioned for quality control

of radiation dosimetry.
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Figure S4 Calibration curve of Red 4034 Harwell dosimeters.

3. The results of X-ray attenuation study

Table S3 The radiation attenuation ratio (%) of X-ray shielding sheets.

X-ray tube voltage (kV)

Sample
30 40 60

Code
% RAR SD % RAR SD % RAR SD
NR 13.43 0.73 9.82 0.35 7.60 0.32
wa0 ar.77 1.86 38.90 Lo 32.03 0.94
E40 46.38 2.69 33.98 1.49 28.97 3.11
P40 30.31 1.55 23.13 3.68 19.85 4.45
W50 55.56 1.43 44.45 1.31 37.15 1.01
E50 57.10 2.50 43.15 2.39 37.31 1.66
P50 31.24 3.68 25.29 0.30 20.42 2.86
W60 62.13 2.35 50.97 2.50 41.53 2.70
E60 61.81 3.56 48.70 2.68 40.35 2.49
P560 32.81 2.99 26.46 2.84 21.85 2.47




Table S4 The linear attenuation ratio (mm™) ratio of X-ray shielding sheets.

X-ray tube voltage (kV)

Sample
30 40 60
Code
1) SD u ) 1 SD
NR 0.35 0.03 0.25 0.01 0.19 0.01
wa0 1.86 0.24 1.37 0.12 1.10 0.11
E40 1.79 0.14 1.22 0.08 1.02 0.11
P40 1.24 0.06 0.85 0.17 0.71 0.11
W50 0.23 0.01 0.17 0.01 0.13 0.01
E50 0.25 0.01 0.17 0.01 0.15 0.01
P50 0.17 0.02 0.12 0.02 0.08 0.01
W60 3.474 0.126 2.545 0.103 1.916 0.102
E60 3.161 0.151 2.294 0.187 1.806 0.096
P560 1.774 0.185 1.277 0.137 0.985 0.086

Table S5 The half-value layer (mm) ratio of X-ray shielding sheets.

X-ray tube voltage (kV)

Sample
30 40 60

Code
HVL SD HVL SD HVL SD
NR 1.99 0.17 2.76 0.01 3.61 0.00
wao 0.38 0.05 0.51 0.12 0.63 0.11
E40 0.36 0.06 0.53 0.08 0.65 0.11
P40 0.56 0.03 0.84 0.17 1.00 0.11
W50 2.98 0.18 4.15 0.01 5.25 0.01
E50 2.74 0.20 3.98 0.01 a.75 0.01
P50 5.02 0.69 6.45 0.02 8.50 0.01
W60 0.20 0.01 0.27 0.10 0.36 0.10
E60 0.22 0.02 0.31 0.19 0.39 0.10

P560 0.39 0.04 0.55 0.14 0.71 0.09




Table S6 The attenuation properties of shielding sheets when exposed with 60 kV.

Sample code Thickness %RAR u HVL
(mm)
W1 5.821 77.870 0.239 2.904
W2 8.543 86.960 0.240 2.884
W3 10.689 92.330 0.259 2.677
El 6.769 72.542 0.180 3.859
E2 9.123 86.998 0.182 3.801
E3 12.354 96.853 0.189 3.668
Pb 0.300 75.330 4.665 0.149

Table S7 The attenuation properties of shielding sheets when exposed with 80 kV.

Thickness
Sample code %RAR u HVL
(mm)
w1 5.821 55.025 0.147 a.727
W2 8.543 67.273 0.155 4.461
W3 10.689 75.621 0.160 4.342
El 6.769 48.184 0.112 6.201
E2 9.123 64.372 0.115 6.051
E3 12.354 76.352 0.129 5.363

Pb 0.300 45.845 2.542 0.273
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