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THE EFFECT OF PC88A SOLVENT EXTRACTION PARAMETERSAND ITS
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Materials Technology Group (MTEG), Industrial Technology Division (BTI), Malaysian Nuclear
Agency, Bangi, 43000 KAJANG, MALAYSIA
* Correspondence author: roshasnorlyza@nm.gov.my

ABSTRACT

Yttrium (Y) is one of the elements major in heavy rare earth elements (HREE) used in various
industries such as metallurgy, steel, laser, electronics, optics, superconductors, magnets, color
televison (TV) tubes and others applications. In nature, the rare earth elements (REE) are
associates in fairly multifaceted combination and because of chemical properties likeness and
difficult to isolate REE into single elements. These could be the biggest hurdle in the recovery and
extraction of yttrium from xenotime minerals. Therefore, solvent extraction of yttrium from chloride
solution using organic extractant 2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester (PC88A)
diluted in kerosene and modified with isodecanol was investigated in this study. Based to a solvent
extraction study, the best conditions for recovering yttrium using an organic combination consisting
of 34% PCB88A, 6% isodecanol, and 60% kerosene were 1.0 g of yttrium chloric hexahydrate in 0.2
M hydrochloric acid (HCI) with a ratio organic to aqueous of 1:3 and 30 minutes contact time.
Additional research on the behavior of stripping was also differentiated and considered. It was
discovered that nitride acid (HNOz) were more effective in yttrium stripping than HCI and sulfuric
acids (H2S0).

Keywords. PC88A, Solvent Extraction, Stripping, Y ttrium

INTRODUCTION

Although yttrium was discovered in the late 1800s (Voncken, 2018), it wasn't commercialy
available until the last few decades (Singh et a., 2015) in the fields of chemistry, physics, computer
technology, energy, medicine, and other fields (Grate et al., 2020). Tin-tailing, or xenotime sand,
comes from the tin mining sector in peninsular Malaysia, primarily in the state of Perak, Selangor,
Pahang and Negeri Sembilan (Meor Sulaiman, M. Y., 2010). This sand contains yttrium. Yttriumis
a metal that is very valuable for the advancement of new materials, since yttrium has very unique
properties and profitable. To acquire yttrium with high purity, the mineral needs to be purified with
few steps of process, namely cracking/digestion of xenotime, leaching, selective precipitation,
crystalization, chemical treatment, heat treatment and extraction (Biyantoro et a., 2002).

Solvent extraction is awell-known separation method in which a solute is transported from aqueous
phase to another immiscible or partially miscible fluid (solvent) which is in interaction with the
initial phase. Basically, there are three solvent extraction stages that is extraction, scrubbing and
stripping. In hydrometallurgy, the agueous phase comprises element of interest to be extract into
the organic phase. Solvent extraction is a part of anaytical chemistry techniques that able to
concentrate elements by an extractant reagent in the organic phase from diluted aqueous solutions.
Industrial solvent extraction is a technigque that was pioneered by the nuclear industry and utilized
for the purification and separation of metal's, including plutonium preparation in 1942. Diethylether,



Jurnal Sains Nuklear Malaysia, 2024, 36(No. 1): 1 - 10 e-JSNM
| SSN: 2232-0946

a solvent, and diluted uranyl nitrate were utilized in this extraction process. This was a significant
advance in solvent extraction applications, leading the way not just in the nuclear sector but also in
the extraction of other elements (Hudson et a., 1982). Currently, solvent extraction is
commercialy practice for avaried of minerals to obtained valuable elements.

The need of splitting REE from minera after the cracking or digestion process led to the
advancement in solvent extraction with selective complexion. Solvent extraction methods are
normally need good extraction kinetics. Regarding its chemical stability, optimum loading and
stripping characteristics, low solubility in the agueous phase, versatility in the extraction of various
metal ions, and availability for use in industrial settings. Previously, numerous fundamental
researches on the yttrium extraction with di-(2-ethylhexyl) phosphoric acid (D2EHPA) (Biyantoro
et a., 2002, Mohammadi et al., 2015, Perwira et al., 2018 and Sapiee et. al., 2019) and Tributyl
Phosphate (TBP) (Azhar et al., 2020) have been studied. In 1957, Peppard et a., detailed the use of
D2EHPA as a capabl e extractant for REE. In that study the lanthanides distribution coefficient were
showed. D2EHPA as extractant was dependent on the influence of D2EHPA concentration in the
equilibrated organic phase, however contradicting to H* concentration in the agueous phase.
Additionally, if the solute concentration in the organic phase was too concentrated, a third phase
emulsion was forming leading to incomplete extraction process (Antico et al., 1996). These studies
collectively highlight effective methods for high yttrium recovery through solvent extraction
processes. Additionally, factors such as extraction time (Nicol et al., 2022), solvent choice based on
physicochemical properties and dissolution capabilities (Chandaliya et al., 2012), and operating
parameters like agitation rate and settling time (Poole, 2020) significantly impact the yield and
quality of the extracted product.

In the extraction process, it was intentionaly to separate yttrium from other REE. In order to
acquire high yttrium content, thorough study in yttrium extraction and purification from xenotime
minera is necessary. To our knowledge, there hasn't been any published research on the extraction
of yttrium using PC88A solvent, despite the fact that there have been several studies on the
extraction of REE using various extractants. Therefore, it is essentia to define best conditions for
yttrium extraction such as of hydrochloride acid concentration, organic to agueous ratio, contact
time, loaded amount of yttrium (111) chloride Hexahydrate (g/l), speed and solvent content. Besides,
stripping process parameters (acid suitability, acid concentration, and stripping duration) also been
studied in this research.

METHODOLOGY
Experimental

Stock solutions (agueous) of yttrium chloride were prepared by dissolving the respective yttrium
(111) chloride Hexahydrate (99.9%) supplied by Aldrich in diluted HCI (37%, Merck). The organic
extractant 2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester (PC88A) (Laurice Labs,
Maharashtra, India) was diluted in 30% kerosene (R&M Chemicals) to desire concentration and
modify with isodecanol (Laurice Labs, Maharashtra, India). All reagents used were analytical grade.
The two stages of the experimental work that were done were solvent extraction and stripping.
Solvent extraction experiments were carried out in a glass beaker positioned on a magnetic stirrer
plate at room temperature. Mixture of agueous and organic solvent were vigorously stirred. After 30
minutes, the mixture was transferred into a separatory funnel and waited until a stable, two-layer
immiscible solution formed. Then, the agueous raffinate and extracted organic phase were flushed
out into different sample bottle. Different solvent extraction batches were done to study different

2
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extraction parameter such as HCI concentration, organic to agueous ratio, contact time, loaded
amount of yttrium (111) chloride Hexahydrate (g/l), speed, and solvent content.

In stage two, extracted yttrium in organic phase from previously solvent extraction experiment were
used for stripping steps. The extracted organic phase was stripped with different molarity of HCI,
HNO3z (65%, R&M Chemicas) and H>SO4 (95%, R&M Chemicals) for 30 minutes at room
temperature. Then, it was allowed to form two phases: the agueous phase and the organic
phase. Then the best condition for acid concentration was selected to study the effect of stripping
duration. Figure 1 shows experimental flow chart.

Char acterization

In order to identify the yttrium contained in organic and aqueous solution from solvent extraction
and stripping process, the EDXRF Spectroscopy was used to analyse the samples by EDX7000,
Shimadzhu. This analytical instrument also able to determine the composition of the elementsin the
sampl e solution by measuring the fluorescence intensity converted into yttrium concentration in part
per million (ppm).

Preparatian of yilsium
chionda slack salubsns

!

Balvent Extractlion

!

Eirlpping

!

Anatysis by EDXRF

Figure 1. Experimental flow chart

RESULTSAND DISCUSSION
Effect acid molarity on yttrium extraction

HCI with concentration of 0.1 M, 0.2 M, 0.5M, 1.0 M, 1.5 M and 2.0 M were selected to study the
effect the HCI molarity on yttrium extraction and the results were shown in Figure 2. Molarity acid
was believed to influence the coefficient distribution, efficiency, and separation factor of yttrium
extraction. Higher acid molarity (> 0.2 M HCI) showed a decrease in the percent of yttrium
recovery from 80% to 0%. This is due to the PC88A solvent preferring H* ion exchange in the low
acid molarity of HCI to bind complex organic mixtures to the Y3* ion. Basuki and colleagues also
reported that even by increasing acid concentration in solvent extraction process can increase the
reactivity of the H* ion formation but the extraction could be lowered as high acidity will reduce the
ability of solvent (Basuki et al., 2019). The optimum concentration to gain the highest extraction of
yttrium was 0.2 M HCl.
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Figure 2. Effect HCI molarity on yttrium extraction.

Effect of solvent amount on yttrium extraction

The solvent amounts of the extraction mixture used to study its effect on the extraction of yttrium
under constant conditions were 25%, 33%, 40%, 50%, and 67%. The results are shown in Figure 3.
The optimum organic to agueous ratio to get higher percent recovery of yttrium was 1:3. 25%
solvent yielded a high percentage of yttrium extraction, probably because the concentration of H*
ion in the mixture was higher to enhance the ability of yttrium to form the Y3* ion. Thus, the
interaction between the Y3 ion and the PC88A organic ligand will form a complex organic
mixture.

100 - B
&+ i TN

4 A

Racovery (%)
[

20

i 0 0 ol
Solvent {%a) io the mixiore
Figure 3. Effect of organic to agueous ratio to recover yttrium.

Effect of contact time between aqueous and organic phase to extract yttrium

From the data in Figure 4, we can see the effect of the extraction time between the agueous phase
feed and solvent on the distribution of yttrium into the organic phase. The longer the contact
between phases during extraction, the higher the concentration of yttrium bound to PC88A. The
yttrium solutes extracted into the organic phase will increase by prolonging the stirring duration,
which will also increase the mass transfer from the aqueous phase to the organic phase. Thus, the
extraction efficiency increases as a result. The amount of yttrium solute extracted will remain
constant after attaining the ideal value, and additional stirring time has no further significance. Also,
prolong the stirring time will decreased the extraction due to the solvent's optimum ability.
However, if the reaction continue for more than 30 minutes, the extraction of yttrium lesser may be
due to back-extraction process of yttrium into agueous phase. Therefore, the optimum separation
time to obtain relatively high purity yttrium was obtained at 30 minutes.
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Figure 4. Effect contact time between aqueous and organic phase on yttrium extraction.

Recovery %o

Effect of initial Y (I11) ion concentration

In order to achieve high efficiency in yttrium extraction, different loads of yttrium (111) chloride
hexahydride were introduced to the feed stock solution (agueous). The yttrium extraction decreased
with increasing feed concentration (Figure 5). It is because the organic phase was saturated, which
decreased the amount of yttrium that diffused into the organic phase. This finding was in line with
Basuki et a.'s (2020). From the data below (Figure 5), 0.3 g yttrium (111) chloride hexahydride in 25
ml solution or 12 g/L is the optimum value to get higher percent recovery of yttrium. A high
concentration of yttrium in an aqueous solution would hinder the extraction of yttrium because it’s
surrounded and encapsulated by organic solvent. Thus, the organic solvent could not hold the Y 3*
ion and developed an emulsion. Therefore it can be said that the separation of the solute (yttrium) is
relative to their solubility in the two phases (Li, et a., 2021).

00 { e
=+ 30 - ' o
B 01 : .
g
g 4
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g
0
1,4 04 1.0 1.5 2.0

fitial v (10} 10 concentration (225 ml)

Figure 5. Effect of loaded organic amount in the pregnant solution.

Effect of stirring speed on yttrium extraction

From the data shown in Figure 6, the extraction of yttrium can only be done after vigorously stirring
the mixture. However, the Y ** ion extraction was reduced as the stirring speed was too high and the
mixture tends to produce a third-layer phase, or emulsion. This phenomenon should prevail in order
to extract most of the desired element of interest. Also, high stirring rates would produce excessive
turbulence and air bubbles which could affect extraction precision. Hence, stirring speed of 6 units
on scale is the optimum value to get higher percent recovery of yttrium.
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Figure 6. Effect of stirring speed on yttrium extraction

Effect of different compossition PC88A and Isodecanol in solvent mixture on yttrium
extraction

From Figure 7, the effect of extractant PC88A concentration and isodecanol in kerosene as an
extraction factor in yttrium extraction. PC88A was used as extractant to pull out the REE in
aquoeus solution (in this case yttrium). Where as isodecanol was used as modifier in solvent
extraction process to prevent the formation of third phase while during solvent extraction process.
The result of the effect isodecanol content in yttrium extraction is shown in Figure 8. From the
experiment, it was noticed that 35% PC88A and 6% isodecanol diluted in kerosene were the
optimum compositions to extract yttrium from the aguoeus phase.

Effect of acid concentration on yttrium stripping

The organic phase extracted from a 0.2 M HCI agueous solution was used for the stripping process.
Different concentrations of H.SO4, HNOs, and HCl were studied. From the data in Table 1, the
recovery of yttrium isvery low (just 1.7%) upon 4 M H2SO; stripping. As per record, stripping with
higher than 4 M H>SOg4, the emulsion tends to exist thus affect the stripping results. The emulsion
occurs when 3 phases were exist in the solution. Therefore, H>SO4 is not suitable for yttrium
stripping process.

140
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Figure 7. Effect of solvent different composition (PC88A) on yttrium extraction
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Figure 8. Effect of different composition Isodecanol in the organic mixture to extract yttrium

Table 1. Effect of H2SO4 molarity on yttrium stripping from organic mixture

Concentration of Y ttrium recovery (%)
H2SO4 (M)
0.5 0.0
1.0 0.0
2.0 0.0
3.0 0.0
4.0 1.7

Figure 9 shows the effect of acid (HCI and HNOs) concentration on yttrium stripping. From the
graph, HNOs with concentration of 2 M was the optimum concentration to get high recovery of
yttrium. The stripping efficiency start to decrease at 5 M because it is hard to break down the
complex mixture organic solvent that form from extraction process. 2 M HNO3 was capable to
break down the bonding between Y3* and organic complex and its ability to capture and thus pull
yttrium from the organic extractant. In this research, H.SO4 and HCI have low efficiency to strip

yttrium from organic phase and it can be conclude that the best stripping agents were HNOs> HCI>
H2SO4 accordingly.

Effect of stripping duration to recover yttrium

Figure 10 showed the effect of stripping duration on yttrium into the aqueous phase. The longer the
contact time between phases during extraction, the higher the concentration of yttrium bound to
NO?* . However, if the reaction prolong more than 45 minutes, the recovery become less showing
that the yttrium reverse back to organic phase.

-
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Figure 9. Effect acid concentration (a) HCI and (b) HNOs on yttrium stripping
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Figure 10. Effect of stripping duration using HNOz to strip yttrium.

In order to minimise the error during experiment, it is recommend to properly weighed the yttrium
(111 chloride hexahydrate and ensure the cleanliness of al the apparatus used to measure the
samples as it will affect the concentration of the sample during acid dilution. Also, noted to use
same magnetic stirring plate and stir bar size for all experiments for results reliability.

CONCLUSIONS

Solvent extraction of yttrium from yttrium (l11) chloride hexahydrate using extractant PC88A in
kerosene was obtained in this study. It was found that the optimum condition to extract yttrium was
0.2 M HCI with a 30-minute contact time. Whereas 12 g/L of loaded yttrium (111) chloride
hexahydrate in 34% PC88A and 6% isodecanol as a modifier in kerosene were used as solvents to
extract the Y3* ion. Complete extraction of yttrium was achieved from the 25% solvent phase
contained in the extraction mixture. In addition, in the stripping study, it is suggested that yttrium

stripping was preferred to occur with 2 M HNO3 as the stripping agent for 45 minutes of contact
time.
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ABSTRACT

The TL OSL. reader isatool for dating applicationsin a variety of fields. One of the main components
of an TL O reader isthe irradiation source. Calibration of irradiation sources for readers can be
carried out using quartz. It isimportant to calibrate the reader before performing the dating method
to ensure equivalent dose (2¢) within the acceptance range. Quartz was measured using the Sngle
Aliguot Regeneration (SAR) protocol. Measurements obtained an average dose rate of 28.87 £+ 0.43
Gy (n = 10) with aratio in the range <5%. In addition, the measurement also found that the value of
20 is equivalent to 70%. The central point for dose distribution was at 28.30 Gy, with only 3 quartz
samples getting dose readings outside the dispersion bar. The overdispersion measured doses were
26.62, 27.68 and 31.56 Gy. Theratio of received dose/measured dose is in the range of 0.887-1.052,
which showed that there was no significant signal loss. Therefore, we conclude that this reader is
acceptable for carrying out the dating method and it is recommended to use different doses aswell as
mor e detailed SAR protocols for further study.

Keywords. thermoluminescence, optically stimulated luminescence, quartz, calibration

INTRODUCTION

A Thermoluminescence Optically Stimulated Luminescence (TL OSL) reader isatool to carry out the
dating method based on the luminescence signal in sample minerals such as quartz or feldspar
(Preusser et a., 2008). Studies using this reader are concentrated in many fields such as archaeology
(Afouxenidiset a., 2007), geochronology (Sanderson & Murphy, 2010) and geomorphology (Mufioz-
Salinas et a., 2011). One of the important components in the reader istheirradiation source. It is used
to provide homogeneous irradiation in ensuring detection and stimulation on a wide range for dating
methods (Richter et a., 2013). Calibration of theirradiation source for the reader was performed using
guartz that had been exposed to known radiation.

Quartz is one of the minerals found in nature that can be used in the dating method which aims to
identify its properties on radiation and annealing (Koul et al., 2016). The quartz is an aiquot that
contains natural paleodoses which can receive laboratory-made dose radiation that has a known dose
strength (Kadereit & Kreutzer, 2013). Calibration using quartz is an important step to ensure that the
equivalent dose (De) values obtained are reliable, accurate and unbiased (Guérin & Valladas, 2014).
Through the use of this quartz, the reader provides information regarding the equivalent dose of this
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reference material. This equivalent dose is obtained by comparing the luminescence signal that
responds to the radiation dose and the luminescence signal that responds to different irradiation times
by using the radiation source to be calibrated (Richter et a., 2020). Therefore, this study aims to
calibrate the radiation source of the TL OSL reader by using quartz that has been validated to ensure
that the equivalent dose is within the accepted range before performing the dating method

MATERIALS, METHODS AND EXPERIMENTAL SETTING

We have received approximately 5 grams of quartz (a verified reference material) that has been
prepared according to a study by (Richter et a., 2020) for which sediment samples were taken from
the Holocene desert in Schletau, Germany.

Coarse grains (100-300 um) of the sediment were extracted and heated at 500°C for 5 hoursto zeroing
the luminescence signal on the sample. Thereafter, the samples were treated with 30% HCI to remove
carbonates. Then, the samples were treated using 30% H20> to remove organic matter. For the purpose
of quartz enrichment, the samples undergo a process using a heavy liquid mineral separation with
sodium polytungstate at densities of 2.62 and 2.67

gcm 3. Etching was performed using 40% HF and washing in 30% HCI and then washed in a
dispersion materia to dissolve the fine-grain particles attached. The dried samples were then sieved at
grain sizes between 90-160 pm. Thereafter, the sample was exposed to a daylight lamp (OSRAM
Ultra Vitalux 300W with cooling) for 8 hours.

The quartz received had an equivalent dose of 30 Gy, similar to the quartz in study (Richter et al.,
2020). The next procedure is carried out in a dark room aimed at preventing the quartz from being
exposed to daylight which could cause zeroing of the luminescence signal on the sample (Osunkwor
& DeWitt, 2021). The grains of the quartz were placed in 10 stainless steel discs measuring 10 mmiin
diameter that had been put with silicon oil. After that, all the discs are placed on sample wheels to be
loaded into the reader.

Measurements were carried out using the LEXSYG SMART System from Freiberg Instruments
(Richter et al., 2015). The reader was equipped with a Sr-90 beta radiation with aradioactivity of 1.85
GBqg. Use of blue LED (458 nm) for the purpose of optical stimulation with a maximum rate of 100
mW/cm ™. The detection window used is a combination of BSL/TL, which includes 2.5 mm thick
Hoya U340, 5 mm thick BP 365/50 and Schott NG4. Thermal stimulation is carried out through a
metal ceramic plate capable of reaching a maximum of 700 °C to allow the sample to be heated
accurately and can be repeated in a homogeneous (Lomax et al., 2014).

Calibration using quartz in this study is based on Single Aliquot Regeneration (SAR) protocol (Murray
& Wintle, 2000), whose setting can be seen in TABLE 1. All aiquots (n = 10) undergo a complete
SAR protocol cycle for each quartz. The beta irradiation time is framed based on the irradiation time
capable of inducing the OSL signal and is carried out in a dark room to ensure that all aiquots have
the same bleaching history (Guérin & Valadas, 2014). In this study, 10 swas the test dose. Therefore,
each increase in the irradiation time of 50, 100 and 150 s should be followed by 10 s of irradiation.
The main purpose of each aliquot obtaining the test dose was to ensure the consistency of the
measurements at the beginning and end of the study. In this protocol, preheat is carried out after
irradiation and before OSL measurements to allow the transfer of electrons from the trapped (Frouin
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et al., 2017). An overview of the SAR cycle for this study is shown in FIGURE 1. Each aliquot was
preheated at 200 °C for 10 s while heating at 160°C. The OSL signal for the blue signal stimulus was

stimulated for 50 s at atemperature of 125 °C.

TABLE 1 showsthe SAR protocol cycle settings for each quartz sample. The experimental doseis 10,
where each increasein irradiation dose 50, 100 and 150 swill be followed with 10 sto ensure consistency

of irradiation.
Setting Temperature (°C) Time (s)
Irradiation - 10, 50, 100, 150
Test - 10
Preheat 200 10
Preheat 160 0
OSL 125 50
First cycle Next cycle
Irradiation
Preheat (50,100,1505)
200°C (10s)

)

Optical stimulated
125°C (50s)

!

Irradiation (10s)

}

Preheat
160°C(0s)

!

Optical stimulated
125°C (50s)

FIG 1 shows an overview of the SAR cycle for each sample. The cycle includes preheating, optic
stimulation and irradiation.
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RESULTSAND DISCUSSION

Theresults of the luminescence signal for quartz samplesare shownin TABLE 2. According to studies
conducted by (Richter et al., 2020), the most accurate and ssimple calibration using OSL can be
obtained by interpolating the OLS-Beta normalisation response from gamma dose quartz to a single
dose growth curve beta arising from the OSL -Beta normalisation response at several beta doses. The
interpolation of the normalised signal OSL is conducted with three or more points using square linear
fit (Guérin & Valladas, 2014). Therefore, we applied this interpolation to each quartz. An example of
interpolation can be seen as the curve in FIGURE 2.

The mean of the interpolated dose was 28.87 + 0.43 Gy (n = 10), as in FIGURE 3, using the SAR
procedure. The ratio of dose is consistent and unity in the range of 5%. This leads to an assumption
that the SAR protocol and the stability of the reader guarantee the signal obtained during this study
(Tribolo et al., 2019). In addition, the standard deviation for all quartz samples (n=10) was
approximately 4%. This gives the impression that there is no significant change in the optically
stimulated luminescence signal produced by the reader experiencing uncertainty (fluctuation) either in
the short or long term (Hansen et a., 2015). Furthermore, the use of the SAR protocol should reach a
unity value, but arange within = 10% is acceptable in the application of the dating method (Richter et
al., 2020).

The central point for the dose distribution was at 28.30 Gy, asin FIGURE 4 obtained via the abanico
plot (Dietze et al., 2016). The value of 20 is equivalent to 70%, which indicates only 3 quartz samples
got dose readings located outside the dispersion bar as marked in agrey areain FIGURE 4. The three
overdispersion equivalent doses were 26.62, 27.68 and 31.56 Gy. These three doses are acceptable
because they are still in the range of + 10%. Meanwhile, 10 samples were insufficient to produce a
useful abanico plot curvefor the study (Dietze et a., 2016). Thus, the curveisonly to giveaconclusion
in general without considering the polarity as similar to the study conducted by (Douglass et al., 2006).

TABLE 2 shows the results of luminescence signals for 10 quartz samples.

Quartz Sample,  Given dose, Measured Measured dose/Given  Error

n Gy dose, Gy dose

1 30 27.97+0.57 0.932 0.33
2 30 31.56+0.63 1.052 0.42
3 30 28.85+0.75 0.962 0.6
4 30 28.69+0.63 0.956 0.6
5 30 28.6+1.02 0.953 0.75
6 30 29.24+0.81 0.975 0.8
7 30 29.85+0.64 0.995 0.72
8 30 29.67+0.58 0.989 0.66
9 30 27.68+0.41 0.923 0.73
10 30 26.62+0.40 0.887 0.53
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FIG 2 shows an example of interpolation of the dose growth curve that obtains an equivalent dose of
29.85 Gy. Theinterpolation of the normalised signal OSL is conducted using square linear fit a points

50,100,150 Gy.
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FIG 3 shows the average interpolation dose for all 10 quartz samples was 28.87 + 0.43 Gy using the
SAR protocol.
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FIG 4 is an abanico plot showing the central point of the dose distribution at 28.30 Gy and value of
20 equivalent to 70%. The overdispersion doses are 26.62, 27.68 and 31.56 Gy.

CONCLUSION

The TL OSL readersis atool for dating applications in various fields. The approach of using quartz
for the calibration of radiation sourcesfor TL OSL readersisan aternative approach. It isan important
step to understand all forms of variability and accuracy for equivalent dose readings. The mean
measured dose in this study was average 28.87 + 0.43 Gy with aratio in the range <5% using SAR
protocol. Abanico plot shows that the central point of dose distribution is 28.30 Gy, with a 2 0 value
equal to 70%. It isindicating that 7 quartz sample readings lie on under dispersion region. Quartz
samples were measured and produced a ratio measured dose/given dose between 0.887-1.052, which
showed that there was no significant signal loss and was amost in line with the results of the study
conducted by (Richter et al., 2020) whose ratio between 0.992 - 1.017. Therefore, we concluded the
equivalent dose reading produced by the reader in this study was acceptable because it was within
range. Indeed, the use of quartz for the calibration of TL OSL readers in the Dating Laboratory,
Malaysian Nuclear Agency is to ensure the reiability and accuracy of the dose equivaent reading
before using it for the dating method of any sample. Thus, further studies can be performed using a
variety of quartz and more detailed SAR protocols such as the study (Hansen et al., 2015).
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ABSTRACT

Fifteen elementsin black tea, rose flavoured tea and fruit tea commercially sold in Malaysian market
wer e determined using neutron activation analysis (NAA). The elements analyzed include Al, Ba, Br,
Ce, Cl, Eu, Fe, K, La, Mg, Mn, Na, Rb, S, and Zn. The concentration of these elements varied
according to the tea types in the range of 2.2% K to 0.04 mg/kg Sc. The quality of analysis was
assured using certified standard reference material. Infusion study of the tea residue was also
performed to analyse the possible consumption of these elements by the population. Ce, Cl, Eu, K
and Rb were found to be easily infused in all three types of teas. Kruskal-Wallis test found significant
differences (p < 0.05) between elemental composition and types of teas. Principal component analysis
(PCA) showed clustering based on types of teas.

Keywords:. infusion, elemental, neutron activation analysis, principal component anaysis, tea

INTRODUCTION

Tea (Camellia sinensis) is a very popular beverage in the world due to its pleasant aroma and
refreshing taste (Zhao et a., 2017a). Many cultures around the world have their own practice of
drinking tea which relates to its customs and rituals (Martin, 2011). Moreover, drinking tea is
associated with its therapeutic and beneficia anti-inflammatory and antioxidant properties (Peluso &
Serafini, 2017). There are several types of tea available in the market which can be categorized by
the fermentation level. Black tea is fully fermented, green tea is unfermented while oolong tea is
partially fermented (Lin et al., 1996). In Malaysia, tea plantation area covers 2271 hectareswhich is
predominantly cultivated in Pahang and Sabah. It is estimated that 7523 tons of tea products come
from that area (Jabatan Pertanian Semenanjung Malaysia, 2022). Many of these tea products are sold
as loose powder or in bags. Black tea is widely consumed in Malaysia, apart from green tea and
flavoured tea

Teacontains proteins, amino acids, lipids, sugars, vitamins, fiber and minerals (Ramdani et a., 2013;
Limet al., 2021). The availability of mineralsin tea leaves varies depending on the origin of tea, tea
variety, geochemistry of the soil and the use of pesticides and fertilisers (Lagad et al., 2011; Islam &
Ebihara, 2017; Lim et al., 2021). Tea is known to contain essential minerals such as manganese.
Manganese is known to be involved in many physiological functions of the human body such as the
metabolism of glucose and lipids as well as aids in protection against metabolic diseases such as
obesity and diabetes mellitus (Li & Yang, 2018). Nonetheless, the consumption of minerals upon
drinking teas isrelated to the solubility of the elements and the infusion times taken.
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Due to the health benefits offered by drinking tea, various studies have been carried out to study the
elemental compositions of teaaswell asitsinfusion. Many of this elemental analysis of teawas done
using spectroscopic techniques such as inductively coupled plasma mass spectrometry (Han et al.,
2014), atomic absorption spectrometry (Brzezicha-Cirocka et a., 2016) and X-ray fluorescence
spectroscopy (Lim et a., 2021). The use of neutron activation analysis (NAA) for elemental
characterization of food products including tea has been growing increasingly in recent years
(Chajduk, 2009; Zhang et al., 2011; Lagad et al., 2011; Mahani & Maragheh, 2011; Jonah &
Williams, 2000; Islam & Ebihara, 2017). NAA is an analytica instrument capable of anaysing
various elements simultaneously with high precision and accuracy. As a non-destructive technique,
it aso offers other advantages such as much ssmpler preparation, does not require complex chemical
digestion and therefore free of contamination from acid digestion.

This study aims to investigate the concentration of multi-element in tea leaves sold in Malaysian
market using NAA and its leaching efficiency upon brewing. Statistical and classification technique
are also used to find the relationship between elemental profile and type of teas.

MATERIALSAND METHODS

10 different tea samplesin loose form and tea bags were purchased from local markets around Bangi,
Selangor. The characteristics of tea samples used in this study are summarized in Table 1. The origin
of the tea samples was determined solely from the packaging. The procedure described by Islam &
Ebihara (2017) was followed for the preparation of the samples for elemental concentration
determination. Each sample was dried in the oven at 50°C overnight and then ground to a small size
using a household blender.

Table 1 Characteristics of analysed teas

Tea samples Type of Tea Origin Confection
BT 1 Black tea Ranau, Maaysia Bags
BT 2 Black tea Indefinite origin Bags
BT 3 Black tea Cameron, Malaysia Loose
BT 4 Black tea Cameron, Malaysia Bags
RT 1 Rose flavoured tea Malaysia Loose
RT 2 Rose flavouredtea  Indefinite origin Loose
FT1 Fruit tea East Africa Bags
FT 2 Fruit tea East Africa Bags
FT 3 Fruit tea East Africa Bags
FT 4 Fruit tea East Africa Bags

Irradiation and counting

Samples were transferred into a polyethylene tube and heat-sealed. The weight of the samples used
varies according to the intended radionuclides. For short-lived radionuclides approximately 0.07g of
samples were weighed in, while for long-lived radionuclides, around 0.1g of samples were used.
Samples and standard reference materials (SRMs) were co-irradiated in the same batch performed at
the TRIGA Mark |1 reactor at Malaysian Nuclear Agency with thermal neutron flux approximately
at 6.8x10%n-cm™s™. For short-lived radionuclides (Al, Cl, K, Mg, Mn, Na) samples and standard
reference materials were irradiated for 1 minute using a pneumatic transfer system followed by
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cooling (decay period) for 8 minutes and then counted for 5 minutes using HPGe Gamma
Spectrometer (EG&ORTEC, USA) and GammaVission software. As for long-lived radionuclides
(Ba, Br, Ce, Eu, Fe, La, Rb, Sc, Zn) samples were irradiated for 4 hours followed by cooling (decay
period) for 3 daysfor first counting and 21 days for second counting. Samples were then counted for
1 hour each. Standard reference material from the National Institute of Standards and Technology
(NIST) 1515-Apple Leaves was chosen as quality control materials due to its similarity in matrix as
tealeaves. The concentration of the teasamples aswell asthe SRM was cal culated using Eq. (1) (Joel
et al., 2018; Elias et al., 2018):

ASm
CgL = £ x X Csta (1

Where

Asmp = net count of the selected peak area of an interested element in asample
Asd = net count of the selected peak area of an interested element in a standard
Wsmp = Weight of sample used (g)

Wad = Weight of standard used (g)

Cgd = Concentration of interested element in standard (mg/kg)

CeL = Concentration of interested element in sample (mg/kg)

As for the infusion study, the following method by Islam & Ebihara (2017) is used. Around 2.0g of
tea samples were infused in 200 ml boiling DI water for 6 minutes and then filtered. The residual tea
leaves were then collected and underwent the same procedure as the non-infused tea leaves.

Statistical Analysis

Statistical analysis was performed using PAST3 (Hammer, Harper, & Ryan, 2001) software.
Normality test was done using the Shapiro-Wilk test followed by a non-parametric test as the data
appeared to be a non-normal distribution. Kruskal-Wallis test was performed to find a significant
difference followed by Dunn’s post-hoc test. Principal component analysis (PCA) was also employed
for the visualisation purpose.

RESULT & DISCUSSION
Quality of analysis

The quality of the data obtained was evaluated by measuring the elemental contents of standard
reference material NIST 1515 Apple Leaves which act as the quality control material in this study.
The energies of the gamma-ray used, mean concentration results, recovery percentage, percentage of
RSD and Z-score are given in Table 2. This method shows good accuracy with a relatively high
recovery percentage ranging between 89% to 118%. The obtained results were in good agreement
with the certified values. Mgjority of the data shows high precision with %RSD < 10% except for K
and Fe with dlightly higher %RSD at 10.25 and 11.20% respectively. All of the data are within the
95% confidence limit as suggested by the Z-score below 3 (Lagad et al., 2011).
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Table 2 Analytical results of elemental contents of the standard reference
material NIST 1515 Apple Leaves

Energy Certified Thiswork  Recovery
Element (keV) value (mg/kg) (%) %RSD Z-Score
(mg/kg)

Al 1779 2845+58 278.8+15 96.6 5.46 0.61
Ba 496 488+ 2.3 46.3+ 1.3 94.8 2.78 0.96
Br 554 (1.8) 1.70 + 0.07 94.3 441 -
Ce 145 3 3.01+0.25 100.3 8.33 -
Cl 2168 582 + 15 567 + 28 97.4 5.00 0.46
Eu 1408 (0.2 0.23+0.003 112.5 1.35 -
Fe 1099 82.7+26 85.4+9.7 103.3 11.20 -0.27
K 1524 16080+ 210 15125+ 155 94.1 10.25 0.61
La 1596 (20) 18.61 + 1.59 93.0 8.57

Mg 1014 2710+ 120 2965+ 204 109.4 6.90 -1.08
Mn 1811 541+11 56.2+ 4.0 103.9 7.05 -0.51
Na 2754 244+21 220+ 13 89.9 6.02 0.99
Rb 1077 102+1.6 9.2+0.35 90.4 3.80 0.60
Sc 889 (0.03) 0.03+0.001 1017 0.21 -

Zn 1116 1245+ 043 1474+091 1184 6.19 -2.27

Concentrations are mentioned as mean = SD
Values given in parentheses () are information values

Z-score = % where x = observed mean value, p = certified value and o = standard deviation of

certified value
Elemental composition of tea leaves

The analytical result of the elemental contents in tea samples is shown in Table 3. A total of 15
elements can be determined from thisanaysis. Generdly, K, Mg, Al, Mn, Cl, and Fe are the primary
elementsthat can be found in tealeaves. Black tealeaves from Ranau, Sabah have the most abundant
amount of K (20873 mg/kg) as compared with the other Malaysian-grown black tea leaves. High
concentration of K in tealeaves sold in other Asian countries was also reported (Lagad et al., 2011;
Huang et al., 2016; Lim et a., 2021). Comparison of elemental levels in tea leaves from various
originsisshown in Table 4. Mg concentration is the highest in black tealeaves (3030 — 3572 mg/kg).
It is twofold higher than Mg concentration in black tea leaves from selected region in China (Ma et
al., 2019). Interestingly, high concentration of Al isobserved in al teasamplesat around 1224 - 1932
mg/kg. Alzheimer’s disease (AD) is reportedly linked to over-exposure to heavy metals such as
aluminium (Deng et al., 2000; de Oliveiraet al., 2018). Being apopular drink worldwide, teaisknown
as amgjor dietary source of Al, hence, heavy consumption of tea might increase risk of the disease.
Mn concentration reported here is between 460 — 1748 mg/kg with fruit teas has considerably higher
Mn content than black teas and rose flavoured teas. The average Mn concentration of tea leaves in
this study is considerably higher than Mn concentration of European black tea and green tea (8 — 709
mg/kg) (Girolametti et a., 2023). CI concentration is relatively high in all tea samples (653 — 1175
mg/kg). The value reported hereis slightly higher than Cl concentration of tealeaves sold in Nigeria
(Jonah & Williams, 2000) but relatively similar to black tealeaves sold in Poland (Chgduk, 2009) as
well as Japanese green tealeaves (ISlam & Ebihara, 2017) (Table 4). Fe concentration is between 126
— 290 mg/kg. Generally, fruit tea has the highest concentration of Fe among the tea samples.
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Table 3 Elemental concentration of tea samples sold in Malaysian market (mg/kg)

Element BT 1 BT 2 BT 3 BT 4 RT 1 RT 2 FT1 FT 2 FT3 FT 4

Al 1690+ 33 1444+ 134 1684+85 1800+6 1932+ 130 1589+44 1328+42 1365+ 18 1224+27 1371+47

Ba 105+ 128 422+29 539+09 307+18 883+19 783+66 47.7+64 209+37 431+05 42.8+0.8

Br 282+020 437+015 249+002 311+008 238+007 242+001 543+043 493+010 4.68+013 461+0.03

Ce 029+005 019+024 013+017 011+015 027+009 017+006 040+051 039+005 039+001 0.42+ 005

cl 1075+ 167 761+355 O54+551 1047+181 1175+7.0 1013+769 857+115 860+138 728+74 653+86

£ 0.07 + 0.06 + 0.06 + 0.04 + 0.06 + 0.07 + 000+ 004 008% 0.07 + 0.07 +
0.008 0.001 0.009 0.004 0.001 0.002 FE00% 6,000 0.002 0.006

Fe 126+07 243+165 132+51 224+268 290+87 190+80 233+137 267+127 242+27 223+352
20828+ 20090+ 16513+ 17458+ 13569+ 22331+ 20750+ 19865 +

K 366 767 248 222 535 242 222 22001+86 20873+84 o)

La 067+006 124+005 049+005 028+005 077+018 054+008 156+001 172+002 151+001 1.74+0.03

Mg 3176+328 3572+816 3030+707 3326+292 3037+304 2718+204 2877+764 2392+392 3353+514 2885+ 650
1133+ 1570 + 1644 + 1748 + 1694 +

Mn ot 00 553+184 460+238 903:549 951%335 . 180 157494 og

Na pops07s 3524t 21.41 + 3475+ 36.55 + 3512+ 52.65 + 61.06 + 4958 + 52.56 +

3.07 1.05 0.73 1.96 252 0.56 3.85 1.66 6.47

Rb 10709 122+32 625¢30 573+12 669+08 815+56 101+02 996+15 054+18 101+40

. 0.05 + 0.07 + 0.05 + 0.05 + 0081001 005% 0.04 + 0.04 + 0.04 + 0.04 +
0.002 0.001 0.005 0.002 082001 5 001 0.004 0.001 0.002 0.001

0 2577 + 2590 + 26.65 + 37.27+ 3220+ 2505 + 20.36 + 2033+ 2143+ 19.76 +
2.49 1.62 293 4.02 7.96 3.61 0.86 1.30 0.97 0.36

23



e-JSNM

Jurna Sains Nuklear Maaysia, 2024, 36(No. 1): 19- 30

|SSN: 2232-0946
Table 4 Comparison of concentration value of elements in tealeaves from various origins

Origin Iran India China China Europe China Nigeria Japan Poland This study

Typeof tea Blacktea Blacktea  Various Puerh, Black & Various Blacktea Greentea Blacktea  Black, fruit
green & greentea & rose
black tea flavoured
tea
Al (mg/kg) 1397 - 116-862 733-4865 217-607 47.8 - 304-1100 6221053 12241932
1553 1904

Ba (mg/kg) 119-144 31-34 14.7-37.9 104-334 299-105
Br (mgkg) 4.20-7.07 09-13 278-4.44 202-981 238-543
Ce (mg/kg) 0.12-0.69 386-580 0.11-042
Cl (mg/kg) 422-921 560-1110 739-934 653-1175
Eu (mg/kg) 70-185 0.04-0.07

Fe (mg/kg) 71-397 114-150 77-99 57.8-105 82.8-207 126-—290
K(wt.%) 120-210 098-1.96 156-1.57 154-208 154-219 187-217 136-223
La (mg/kg) 0.06 - 0.42 0.05-041 0.16-056 0.28-1.74
Mg (wt. %) 0.22-0.26 0.12-0.23 193-286 023-1.24 0.18-0.28 0.19-021 0.24-0.36
Mn(mg/kg) 150-500 163-1191 629-845 386- 780 8- 709 286—-801 528-965 444-787 460-1748
Na(mgkg) 18-120 11.9-95.2 252-551 151-492 516-53.6 30.8-938 21.4-61.1
Rb (mg/kg) 19.8-904 26.6-629 3.1-257 13.2-24.7 39.1-144 57.3-122
Sc (mg/kQg) 0.01-0.02 0.04-0.24 0.004- 0.05-0.08 0.04-0.08

0.02
Zn (mg/kg) 176-929 238-277 338-959 219-39.7 14.7-264 29.3-314 198-37.3
References Mahani & Lagadet Limeta.,, Maeta. Girolamett Zhaoetal. Jonah& ISam & Chajduk,
Maragheh, 4., 2011 2021 2019 ieta., 2017b Williams, Ebihara, 2009
2011 2023 2000 2017
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Some elements in tea samples can be categorized as microelements which includes Ba, Na, Rb and
Zn (19.76 — 122 mg/kg). Rose flavoured tea has arelatively higher concentration of Bathan black tea
and fruit tea. Black teafrom Ranau has the highest concentration of Bain this study. Na concentration
in fruit teais higher than black tea and rose flavoured tea. The concentration of Na reported hereis
very much less than Na concentration of multiple varieties of tea leaves from China analysed over
different seasons (Zhao et al., 2017b) (Table 4). Rb concentration is between 57.3 — 122 mg/kg. Fruit
tea has considerably higher content of Rb than other types of teas. Zn concentration is between 19.76
— 37.27 mg/kg. It islower compared to black teafrom China (33.8 — 95.9) (Maet a., 2019) but quite
similar with black teain Poland (20.7 — 37.3 mg/kg) (Polechonska et al., 2015). Some elementsin tea
leaves were present in trace amounts. These include Br, Ce, Eu, La and Sc (0.04 — 5.43 mg/kg). As
for Br, its concentration in black teais amost similar to rose flavoured tea but lower than fruit tea.
The concentration of Br is higher than those reported of black tea leaves of Indian origin (Lagad et
al., 2011) but quite similar to tea leaves sold in Iranian market (Mahani & Maragheh, 2011) (Table
4). Asfor the lanthanides, the concentration is roughly in the following order: La>Ce>Eu=Sc. Fruit
tea has the highest concentration of the lanthanides followed by rose flavoured tea and black tea.

Multi-element analysis of infusion tea leaves residue

The extraction efficiencies of the elements by infusion were also evaluated to assess the potential
consumption of elements studied from drinking the tea. In order to show a better representation of
the leaching efficiencies of the tea samples, they were separated based on types of teas; black tea,
rose flavoured tea and fruit tea and their mean extraction efficiencies are compared. Figure 1 below
shows the extraction efficiencies of the tea leaves among the three types of teas. Extraction
efficiencies are calculated as the ratio between infusion residue and its corresponding tea leaves.

According to Matsuura et al., (2001), extraction efficiencies of tea leaves can be categorized into
three groups:. highly extractable (>55%), moderately extractable (20 — 55%), and poorly extractable
(<20%). Figure 1 indicates that elements Ce, Cl, Eu, K and Rb are easily leached from tea leaves
upon brewing in al three types of teas whereas some elements are poorly leached which include Al,
Mn and Zn. Highly extractable element ishighly ionic as suggested by Isslam & Ebihara (2017). Thus,
it is expected that the amounts of elements extracted into teainfusion depend strongly on its solubility
inthesolution. Itisalso postulated that chelation of those elementswith tannic acid and tannins might
cause such variations to occur (Brzezicha-Cirocka et al., 2016).

120.0
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60.0

40.0

 ulll il
o IR el LY Il

|
Al Ba Br Ce CI Eu Fe K La Mg Mn Na Rb Sc Zn

Extraction efficiencies (%)

Elements
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Figure 1 Extraction efficiencies between black tea, rose flavoured tea and fruit tea
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Kruskal-Wallis test

Kruskal-Wallis test was performed to determine whether or not there were statistically significant
differences between elemental levels of different types of teas. The result showed that there exists
such interdependence. Result of the Kruskal-Wallistest is as follows: Al (H = 6.627; p = 0.036), Br
(H = 7.855; p = 0.019), Ce (H = 6.627; p = 0.036), La (H = 6.627; p = 0.036), Mn (H = 6.545; p =
0.038), Na (H= 7.282; p = 0.024), Zn (H= 6.627; p = 0.036). The ensuing Dunn’s post-hoc test
identified elements that are contributing to the differences between black tea and fruit tea as well as
rose flavoured tea and fruit tea (p < 0.05) as shown in Table 5 below. Previous researchers have used
elemental data to differentiate between types of tea or their origin (Ferndndez-Céceres et al., 2001;
Kara, 2009; Brzezicha-Cirockaet al., 2016; Maet a., 2019; Lim et a., 2021).

Table 5 Dunn’s post-hoc test of the elemental data

Black tea Fruit tea
Black tea - Al, Ce, La, Mn, Na, Zn
Rose flavoured tea - Al, Br

Principal component analysis (PCA)

Principal component analysis (PCA) was attempted with elements that showed statistically significant
differences (p < 0.05). PCA allows for simplification and provides with graphical visualisation of the
data. Thefirst five components with elgenvalue more than 1 were extracted which accountsfor 98.9%
variances of the data. The first component accounted for 85.9%, the second for 6.3%, the third for
3.9%, the fourth for 1.62% and the fifth for 1.1% of the total variation of the data. Figure 2 showsthe
PCA scatter plot of PC1 vs PC4 and itsloading plot. It is obvious that there was a clear distinction of
samples from different types of teas which supports our prior statistical finding. However, one of the
black teas was clustered together with rose flavoured tea. Upon inspection, it was revealed that the
black tea sample is BT2 which has an indefinite origin than the rest of Malaysian grown black tea.
Hence, this might explain why such variation occurred. The first component was known to represent
the maximum variation of the data set (Kara, 2009). Hence, from the loading plot Br, Ce, La, Mn and
Na have the most discrimination power in the differentiation of types of tea

(a)

Rose flavoured

tea 1,04
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Figure 2 PCA scatter plot of PC1 vs PC4 (a) and its loading plot (b)

CONCLUSION

Analysis results indicate that black tea, rose flavoured tea and fruit tea sold in Malaysian market
contain various essential and trace elements which vary according to the tea types. Data analysis
showed that tea samples are a good source of essential elements such as K, Na, Mg and Mn. The
infusion study showed that these elements might be transferred out into the solution at different rates
upon brewing. In general, Ce, Cl, Eu, K and Rb are mostly leached out and can be consumed by the
human body. Significant differences were found between black tea and fruit tea, as well as rose
flavoured tea and fruit tea based on their elemental levels. The PCA showed that differentiation of
types of teas is possible using its mineral profile. This study demonstrates that NAA is a useful tool
to assess the quality and safety of teas.
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ABSTRACT

Determining the isotopic composition of nitrate (6*°N-NOs™ and 6**0-NOg) in water can provide
useful information to identify the sources of nitrate pollution and understand its dynamic behaviour
in the aquatic ecosystem. In this study, six river water samples fromthe Linggi River, Malaysia were
obtained to determine the nitrate level and understand possible sources of nitrate pollution using
nitrate stable isotopes. The nitrate level and nitrate stable isotopes were measured using ion
chromatography (1C) and Continuous Flow Elemental Analyzer |sotope Ratio Mass Spectrometer
(CF-EA-IRMS) respectively. The nitrate in the river water samples ranged between 0.97+ 0.01 mg L
1and 36.08 + 0.12 mg L. The nitrate level in all river water stations was below than World Health
Organization (WHO) and Malaysian Raw Drinking Water guideline level. For nitrate stableisotopes
the 6°*N-NOg values ranged from +1.4%o to +15.6%o and the 6*30-NOs™ values ranged from +13.8%o
to +27.4%o in the river water samples. Based on the cross plot of nitrate stable isotopes, the Linggi
River wer e influenced by the mixture of nitrate pollution sources process from ammonia in fertilizer,
soil ammonia, sewage, manure, nitrate fertilizer and atmospheric nitrate. This study reports the
signature of nitrate stable isotopes in potential nitrate pollution sources identification and these
findings will help further pollution mitigation action for environmental protection.

Keywor ds: nitrate, nitrate stable isotopes, pollution, river water

INTRODUCTION

Worldwide, nitrates in the natural nitrogen cycle are being increasingly altered due to anthropogenic
contributions, such asfossil fuel burning, sewage discharge, agricultural intensification, and intensive
farming (DeVries & Zhang, 2016; Filoso, Martinelli, Howarth, & Boyer, 2006; Gutiérrez, Biagioni,
Alarcén-Herrera, & Rivas-Lucero, 2018; Jiang et al., 2019; Zafirah et ., 2017; Zhang et al., 2018).
In addition, since the beginning of the 20™" century, the enormous impact of anthropogenic activities
on the environment has atered the nitrogen cycle, doubling the amount the reactive nitrogen
(Camargo and Alonso 2006; Gruber and Galloway 2008; Ver et a. 1999). Thus, precise and reliable
estimation of nitrate pollution in the ecosystems is warranted.
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Nitrate occurs naturally as part of the nitrogen cycle. Despite its natural occurrence, the rising
concentrations of nitrate serve as ubiquitouswater pollutants. The World Health Organization (WHO)
and Malaysian National Raw Drinking Water Guideline have set a limit of 50 mg L™ for nitrate in
drinking water sources. Nitrate is a contaminant of concern because its presence is correlated to
various environmental problems, such as eutrophication, and health hazards (Akinnawo 2023; Grout
et al. 2023). Nitrate causes methemoglobinemia (blue baby syndrome) in children (WHO 2017).
Furthermore, increased atmospheric loads of sulfuric and nitric acids from anthropogenic input lead
to excess akalinization and acidification of rivers, in addition to eutrophication (Camargo & Alonso,
2006; Gruber & Galloway, 2008; Wu, Luo, Luo, Ma, & Wang, 2018). These |oads enter theriver and
groundwater via precipitation and may cause environmental harm.

Furthermore, the presence of nitratein water may be considerably affected by temporal variations,
precipitation, hydrogeological conditions, and land use activities (Negjatijahromi et al. 2019). Under
many environmental circumstances, isotopes offer definitive source identification because different
nitrate sources possess distinct nitrogen and oxygen isotopic signatures. The dual nitrogen and oxygen
ratio of nitrateis avaluable fingerprinting tool to identify the predominant source of nitrate pollution
in water (Kendall et a., 2007; Li et al., 2010; Michalski, Kolanowskit, & Riha, 2015; Qin, Zhang, &
Wang, 2019; Venkiteswaran, Boeckx, & Gooddy, 2019; Zhang, Shi, Song, & Li, 2019). This study
aims to determine nitrate levels and nitrate stable isotopes in the river water samples to understand
the nitrate pollution sourcesin the Linggi River.

MATERIALSAND METHODOLOGY

Study Area

Linggi River is located in the Negeri Sembilan state and covers a distance of approximately 1,530
km?. The river passes through urban areas, such as Seremban and Senawang, as well as rural areas,
toward the Strait of Malacca. The Linggi catchment is dominated by residential and industrial areas
in the upstream region, while major agricultura activities, small residential areas, and drinking water
intake point are located from the middle stream toward the downstream areas. The coordinate points
and the description of the sampling locations for this study are shown in Figure 1 and Table 1
respectively.
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Figure 1. River water sampling location at Linggi River (DWTP= drinking water treatment plant;

SAINS= Syarikat Air Negeri Sembilan)
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Table 1: Description of sampling location

Station Latitude Longitude Land Use
RW1 101.93° 2.68° Small town, cow farm
RW2 101.91° 2.67° Residential Areas, sewage treatment plant
RW3 101.96° 2.58° Palm oil plantations, small towns, residential areas

Rw4 101.96° 2.51° Residential areas
RWS5 102.01° 2.48° Residential areas

RW6 101.96° 2.73° Residential areas, animal farm

Sampling procedure

The sampling for nitrate and nitrate stable isotopes was conducted in April 2018 at Linggi, Negeri
Sembilan, Malaysia. For nitrate level analysis, river water samples were collected using a clean
bucket and passed through a 0.45-um membrane filter. The samples were stored in 250-mL bottles
in an icebox and kept in arefrigerator at £4 °C in the laboratory. The water samples were analyzed
within 48 hrs of collection.

For nitrate stable isotope analysis, 4 litres of river water samples were collected using a clean bucket
and passed through a 0.45 pm membrane filter, followed by a 0.20 um membrane filter. All samples
for nitrate stable isotope analysis were stored in an icebox and kept in the freezer to prevent any
significant chemical and biological changes till further analysis. All samples were analyzed within
48 hrs of collection.

Analysisof nitratein theriver water samples

Nitrate in the water samples was measured using ion chromatography (IC) (ICS 1000 Dionex, USA)
following the American Public Health Association (APHA) 4110B standard method. Briefly, the
water samples are injected into a stream of eluent in the IC system and passed through a series of ion
exchangers. The target anions are separated based on their relative affinities for a low-capacity,
strongly basic anion exchanger in the guard and analytical columns of the IC system. The separated
anions are directed through suppressors, which continuously suppress eluent conductivity and
promote anal yte response which in this study in the nitrate ion. In the suppressor, the separated anions
are converted to their highly conductive acid forms, while the conductivity of the eluent is greatly
decreased. The separated nitrate ion in their acid forms is quantified based on their conductivity and
identified based on their retention time (RT). Quantification was performed using the peak area of
the ions. Five calibration pointsof 0.5 mg L%, 1.0mgL?, 20mgL™? 50mgL*and 100 mg L?
were established with the correlation of coefficient (R?) of 0.997. Calibration verification (quality
control standards) was done for every twenty samples that were analyzed; the values ranged between
90 and 110%. Method blanks and spiked samples were analyzed to ensure method performance with
recovery between 70% and 130%. Details of the apparatus, reagent, chemicals, standards, and quality
controls are described el sewhere (APHA 2017).
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Analysis of nitrate stableisotopesin theriver water samples

The nitrate stable isotopes (8°N-NOs™ and §'®0-NOs) anayses were carried out using the ion-
exchange method based on the United States Geologica Survey (USGS) guideline for the
determination of 3*°N-NOs and §'¥0-NOs (USGS 2001) and literature (Minet et al., 2011; Silva et
al., 2000; Xing & Liu, 2011). Briefly, the nitrate in the water samples was extracted using AG50-
WX8 and AG1-X8 resins and eluted using 3M hydrochloric acid. After the elution, the neutralization
process was performed using silver oxide salt to produce silver nitrate salt from the samples. The
silver nitrate salt was freeze-dried and stored prior to analysis. The determination of §*°N-NOs™ and
5'80-NOjs in the silver nitrate from the water samples was carried out using Continuous Flow
Elemental Analyzer Isotope Ratio Mass Spectrometer (CF-EA-IRMS) (SERCON 20-22, UK).

The 8N values of samples were reported using conventional delta (8) notations in per mil (%o)
relative to the AIR standard (*°N = 0%o). |sotope signatures for §°N were calculated as [Rsample —
Rstandard) /Rstandard] X 1000, where R = ®N/* N. The 80 values of samples are reported using
conventional delta (8) notation in per mil (%o) relative to the Vienna Standard Mean Ocean Water (V-
SMOW) (880 = 0%o) and calculated as [Rsample — Rstandard) /Rstandard] * 1000, where R = 180/1° O,

RESULTSAND DISCUSSION
Theleve of nitratein theriver water samples

Figure 2 presents the values of nitrates in river water samples at RW1-RW6 from the Linggi River.
The nitrate level in RW1, RW2, RW3, RW4, RW5 and RW6 were 10.28 + 0.12mg L%, 17.51 + 0.15
mg L, 36.08 + 0.12 mg L, 0.98 + 0.01 mg L%, 242 + 0.02 mg L?, and 2.17 + 0.06 mg L™
respectively (Figure 2). The range of nitrate concentration in the river water samples was between
0.97+ 0.01 mg L™ and 36.08 + 0.12 mg L™X. The highest nitrate concentration was observed at the
RWa3 station. This station was surrounded by residential areas and palm oil plantations. The highest
nitrate level in this station may be due to the potential of nitrate sources from fertilizer and also from
the discharge of sewage effluent from residential areas (Abdul Zali et al. 2021; Zainuddin et a. 2020).

The nitrate levels in samples from RW1, RW2, and RW3 exceeded the base level (5 mg L) based
on literature by Wang et a. (2017) and Panno et al. (2006) and were lower than the WHO guideline
(Figure 2). Based on the literature and the author’s knowledge, till recent years, the study on the base
level of nitrate concentration was unavailable and/or not reported in the Malaysian region. The RW1,
RW2, and RW3 stations are in the downstream part of the river, and the abundance of nitrates in
samples from these stations may be attributed to input from nearby point and non-point sources as
well as cumulative loading of pollutants from the upstream region (Yang et al., 2016). The
anthropogenic pollution from point and non-point sources was anticipated at RW1, RW2, and RW3,
however, fertilizer waste may serve as the major contributor in these regions, as they are surrounded
by massive rubber and palm oil plantations (Zainuddin et al. 2020). Although the nitrate levels in
samples from RW4, RW5, and RW6 were dlightly lower than the base level, their concentrations
should not be overlooked given the potential risk of elevated nitrate from the surrounding areas and
also contribute to cumulative loading of nitrate in the downstream regions.
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Figure 2. Nitrate concentrationsin river water samples
Signature of nitrate stable isotopesin theriver water samples

The determination of nitrate level in the river water samples delivers the distribution information of
nitrate in the Linggi River. To understand the potential nitrate pollution sources and transformation
processes of nitrates from anthropogenic activities, the 3©°®N-NOsz™ and §*30-NOs signatures of water
samples were extracted and analyzed using CF-EA-IRMS. The §*°N-NOs™ and §'80-NOs signatures
of river water can be used for the evaluation of the potential sources of nitrate (Fenech et al. 2012;
Kendall 1998). The §°N-NOs and 5'80-NOs compositions of nitrate in the river water samples are
plotted in Figures 3 (a) and (b) respectively. From the nitrate stable isotope analysis, the §°N-NO3
values ranged from +1.4%o to +15.6%o0 and the §*30-NOjs values ranged from +13.8%o to +27.4%o in
the river water samples.
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Figure 3. Spatial variations in 5:°N-NOgs (a) and §80-NOs (b) in river water samples
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Sour ces of nitrate stable isotopesin theriver water samples

In Figure 4, the measured 5°N-NOs and §'¥0-NOjs" values are colour coded according to spatial
variations and overlaid on the estimated nitrate isotopic ranges of common sources in literature
(Kendall 1998; Kendall et a. 2007; Kendall and Aravena 2000). At RW1 and RW3, the 6°N-NO3
values were between 11.3%o and 15.6%o and the 530-NOs” values were between 23.0%o and 27.4%o.
The high §®N-NOj3 and §'80-NOs values at RW1 and RW3 during both seasons may be attributed
to the atmospheric nitrate from fixation processes associated with the rel ease of nitrogen oxide (NOx)
into the atmosphere from human activities (e.g., fossil fuel combustion) and natural processes
(biogenic soil emission, biomass burning, and lightning) (Kendall et a., 2007; Li et a., 2020). Based
on Figure 2, the high nitrate level at RW1 and RW3 stations (above base level) may due to the
atmospheric nitrate sources.
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Figure 4. Cross plot of :°N-NOs" and §'80-NOs" values in river water samples. The isotopic
composition of various sources in the diagram is derived from
(Kendall 1998; Kendall et al. 2007)

At RW2 and RWS5, nitrate-based fertilizers were the major source of nitrate, with 51°N-NOs values
between 4.9%o0 and 6.6%o and 5*¥0-NOs values between 19.0%o and 22.2%.. RW2 and RWS5 are
located near large palm oil and rubber plantations. The higher nitrate levels at RW2 (exceeding the
base level) than at RW5 (below the base level) may be attributed to the larger plantation areas near
RW?2 (Rantau) than those near RW5 (Seremban), with a mixture of plantations and residential areas.
The high and low nitrate concentration patterns from these stations were derived from similar nitrate
fertilizer sources.
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As shown in Figure 4, at RW4 and RW6, nitrification values were between -5%o and 15%o of §*%0-
NO; values (Kendall et al. 2007). At RW4 and RW6, the $™°N-NOs™ values were between 1.4%o and
2.3%o and the §*0-NOg" values were between 13.8%o and 15.9%.. RW4 and RW6 presented with the
lowest §1°N-NOs" values compared to other §©°N-NOjs in other sampling stations. As shown in Figure
4, RW4 and RW6 were affected by ammoniain fertilizers, precipitation, sewage, and manure nitrate
pollution sources (+0%o to +25%0). Even though the nitrate concentration in RW4 and RW6 was
below the base level, these stations were influenced by various types of potential nitrate pollution
sources based on the crossplot of §°N-NOs™ and §'80-NOs.

CONCLUSION

Nitrate concentration in river water samples exceeded the base level of nitrate and was lower than the
WHO guideline. The elevated nitrate concentration at the downstream stations may be explained by
the cumulative loading of nitrate from the upstream regions as well as anthropogenic activities in
nearby areas as well as point sources from the nearby areas. The cross plot of §©°N-NOs™ and §20-
NOz" capablesto identify the potential nitrate pollution sources in the sampling locations with higher
and lower nitrate concentrations compared to the nitrate base level. From the cross plot of §°N-
NOs and §'0-NOs’, the river water samples of Linggi were affected by mixture of nitrate pollution
from atmospheric nitrate, nitrate fertilizer, ammonia in fertilizers, precipitation, soil ammonia,
manure, and sewage.

ACKNOWLEDGEMENT

The authors would like to thank to the Ministry of Higher Education (MOHE) of Maaysia for
supporting this research under the Fundamental Research Grant Scheme (FRGS) No:
FRGS/1/2017/STGOL/UNISZA/02/2 and Interna UNiISZA grant: UNiISZA/2017/SRGS/18.
Research funding was also provided by the Centre of Hydrogeology, National Hydraulic Research
Institute of Malaysia (NAHRIM) under the project Integrated surface and groundwater physical-
based model of Linggi, Muda and Langat River Basin

38



e-JSNM

Jurnal Sains Nuklear Maaysia, 2024, 36(No. 1): 31— 41
| SSN: 2232-0946

REFERENCES

Abdul Zali, M., Juahir, H., Ismail, A., Retnam, A., Idris, A. N., Sefie, A., et al. (2021). Tracing sewage
contamination based on sterols and stanols markers within the mainland aquatic ecosystem: a
case study of Linggi catchment, Malaysia. Environmental Science and Pollution Research.
https://doi.org/10.1007/s11356-020-11680-5

Akinnawo, S. O. (2023). Eutrophication: Causes, consequences, physical, chemical and biological
techniques for  mitigation  strategies.  Environmental  Challenges,  12(May).
https://doi.org/10.1016/j.envc.2023.100733

APHA. (2017). Standard Method For the Examination of Water and Wastewater. In American
Journal of Public Health and Nations Health (23rd ed). USA.
https:.//doi.org/https://doi.org/10.2105/SMWW.2882.070

Camargo, J. A., & Alonso, A. (2006). Ecological and toxicological effects of inorganic nitrogen
pollution in aquatic ecosystems : A global assessment. Environment International, 32(6), 831
849. https://doi.org/10.1016/j.envint.2006.05.002

DeVries, S. L., & Zhang, P. (2016). Antibiotics and the Terrestrial Nitrogen Cycle: A Review.
Current Pollution Reports, 2(1), 51-67. https://doi.org/10.1007/s40726-016-0027-3

Fenech, C., Rock, L., Nolan, K., Tobin, J., & Morrissey, A. (2012). The potential for a suite of isotope
and chemical markers to differentiate sources of nitrate contamination: A review. Water
Research, 46(7), 2023-2041. https://doi.org/10.1016/].watres.2012.01.044

Filoso, S., Martindlli, L. A., Howarth, R. W., & Boyer, E. W. (2006). Nitrogen Cycling in the
Americas: Natural and Anthropogenic Influences and Controls. Nitrogen Cycling in the
Americas. Natural and Anthropogenic Influences and Controls, (January).
https.//doi.org/10.1007/978-1-4020-5517-1

Grout, L., Chambers, T., Hales, S., Prickett, M., Baker, M. G., & Wilson, N. (2023). The potential
human health hazard of nitrates in drinking water: a media discourse analysis in a high-income
country. Environmental Health: A Global Access Science Source, 22(1), 1-11.
https://doi.org/10.1186/s12940-023-00960-5

Gruber, N., & Galoway, J. N. (2008). An Earth-system perspective of the global nitrogen cycle.
Nature, 451(7176), 293-296. https://doi.org/10.1038/nature06592

Gutiérrez, M., Biagioni, R. N., Alarcon-Herrera, M. T., & Rivas-Lucero, B. A. (2018). An overview
of nitrate sources and operating processes in arid and semiarid aquifer systems. Science of the
Total Environment, 624, 1513-1522. https://doi.org/10.1016/j.scitotenv.2017.12.252

Jiang, S., Mdller, M., Jin, J., Wu, Y., Zhu, K., Zhang, G., et a. (2019). Dissolved inorganic nitrogen
in atropical estuary at Malaysia: transport and transformation. Biogeosciences Discussions, 1
27. https://doi.org/10.5194/bg-2019-7

Kendall, C. (1998). Tracing Nitrogen Sources and Cycling in Catchments. In Isotope Tracers in
Catchment Hydrology (pp. 519-576).

Kendall, C., & Aravena, R. (2000). Nitrate isotopes in groundwater system. In P. Cook & A.;.
Herczeg (Eds.), Environmental tracers in subsurface hydrology (pp. 261-297). CSIRO Land
and Water, Glen Osmond, Australiaa Springer Science+ Business Media LLC.
https://doi.org/10.1007/978-1-4615-4557-6

39



e-JSNM

Jurnal Sains Nuklear Maaysia, 2024, 36(No. 1): 31— 41
| SSN: 2232-0946

Kendal, C., Elliott, E. M., & Wankel, S. D. (2007). Tracing anthropogenic inputs of nitrogen to
ecosystems. In R. Michener & K. Lajtha (Eds.), Sable I sotopes in Ecology and Environmental
Science (pp. 375-445). Blackwell Publishing.

Li,C,Li,S L., Yue F.J, He S N., Shi, Z.B., Di, C. L., & Liu, C. Q. (2020). Nitrate sources and
formation of rainwater constrained by dual isotopesin Southeast Asia: Examplefrom Singapore.
Chemosphere, 241. https://doi.org/10.1016/j.chemosphere.2019.125024

Li, S-L., Liu, C.-Q., Li, J, Liu, X., Chetelat, B., Wang, B., & Wang, F. (2010). Assessment of the
sources of nitrate in the Changjiang River, Chinausing anitrogen and oxygen isotopic approach.
Environmental science & technology, 44(5), 1573-1578. https://doi.org/10.1021/es902670n

Michalski, G., Kolanowski, M., & Riha, K. M. (2015). Oxygen and nitrogen isotopic composition of
nitrate in commercia fertilizers, nitric acid, and reagent salts. Isotopes in environmental and
health studies, (July 2015), 1-10. https://doi.org/10.1080/10256016.2015.1054821

Minet, E., Goodhue, R., Coxon, C. E., Kdin, R. M., & Meer-Augenstein, W. (2011). Simplifying
and improving the extraction of nitrate from freshwater for stable isotope analyses. Journal of
environmental monitoring : JEM, 13(7), 2062—6. https://doi.org/10.1039/c1em10289c

Neatijahromi, Z., Nassery, H. R., Hosono, T., Nakhaei, M., Alijani, F., & Okumura, A. (2019).
Groundwater nitrate contamination in an area using urban wastewaters for agricultural irrigation
under arid climate condition, southeast of Tehran, Iran. Agricultural Water Management,
221(April), 397-414. https.//doi.org/10.1016/].agwat.2019.04.015

Panno, S. V., Kely, W. R., Martinsek, A. T., & Hackley, K. C. (2006). Estimating Background and
Threshold Nitrate Concentrations Using Probability Graphs. Ground Water, 44(5), 697-709.
https://doi.org/10.1111/j.1745-6584.2006.00240.x

Qin, Y., Zhang, D., & Wang, F. (2019). Using nitrogen and oxygen isotopes to access sources and
transformations of nitrogen in the Qinhe Basin, North China. Environmental Science and
Pollution Research, 26(1), 738-748. https://doi.org/10.1007/s11356-018-3660-0

Silva, S. R., Kenddl, C., Wilkison, D. H., Ziegler, A. C., Chang, C. C. Y., & Avanzino, R. J. (2000).
A new method for collection of nitrate from fresh water and the analysis of nitrogen and oxygen
isotope ratios. Journal of Hydrology, 228(1-2), 22-36. https://doi.org/10.1016/S0022-
1694(99)00205-X

USGS. (2001). Instruction for Collection and Recovery of Nitrate for d15N and d180 Analysis.
https.//wwwrcamnl.wr.usgs.gov/isoig/guidelines/nitrate/index.html. Accessed 1 December
2016

Venkiteswaran, J. J., Boeckx, P., & Gooddy, D. C. (2019). Towards a global interpretation of dual
nitrate isotopes in surface waters. Journal of Hydrology X.
https://doi.org/10.1016/j.hydroa.2019.100037

Ver, L. M. B., Mackenzie, F. T., & Lerman, A. (1999). Carbon cycle in the coastal zone: Effects of
global perturbations and change in the past three centuries. Chemical Geology, 159(1-4), 283—
304. https://doi.org/10.1016/S0009-2541(99)00042-X

Wang, S., Zheng, W., Curerdll, M., Yang, Y., Zhao, H., & Lv, M. (2017). Relationship between land-
use and sources and fate of nitrate in groundwater in atypical recharge area of the North China
Plain. Science of the Total Environment, 609, 607-620.
https://doi.org/10.1016/].scitotenv.2017.07.176

40



Jurnal Sains Nuklear Malaysia, 2024, 36(No. 1): 31— 41 e-JSNM
|SSN: 2232-0946

WHO. (2017). Guidelines for drinking-water quality, 4th edition, incorporating the 1st addendum.

Wu, Y., Luo, Z, Luo, W., Ma, T., & Wang, Y. (2018). Multiple isotope geochemistry and
hydrochemical monitoring of karst water in arapidly urbanized region. Journal of Contaminant
Hydrology, 218(March), 44-58. https://doi.org/10.1016/j.jconhyd.2018.10.009

Xing, M., & Liu, W. (2011). An improved method of ion exchange for nitrogen isotope analysis of
water nitrate. Analytica Chimica Acta, 686(1-2), 107-114.
https.//doi.org/10.1016/j.aca.2010.11.051

Yang, X., Liu, Q., Fu, G., He, Y., Luo, X., & Zheng, Z. (2016). Spatiotemporal patterns and source
attribution of nitrogen load in ariver basin with complex pollution sources. Water Research, 94,
187-199. https://doi.org/10.1016/j.watres.2016.02.040

Zdfirah, N., Ilham, J. I. J., R, M., A., M. S, Shaiful, Y., & Syakir, M. I. (2017). Isotopic (13C and
15N) Variation in Tropical Rlver Sediments of Kelantan, Malaysia: A Reconnaissance Study of
Land Use Impact to the Watershed. Applied ecol ogy and Environmental Research, 15(4), 1101-
1119. https://doi.org/10.15666/aeer/1504

Zainuddin, A. H., Wee, S. Y., & Aris, A. Z. (2020). Occurrence and potential risk of
organophosphorus pesticides in urbanised Linggi River, Negeri Sembilan, Malaysia
Environmental Geochemistry and Health, 42(11), 3703-3715. https://doi.org/10.1007/s10653-
020-00604-4

Zhang, Y., Shi, P, Li, F., Wel, A., Song, J., & Ma, J. (2018). Quantification of nitrate sources and
fates in rivers in an irrigated agricultura area using environmental isotopes and a Bayesian
isotope mixing model. Chemosphere, 208, 493-501.
https://doi.org/10.1016/j.chemosphere.2018.05.164

Zhang, Y., Shi, P., Song, J., & Li, Q. (2019). Application of nitrogen and oxygen isotopes for source
and fate identification of nitrate pollution in surfacewater: A review. Applied Sciences
(Switzerland), 9(1). https://doi.org/10.3390/app9010018

41



Jurnal Sains Nuklear Maaysia, 2024, 36(No. 1): 42 — 61 G-JSNM
| SSN: 2232-0946

IMPROVEMENT IN RADIATION PROTECTION INFRASTRUCTURE FOR
X-RAY FACILITIESIN BANGLADESH: THE ROLE OF THE
EXECUTIVE REGULATORY AUTHORITY

Md. Kabir Ahamed*, Meherun Nahar, Md. Akramuzzaman, and Nadia Akter Mokta

Bangladesh Atomic Energy Regulatory Authority, Dhaka-1207, Bangladesh
* Corresponding author: fbkabir@gmail.com

ABSTRACT

The national regulatory body in the state regulates the source of ionizing radiation, to optimize
exposure for occupational radiation workers and public. The Bangladesh Atomic Energy
Regulatory Authority covers all radiological regulatory aspects of ionizing radiation, such as
diagnostic X-ray facilities for all practices and intervention requirements. The study presents an
assessment and analyses the degree of technical radiation protection requirements and the status
of improvement in the national regulatory standards for 230 different facilities in the four
particular districtsin Bangladesh. The methods used included comprehensive on-site inspections,
visual assessments of equipment, operational observations, staff interviews, and technical
evaluations. Safety system tests were conducted, and compliance records, licensing, and training
programswerereviewed. The main objectiveisto ensureall theregulatory requirementsarebeing
fulfilled by analyzing data on radiation protection matters. In the cases of public and radiation
workers, approximately 77% and 56% of dose rates in the examined facilities, respectively, were
following the radiological protection technical regulation. However, significant progress has been
observed in the facilitiesin the last few years since the authority initiated the regulatory program.

Keywords. lonizing Radiation, X-ray Facility, Regulatory Authority, Radiation Protection,
Occupational Worker.

1. INTRODUCTION

Radiation may have a significant impact on heath and disease, possibly with proper use and
prevention of misuse or overuse. It has many beneficia applications, but, asin every single activity
of human life, when risks are associated with its use, specific actions need to be put in place to
protect the people and environment. Although ionizing radiation has many benefits, it can also be
detrimental (1). It can come from various sources, including cosmic rays and natural radionuclides
in air, food, and water (2). The rationale for using radiation for diagnosis and treatment is
developing, and hence the need that this practice be promoted and perfected (3). Protection from
radiation risks needsto beimproved (4). Therefore, appropriate justification is needed before using
radiation.

TheBasic Safety Standard (BSS 115) of International Atomic Energy Agency (IAEA) hasoutlined
basic steps for creating a legidative and regulatory framework to guarantee a secure and safe
working environment in radiation installations (5). First of al, BSS 115 categorizes the radiation
exposure into the three categories such as occupational, medica and public exposures.
Occupational exposure is defined as the exposure that is incurred while at work and mostly as a
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result of work. The public exposures include all other exposures, while the medical exposures,
which are mostly exposures of patients, are obtained during diagnosis or treatment.

Moreover, thismedical exposureisthe largest man-made source of radiation exposure, accounting
for more than 95% of total radiation exposure (6). According to IAEA and national standard, the
requirements of fundamental radiation protection principle are desired to be followed during
working with any sort of radioactive materials or radiation generating equipment (such as X-ray
machines, CT scanners, Dental, Mammography, C-arms etc.) (7).

In order to reduce radiation destructive impacts, the International Committee on Radiological
Protection (ICRP) developed dose limits for usage in the workplace and by the general publicin
1960. Nevertheless, thereis still no exposure limit for patients; instead, advisory levels are offered
for them (8). Therefore, it is very important to know about radiation mechanisms, the dose from
regularly used radiation generating equipment, the magnitude or limit, and type of risks (9,10).
Generally, society accepts radiation risk on the conditional basis as benefit to be gained from the
use of radiation generating equipment or radioactive sources. However, the risks should be limited
and complied against the application of radiation safety standards developed by national and
international organizations (11).

In Bangladesh, radiological diagnostic facilities having radiation generating X-ray units are
consistently increasing day by day from city to rural areas, for establishing the public health
demand. It has been determined that in order to ensure effective, efficient, and uniform regulatory
control in medical X-ray equipment and installations, the radiation protection infrastructure of
every X-ray unit in the nation needs to be specifically analyzed. Since the late 1990s, Bangladesh
has prioritized radiation safety and protection. The national regulatory body has implemented a
program to evaluate the infrastructure by conducting regular inspections and radiation surveys of
all radiation-generating machinery. The objective isto improve the regulatory framework, update
the inventory of equipment, and enhance awareness about radiation safety among stakeholders.
The situation gradually started improving and regulatory inspections were performed from time to
time in order to update the inventory and make the concerned people aert towards the radiation
safety, which has been reflected in the post regulated scenarios of the radiation protection
infrastructure of the facilities.

In this report some inspections were carried out to collect and investigate the regulatory data on
such radiation generating equipment in four different districts in Bangladesh (Feni, Jhalokati,
Rajshahi, and Cox s Bazar) asapart of the regulatory program. This study's outcomes are expected
to guide future regulatory efforts, helping to strengthen radiation safety and protection
infrastructure in the surveyed districts and potentially across the entire country.
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2. STATUS OF RADIATION SAFETY AND PROTECTION INFRASTRUCTURE
DEVELOPMENT

2.1 Legidative framework and international legal instruments

People have the fundamental right to get health trestment, and the government shall regard the
improvement of public health as among its primary duties, as stated in the constitution of
Bangladesh. In the 1990s, the Bangladesh Atomic Energy Commission (BAEC) took theinitiative
to develop alegal framework for controlling radiation-related activities. On the basis of this effort
Bangladesh government promulgated Nuclear Safety and Radiation Control (NSRC) act in 1993
and the corresponding NSRC rules in 1997 where the basic radiation safety requirements of BSS
115 have been incorporated (12,13). For betterment of peaceful atomic activity and to ensure
nuclear and radiation safety in a superior way as well as to establish an independent regulatory
authority, named as Bangladesh Atomic Energy Regulatory Authority (BAERA) (11). The nuclear
and radiation safety legislation and regulation are shown in Fig. 1 in a hierarchical order. BAER
Act-2012 is the comprehensive lega framework for the regulation and monitoring of peaceful
applications of atomic energy and radiation, which covers the issues of safety and radiation
protection, environmental protection, control of the operation, emergency preparedness, and
response, transport of nuclear and radioactive materia etc. It can be mentioned here that the
‘NSRC Act-1993’ is repealed now, as BAER Act-2012 is promul gated. Bangladesh does not have
adistinct legidation pertaining to radiation safety aside from these Acts.

\

\  Constitution
(Bangladesh, 1972)

BAER Act- 2012

NSRC rules - 1997

V Regulatory Guides,
Standards, Codes etc.

Fig. 1 Hierarchy of legidlative framework for radiation safety
2.2 Regulatory framework

The regulatory framework is based on the BAER Act-2012 and the subordinate legidation i.e.
bylaw-the NSRC rules-1997, which is still enforced (13). As shown in Fig. 1, radiation safety
regulations, safety guides, standards, and codes for design, construction, inspections, licensing
reviews, and enforcement activities are yet to be developed. Establishment of the regulatory
authority, office premises, constitution, tenure of chairman and members, and responsibilities and
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functions of the authority is stated in Section 4, 5, 6, 7, and 11 of the BAER Act-2012. The prime
responsibility of the regulatory authority is to regulate the radiation safety through authorization,
inspection, and enforcement under the provision of Section 11 of the BAER Act-2012 and the
nuclear safety and radiation control (NSRC) rules-1997. Within the existing structure of the
government, as shown in Fig. 2, BAERA operates as an autonomous body under the MoST.
BAERA has five divisons. Among them, the nuclear safety, security & safeguard division is
responsible for safety of nuclear activities while the radiation, transport & waste safety divisionis
overseeing the safety of nuclear and radiological activities. The decision-making body of the
regulatory authority consists of four members and a chairman. The chairman isthe chief executive
who works under the secretary and minister of the Ministry of Science and Technology (MoST).
To create any regulatory documents such as regulations, rules, standards, guides, codes, etc., the
regulatory authority has to take the proper initiative following the BAER Act-2012 and BAERA’s
administrative MoST is the responsible organization to approve them.

Cabinet

L1

( Legislative & Parliamentary Affairs Ministry J<—< MoST >—> ( Inter Ministerial Communications J

BAEC BAERA

| l | | }

Radiation, Transport & Nuclear Safety, Security Training & Planning & Technical
Waste Safety Division & Safeguard Division Documentation Division Development Division Division

Fig. 2 Structure of national framework of regulatory for radiation safety

If anew Act/law isto be developed or the amendment of BAER Act-2012 or NSRC rules-1997 is
required, it will go to the concerned law ministry, cabinet, and then to the parliament for final
approval. To acquire alicense, the licensee should apply to the regulatory authority in filling out
all prescribed forms by the regulatory requirements.

2.3 Regulatory body inspection and responsibilities

The inspection checklist is one of the most crucial inspection tools for the regulatory body to
properly conduct the inspection procedure. The prime activity of the regulatory body is the so-
caled planned inspections. The inspection may take place either announced or unannounced.
Unannounced inspections force the regulatory agency to investigate the facility's actual condition.
This makes this kind of inspection the preferable one over the others. The other type of inspection
is the announced inspection, which enables the inspectors to actively interview users or RCOs
(Radiation Control Officers) and cover a wide range of topics with them. For computed
tomography (CT), interventional radiology (IR), fluoroscopy, and mammography X-ray facilities,
the recommended minimum range of inspection frequencies is 3 years, but the corresponding
number for conventional X-ray is 5 years (14,15). The ability to regularly apply for the quality
control program, as outlined in the international guideline; the positioning of the X-ray machine

45



Jurnal Sains Nuklear Maaysia, 2024, 36(No. 1): 42 — 61 e-JSNM
| SSN: 2232-0946

and the layout of the X-ray room with regard to occupancy and neighboring room. The inspector
should choose radiation measurement instruments at random, such as portable survey equipment
or stationary monitoring equipment, and assess them to ensure their effectiveness (15).

The following items will be examined by the regulator: (i) The managing organization's users are
equipped with a system to guarantee that medical exposures are covered by an approved method
and handled by occupational radiation workersin accordance with the ALARA concept (aslow as
reasonably achievable). (ii) The duty of protecting patients was delegated in a way that is
appropriate for a trained medical expert, such as a radiologist. (iii) The calibration of the user
equipment, such as clinical dosimetry, imaging tools, and quality control, was created for a skilled
specialit, likeamedical physicist. (iv) All radiation workers possess valid credentials and enough
training in radiation protection and legal requirements. (v) The absorbed dose provided to the
patient must be optimized, and a program for quality control test procedures for X-ray machines,
including dose measurements, must be frequently carried out at the facility (15, 16).

3. METHODOLOGY

A comprehensive inspection/re-inspection was carried out and a detail radiation safety assessment
has been performed in the 230 private and government diagnostic facilities containing with X-ray
units, which are located in at four different districts in Bangladesh. For this current investigation,
we choose Feni (South-eastern), Jhalokati (Southern), Rajshahi (Mid-western), and Cox's Bazar
(South-eastern) district in Bangladesh. The selection of the specific districts for this study based
on acombination of factorsaimed at providing a representative assessment of radiation protection
standards across diverse regions in Bangladesh.

Nepal \\ @ Feni District
4} (\k O Jhalokati District
5
A

@ Rajshahi District
@ Cox's Bazar District
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e SN q},”

Y
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Myanmar

The above map shows the locations of the medical or diagnostic facilitiesin Bangladesh where the
inspections and re-inspections were ethically performed.
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3.1 Inspection parameters and instruments

This study used a quantitative, non-experimental, descriptive method to gather data on radiation
protection and safety measures. At first, afull fledge regulatory inspection checklist/questionnaire
was prepared including various regulatory information from the construction design and layout of
the X-ray facility for the field survey. The checklist consisted of a combination of 17 closed and
open-ended regul atory requirements. The dimensions of the room, including its length and width,
wall thickness, door and control panel shielding condition, and thickness, were used to design the
layout of the radiation-generating X-ray machine room. The layout aso included the locations of
the X-ray machine, chest stand, control panel, dark room, computed radiography room, and
surrounding areas.

In this inspection the radiation exposure levels were measured using two portable Geiger Muller
(GM) and scintillation micro-Roentgen survey meter (LUDLUM, Mode: 3 and 26) and
pressurized ion-chamber (LUDLUM, Model: 9DP) type of radiation dose rate meters. For GM or
scintillation based micro-Roentgen survey meter, the reading in uR/h were converted to uSv/h
using the conversion factor (from the definition of Roentgen). The dose rate was then assessed at
various points within the X-ray room, including the control panel (CP), entrance door (ED), dark
room (DR), computed radiography (CR) room, as well as any extra doors. Year of putting in of
the X-ray machine, type of the X-ray machine, including model, serial number, manufacturer,
maximum tube potential (kV), maximum tube current (mA), light beam diaphragm, and total tube
filtration, as well as the number of radiation workers involved, including the technologist and
technician, were al so noted during the inspection. Theinvestigation found that personal monitoring
data are kept and retained, adequate personal protective equipment is available, and occupational
worker wear personal dosimetry devices on the proper part of their bodies. It was determined
whether or not the persons around and the general public were exposed to radiation by observing
the areas around the X-ray room. Also, it is evaluated to determine whether facility staff members
are abiding by the rules and effectively carrying out their normal duties. The existence of a
radiation sign and awarning signal at the X-ray room's appearance point was also evaluated.

An inspection report was created after compiling a variety of regulatory data, and it contained
recommendations for enhancing the radiation safety status. Subsequently, a re-inspection was
carried out to determine whether any changes had been made to the facilities with regard to the
radiation protection issue. In this study, findings also include an analysis of the current regulatory
datain comparison to previous inspection data which have been presented in the different tables.

3.2 Statistical analysis

The regulatory data where cumulatively collected and analyzed using tables, charts, and graphsto
determine the safety culture that deal with radiation in the above X-ray facilities where the
equipment and the checklist was used. All the results are reported as an arithmetic mean value and
the spread of the data is given by standard error. Data were processed and visualized using
Microsoft Excel (Microsoft Office 2019, Ver. 16.0.10730.20102) and OriginPro 2019b (OriginLab
Corporation, Ver. 9.6.5.169).
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4. RESULTS

The investigation was done for X-ray units and their corresponding radiation workersin the field
of medical or diagnostic radiography. A total of 230 facilities out of 350 were analyzed in four
different districtsin several region of Bangladesh, where amost 281 radiation generating machines
were carefully inspected. Among all the machines, the most fixed type X -ray machineswere found.
In Table 1, the number of monitored medical or diagnostic facilities in the corresponding year is
depicted, and an increasing tendency is observed in the number of facilities aswell as X-ray units,
whether they are authorized or not.
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Table 1. Comparison of radiological infrastructure before and after regulatory inspections across four districtsin Bangladesh

Authorized X-ray Facility Not ~ New Issue

o NI e e
o1 At2022 oo At2022  Licenced), N (%) * " o™ %) N (%)
Feni esgg‘n 43 77 35(81%) 47 (61%) 12 (29%) 08(19%) 06 (20%) 24 (80%)
Jhalokati  Southern 13 27 11(85%) 16(59%)  05(31%) 02(15%) 04 (36%) 07 (64%)
Rajshahi W'\e";;n 14 58 12(86%) 21(36%) 08 (17%) 02(14%) 06 (16%) 32 (84%)
(B:g;‘af ;:é?n 30 68  22(73%) 39 (57%) 17 (37%) 08(27%) 07 (24%) 22 (76%)

Table 2. Summary of facility s radiation-monitoring findings by dosage levels for public and occupational workers

X-ray Facility Considering Dose Level X-ray Facility Considering Dose Level
for Public for Worker
Digtrict’s T‘?tf"" T°t"’?' Normal Dose Rate Unsatisfactory Dose Normal Dose Rate Unsatisfactory Dose
Name Facility, Machin, (<5 pSvih) Rate (<5 pSvih) Rate
N N =2 (>5 uSvih) =9 H (>5 uSvih)
Mean £ Mean £ Mean £
N (%) o N(%) Mean+SE N (%) pd N (%) e
Feni 77 93 68 (88%) 9 (12%) (72((':’/0) 21 (27%)
. 16
Jhal okati 27 30 16 (59%) 11 (41%) 11 (41%)
(73+7) % Q7+7)% (Sf;/") (56; 10) (4401/’ 10)
Rajshahi 58 69 41 (71%) 17 (29%) (31%) 0 40 (69%) 0
ggz‘ af 68 89 50 (74%) 18 (26%) (6‘;3/0 ) 26 (38%)

*N is the number of counts, ‘%’ is the percentage, and ‘SE’ is the standard error.
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Table 1illustrates the impact of regulatory interventions on facility licensing and compliance over
time. Less than half of al radiological facilities for each district were found in the areas where re-
inspection was performed. After statistically normalizing the data, the majority of the column in
Table 1 shows the value of the count and percentage. During the midterm period of both
inspections, more than 73% to 86% of the registered (data from the previous inspection done in
2017-2018) radiological facilities in four distinct districts in Bangladesh were authorized by the
competent regulatory authority. On the other hand, we discovered that, 6-10 months after the last
surveys, which were conducted in 2022, almost 36% to 61% of facilities had already received their
authorizations. Actually, the total number of X-ray facilitiesisincreasing from 100 to 230, which
ismore than double the number reported in both inspections. Numerous radiological facilities have
attempted to obtain licenses following the inspectionsin 2017-2018 and 2022; in thisinstance, we
calculated that 17% to 37% and 16% to 36% of new facilities, respectively, had applied for
authorization. The results indicate a significant issue regarding unauthorized radiological facilities
operating without regulatory approval. Specifically, we found that between 14% to 27% of the
assessed facilities had not yet submitted licensing applications, highlighting the presence of
facilities potentially operating without regulatory oversight. In actuality, the majority of unlicensed
radiological facility operators were ignorant of regulatory authorization because of a lack of
knowledge or purposefully postponed obtaining licenses. This situation underscores the need for
continued and enhanced regulatory efforts to ensure all radiological facilities comply with safety
standards and obtain the necessary approvals to operate legally.

Table 2 demonstrates the facilities (count and percentage) in accordance with their radiation-
monitoring findings. Regarding the dosage levels, we separated the public dose (maximum val ue)
for radiation at the X-ray room's entrance door or other externa areas and the dose (maximum
value) for occupational workers who are in close proximity to radiation-generating equipment,
which isamajor concern from the regulatory point of view. We also distinguished the radiation
dose level as normal (less than equal 5 pSv/hr for public) and unsatisfactory because the dose
rate exceeded the regulatory limit (greater than 5 puSv/hr for occupational worker) and the
shielding in the entrance door and control panel wasinadequate. Thislevel isbased on the graded
approach taken by regulatory bodies, which aim to limit radiation exposure to a level that is
considered negligible in terms of health risks over extended periods of exposure. We found that
the average normal dose rate for public is about (73 £ 7) % facilities of the four districts while
(27 £ 7) % facilities hold the average unsatisfactory dose rate. Where, the Feni and Jhal okati
district are engendered the maximum average dose rate for public with normal and unsatisfactory
cases, respectively. Furthermore, we discovered that the average normal dose rate for
occupational workers in the four districts is approximately (56 £ 10) %, while the average
unsatisfactory dose rate is (44 + 10) %. Thus, the Feni and Rajshahi districts have the highest
average daily dose rates for occupational workers with normal and unsatisfactory cases,
respectively.

We measured and analyzed the dose rate at different location and recorded the instant highest
radiation exposure dose rate in the medical or diagnostic facility. The histograms of maximum
values of measured dose rate for both, public and occupational worker with corresponding number
of facilities are presented in Fig. 3. The peak of the histogram shifted in the right direction with
dose rate (Fig. 3 (A-D)), which can be clearly shown by comparing Fig. 3(A) and Fig. 3(B). The
histograms were fitted by the well-known lognormal distribution (17,18). The probability density
function for dose rate is as follows:
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I _ 2

where, Dy isthe value of the dose rate for each facility, 1 ismean and ois standard deviation. The
values of 1 and o were obtained from the fitted curve. The lognormal distribution of the given
equation is a skew distribution in which the mean is usualy larger than the mode. It is typically
used in the description of the distribution along with other phenomena having large datarange. So,
the lognormal distribution isimportant in this study because it accurately models the skewed, non-
negative, and multiplicative nature of radiation dose rate data, providing a more redlistic
representation and better statistical handling of the data.
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Fig. 3 Dose rate distribution histograms for public (B) and occupational workers (") of all the
inspected facilities in the four districts. (A) Feni (B) Jhalokati (C) Rajshahi, and (D) Cox s Bazar.
N indicates the number of facilities in the four distinguished districts, where Nr, N3, Nr, and Nc
refer the total facility number investigated in Feni, Jhalokati, Rajshahi, and Cox's Bazar,
respectively. The best fitting theoretical curves (blue and red lines) for measured dose rate of both,
public and occupational worker corresponding to Eq (1).
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From thefitted curves (blue and red solid lines), we got the values of 1z and o . Using these values,
it was calculated the mean values of dose rate for normal and unsatisfactory radiation exposure of
the distribution. Aswe mentioned above, the mean valueswith standard error of radiation exposure
from the X-ray generating equipment for district wise medical or diagnostic facilities are shown
in Fig. 4. For both, public and occupation worker's mean dose date isillustrated in Fig. 4(A) and
Fig.4(B), respectively. We investigated that the normal dose rate for both public and occupational
workersof al districts are very much similar to each other. The mean radiation dose rate for public
at Cox's Bazar is higher than other three districts. Again, we measured that the mean radiation
dose rate for occupational worker at Rgjshahi district more than others. With regards to the dose
levels, the patient entrance door and waiting place areas are major source of concern from the
regulatory perspective. All the values of mean dose rate with standard error for both public and
radiation workers of all facilitiesin each district are provided in SM1.
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Fig. 4 Mean dose rate for normal (O) and unsatisfactory (m) radiation exposure from al the
corresponding inspected facilities in the four districts. (A) Public dose record (B) Occupational
worker's dose record. FD, JD, RD, and CD indicate the district of Feni, Jhalokati, Rajshahi, and
Cox's Bazar, respectively.

Fig. 5 shows the assessment of radiation safety equipment available in all the observed facilities
of the four districts. According to the figure, some progress has been made in respect to the
availability of accessories especialy lead apron, lead thyroid collar, and lead equivalent eye
gogglesin case of radiation protective equipment, lead hand gloves are not available in any of the
facilities. As per national act or regulations and international safety standards these tools are
obligatory for the medical and diagnostic practices.
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Fig. 5 Assessment of radiation protective equipment in the four districts (FD, JD, RD, and CD
indicate the district of Feni, Jhalokati, Rgjshahi, and Cox's Bazar, respectively). LA, LTC, and
LEEG indicate Lead Apron, Lead Thyroid Collar, and Lead Equivalent Eye Goggles, respectively.
We calculated that almost 96% of facilities, excluding Jhalokati district, have the lead apron,
whether they use it or not. However, the findings in the case of lead thyroid collar and lead
equivalent eye goggles availability are diametrically opposed. All the data that belongsto radiation
safety equipment are provided in SM2.

Now, Fig. 6 illustrates the assessment of radiation shielding availability in all the observed
facilities of the four districts. Among the shielding systemsfor radiation protection, the availability
of entrance door shielding, control panel: lead equivalent barrierssmobile lead shields, window
shielding, etc. are carefully evaluated. So far, we found that most of the facilities in the four
districts have a good percentage of entrance door shielding availability, with Feni showing the
highest recognition. However, the medical or diagnostic facilities in the Jhalokati district have a
very low number of the entrance door shielding for radiation protection.
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Fig. 6 Radiation shielding assessment in the four districts (FD, JD, RD, and CD indicate the district
of Feni, Jhalokati, Rajshahi, and Cox's Bazar, respectively). EDS, CP. LEB/MILS, and WS
indicate Entrance Door Shielding, Control Panel: Lead Equivalent Barrier/Mobile Lead Shield,
and Window Shielding, respectively.

We also observed that the shielding scheme for the control panel and window of the X-ray units
for radiation safety, the facilities in Feni districts carried higher numbers than others. All the data
related to the shielding system for radiation protection are provided in SM2.

In the present study, the availability of some essential radiation safety parameters, such as X-ray
room size, warning signal, and wall condition, isinspected. Fig. 7 demonstrates the assessment of
the radiation safety parameters. Most of the facilitiesin al the targeted districts contained a very
low number of standard-sized rooms (225 ft?). Approximately, 75% facilities are below standard,
indicating that a significant improvement is required to meet regulatory demands (19). Almost
90% of all X-ray rooms feature a 10-inch brick wall that achieves regulatory requirements and
effectually protects against radiation. In Fig. 7, a significant advance is observed in area
classification by putting up radiation warning signs, which was not convincing at al before the
start of the regulatory process. All the data related to the radiation safety parameters are provided
in SM3.
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Fig. 7 Indispensable parameters for radiation safety in the four districts (FD, JD, RD, and CD
indicate the district of Feni, Jhalokati, Rajshahi, and Cox's Bazar, respectively).

The status of the radiation monitoring dosimeter and individuals with knowledge of radiation
control activitiesareshown in Fig. 8. TLD badgeisaradiation dose measuring device, that enables
us to know whether we are working within the safe dose limits prescribed in NSRC rules-1997.
We found that about 52 facilities had the TLD badge out of 77 in the Feni district, which was the
maximum percentage (33%) of availability of all the other three districts, where Rajshahi exhibits
avery low quantity, as shownin Fig. 8(A).

(A) (B)

O D
TLD Badge / (@RI RCO/
Personal Experienced
Dosimeter O RD Personnel
@ cp

Fig. 8 Status of radiation monitoring equipment and personndl in the four districts (FD, JD, RD,
and CD indicate the district of Feni, Jhalokati, Rajshahi, and Cox's Bazar, respectively). (A)
Availability of thermoluminescent dosimeter badge (TLD) or any personal radiation dosimeter (B)
Availability of radiation controlling personnel.

We aso calculated the availability of the radiation control officer (RCO), who is the central point
of reference for radiation protection matters within amedical or diagnostic facility (20), as shown
in Fig. 8(B). Feni and Cox s Bazar districts accounted for 70% and 65% of the availability of such
experienced radiation control personnel, respectively. All the data related to the radiation dose
storing equipment (TLD) and experienced executive personnel are provided in SM3.
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5. DISCUSSIONS

More than 73% of thelist of the examined facilities in the four districts were authorized by state's
regulatory authority and accepted based on the national regulations and matched with the standards
regulations. The operator of each facility should be familiar with the guidance and documents
related to the radiation protection program. The shielding design for the walls and the areas around
the entrance to the X-ray room were found to be around 80%, except for Jhalokati district’s
facilities. The shielding requirements for the operator console to prevent unnecessary radiation
exposure were not sufficient for al facilities. In addition, other protective tool at each facility such
as lead glass for window shielding are almost available. The lead apron holder was present in the
majority of the facilities that were inspected, but it wasn't always used. Each facility's mobile X -
ray machine storage and security were verified to be in good working order. It's critical to note
that none of the facilities we inspected had gonad shields or leaded screens as protective barriers.
Overal, the examined facilities show moderately good and sufficient shielding conditions based
on radiation the NSRC rules-1997 and safety standards (13, 14, 21). In the present report indicated
that about 55% of the inspected facilities except Rajshahi district do not have any persona
radiation dosimeter such as a thermoluminescent dosimeter (TLD) and most of those facilities do
not keep a record for the personal dosimeter reading at their facilities. Only 17-30% of the
inspected facilities in the four districts have standard sized room for radiological operations. For
the purpose of performing radiation safety and maintenance at those facilities, approximately 55%
of the facilities under inspection have radiation control personnel on hand. The majority of
technologists are trained through their professional work. For some of them, basic radiation
protection training has been offered by the Bangladesh Atomic Energy Regulatory Authority
(BAERA). Finally, more than 50% of the examined facilities do not have any warning sign or
alarm warning light at their entrance to the room. Despite being present at certain sites, radiation-
warning signs were not used by the bulk of the facilities. Following the previous inspections, the
radiation technicians or operators in all X-ray facilities generally shown a good awareness of the
fundamental guidelines and safety directives in the medical and diagnostic area. According to the
data analysis, about one-third of the facilities meet the required radiological safety standards.

6. CONCERNS ON RADIATION PROTECTION AND RECOMMENDATIONS

The primary duty and responsibility of the regulatory body are to conduct inspections for nuclear
and radiation-related activities, including the radiological facility in the state (15). According to
the United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR), 4.2
billion diagnostic radiographs are produced annually by the X-ray machines that are inspected
globally, which makes the radiological survey essentia for the inspection of diagnostic radiology
equipment (22).

The magjority (more than 95%) of the radiation dosage that humans are exposed to comes from
medical exposures. Radiation protection is a crucial element of good medical practice. The three
radiation protection principles of justification, optimization and dose limitation are enshrined in
the IAEA Fundamental Safety Principles (SF-1) and apply to al medical and radiological facilities
and activities that give rise to radiation risks (14, 23, 24). The foundations of radiation safety
practice are an understanding of external radiation protection measures aswell as technical aspects
of operating the X-ray system. The three fundamentals of radiation safety to an operator includei.
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time, ii. distance, and iii. shielding and dosimeter monitoring (21, 25). Radiation exposure can be
accumulated over the time of exposure. The physician must improve hisinterventional skills, and
the radiographer must verify the X-ray at the proper site and time without smudged imagesin order
to reduce the usage time. Operators must maximize their distance from the X-ray source as
radiation intensity follows the inverse square law: if an operator maintains a distance twice as far
from the source as necessary, they can minimize their radiation exposure not to half but to one-
fourth (21, 26). Shielding can be applied externally, personaly, or both. The degree of lead
equivalencein each form determines how much radiation protection it provides. A lead apron with
or without shoulder coverings for breast shielding, lead glasses, thyroid protectors, radiation-
reducing gloves, and caps are all examples of persona shielding. Attenuating 95-96% of the
scatter radiation, the lead apron should be at least 0.35 mm thick (21, 27). The key principles of
protection systems and fundamentals radiation safety for human exposure are summarized in the
illustration, as shown in Fig. 9.

Protection Systems DIATION Safety Fundamentals
JUSTIFICATION TIME
Benefit > Risk Spend less time

OPTIMISATION DISTANCE
ALARA Increase the distance
from X-ray source
LIMITATION SHIELDING
Numerical dose limits Block scattered radiation

from the patient

Fig. 9 lllustration of the systems of radiological protection and fundamental
rules of radiation safety.

To maintain optimal diagnostic image quality with the least amount of risks and discomfort to
patients, every diagnostic X-ray facility isrequired to have abasic quality assurance (QA) program
in place. The executive authority should regularly review this program to evaluate the outcomes
of each QA action. Also, it isadvisable to identify and include in the quality control (QC) manual
all of the various significant components of the monitoring and maintenance tasks.

The medical and diagnostic facilities, with assistance from the Ministry of Health or Directorate
General of Health Services (DGHS), Bangladesh, should work with BAERA to ensure complete
compliance. Following the complete implementation of the regulations governing radiation
protection, a follow-up study should be conducted to evaluate regulatory compliance and the
different stakeholders (administrators, clinicians and other healthcare staff, and the public)
awareness of radiation protection and safety. A study that will evaluate room design and the
installation of equipment to meet required radiation safety standards is recommended. The
provision of additional training opportunitiesfor radiol ogists or technicians through RCO trainings
and workshops run by BAERA should also be taken into account, so they can adequately
comprehend the regulations.
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7.LIMITATIONS

Out of a possible 350 facilities in the inspected districts, only 230 were visited by the BAERA
regulators, making it impossible to confirm the veracity of all respondents claims regarding the
availability of tools and resources. The technologists or technicians could have been biased when
reflecting on radiation safety and placing blame on management of the facility. More thorough
investigation of the management of the facilities and the maintenance of X-ray generating
equipment could be beneficial for future guidelines on the implementation of radiation safety in
the radiological facilities.

8. SIGNIFICANCE OF THE RESULTSAND IMPLICATIONS FOR FUTURE WORK

The findings of this study highlight the progress and ongoing challenges in radiation protection
within radiological facilities in Bangladesh. The significant reduction in leakage radiation dose
rates demonstrates the effectiveness of regulatory inspections and the adoption of safe practices.
However, the persistent gap in compliance with licensing requirements underscores the need for
more stringent enforcement and greater awareness among stakeholders.

Futuredirections:

Future work should focus on severa key areasto strengthen radiation safety further:

e Regular inspections: Increasing the frequency and thoroughness of inspections to ensure
continuous compliance and address any emerging safety issues promptly.

e Enhanced training programs. Regular, mandatory training sessions for all personnel
involved in radiological practices to reinforce the principles of radiation protection and
ensure adherence to safety protocols.

e Technological upgrades. Investment in modern, safer radiological equipment with better
shielding and automated safety features.

e Public awareness campaigns. Educating the genera public about radiation safety to
ensure community support and compliance with safety measures.

e Policy development: Revisiting and updating national policies to incorporate the latest
international guidelines and best practices in radiation safety.

By addressing these areas, Bangladesh can significantly enhanceits radiation safety infrastructure,
ensuring the protection of both the public and radiation workers while maintaining the benefits of
ionizing radiation in various fields.

9. CONCLUSION

lonizing radiation, such as X-ray has many beneficia applications in medicine, diagnosis,
research, etc. With the increased use of ionizing radiation, safe use policies and practices are
required. The lower percentage of leakage radiation dose rate in the examined facilities in the
current study indicates comprehension of the concept of justification. A solid understanding of the
ALARA principle is indicated by the higher percentage of personnel who maintain the advised
safe distance from the radiation generating machine to them. Together with the routine control and
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inspection carried out by the executive regulatory authority, radiation protection in this context
should aso be strengthened by ongoing training, educational procedures, and pertinent
information. The majority of medical and diagnostic facilities are currently authorized by BAERA,
however despite repeated reminders from the regulatory body to the stakeholders, compliance
levelsfall short of the standardsfor license renewal. The radiation safety conditions of the facilities
werefound to be below thelevel demanded by national and international standards at the beginning
of regulatory functions. If the BAER Act-2012 and the NSRC rules-1997 are correctly put into
practice, it will be able to enhance the radiation protection infrastructure in X-ray facilitiesin the
future. These studies provide vauable insights and guidance to enhance radiation safety
regulations, ultimately ensuring safer practices and better protection for both the public and
occupational workersin medical and diagnostic environments.
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ABSTRACT

Estimating terrestrial gamma radiation (TGR) levelsiscrucial for assessing the annual effective dose
received by the public due to natural radiation exposure. Cumulative doses from various sour ces can
become significant, warranting a spatial understanding of TGR distribution. Few countries have
comprehensively mapped TGR on a national scale, often facing challenges due to remote or
inaccessible regions. This study explores the feasibility of estimating TGR dose rates using a linear
regression model based on surface-weathered soils and rocks in Sarawak, Borneo, Malaysia.
Geological studiesreported that a rich diversity of rock types shaped by complex tectonic history can
be found in Sarawak, predominantly sedimentary rocks covering 93% of the region, while igneous
and metamorphic rocks constitute the remaining 7%. In this study, a total of 1044 TGR dose rate
measurements wer e collected. The measurement ranges from 7 to 320 nGy h-1, with a mean of 100
nGy h-1.. Non-parametric statistical analyses of variance have validated the notable dissimilarities
among six categories of superficial-weathered soil and distinguished the two distinct groupings of
sedimentary and igneous rocks. The regression analysis produced a model for predicting TGR dose
rates (NnGy h™1) = 0.992Dsoil — 0.816Drock + 109. The model showed a sufficient linear correlation,
with spatial maps generated from in-situ measurements and the regression model displaying similar
regional dose rate contours. Semivariogram analysis supported the model's reliability for predicting
TGR dose rates in areas with similar geological backgrounds. In conclusion, this study has
successfully developed a predictive model for TGR dose rates in Sarawak, based on superficial-
weathered soil and rock data. While the model is specific to the Sundaland-Borneo tectonic block, it
provides a valuable tool for spatial inference of TGR dose rates in unsampled |ocations with similar
geological characteristics, aiding in radiation exposure assessment and environmental monitoring.

Keywords. Terrestrial gamma radiation, spatial dose mapping, background radiation, soil-rock
gamma dose rate.
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INTRODUCTION

Baseline data pertaining to regiona terrestrial gamma radiation (TGR) levels is vital for estimating
the annual effective dose accrued by the public due to natural radiation exposure. Although TGR-
induced radiation exposure is typicaly low, the cumulative dose from various sources, such as
medical radiation procedures, impacting the public can be substantial. In this context, the
development of a spatial representation of TGR distribution is expected to provide valuable insights
for assessing the potential regional public dose stemming from both anthropogenic sources, like
nuclear fallout events resulting from accidents or increased nuclear weapon tests (Quindos et al.,
1994; Palsson et al., 2013; Kleinschmidt & Watson, 2015), and terrestrial contaminations associated
with technologically enhanced naturally occurring radioactive materials (TENORM) linked to mining
industries (AELB, 1991). Moreover, thisinformation about regional populations exposed to radiation
also plays a pivotal role in epidemiological risk assessments of diseases with hereditary links to
cancer, as well as evaluating health risks associated with heightened background radiation exposure
(BEIR VI, 2006; ICRP 103).

Only a handful of countries have successfully executed comprehensive TGR mapping on a national
scale. For instance, Canada and the United States have undertaken such mapping endeavors under the
guidance of Grasty and LaMarre (2004), Croatiathrough Moraet a. (2007), Spain as documented by
Suarez et a. (2000), Portugal by Batista et a. (2013), Great Britain in the work of Chernyavskiy et
a. (2016), Iran through Kardan et al. (2017), European countries as documented in the European
Atlas of Radiation Map by Cinelli et a. (2019), China by Feng et al. (2020), and Switzerland through
studies conducted by Rybach et a. (2002) and Folly et a. (2021). However, generating a
comprehensive TGR distribution map necessitates an extensive in-situ gamma survey conducted on
the ground, incurring substantial costs and occasionally proving time-consuming, particularly for
geographically inaccessible regions (Ramli et al., 2003; Sanusi et al., 2014). The current study delves
into the feasibility of estimating TGR dose rates through alinear regression model based on datafrom
dose rates obtained from surface-weathered soils and rocks in Sarawak, Borneo, Malaysia.

According to the scientific review paper authored by Ahmad et al. (2015), al studies on terrestrial
natural radioactivity in Malaysia focused solely on study locations located in Peninsular Malaysia.
Meanwhile, Dodge-Wan et al. (2020) stated that previous studies conducted in Borneo were
constrained to urban areas. Therefore, a research effort was initiated to carry out a more extensive
study on terrestrial natural radioactivity throughout the entirety of the Borneo region in Malaysia,
covering Sarawak and Sabah. This paper presents the findings of a study conducted in the state of
Sarawak. Another scientific article will be devoted to the region of Sabah.

Sarawak, situated in the northwest of Borneo, constitutes one of the two states comprising East
Malaysia, along with Sabah. It encompasses an area of 125,206 km?, featuring a coastal plain and
dissected uplands that can reach elevations of up to 2400 meters. The urbanization zone in Sarawak
is predominantly concentrated along the coastlines, where cities and towns have burgeoned as hubs
of economic and socia activity. However, asignificant portion of the region is characterized by vast
expanses of dense jungles, highland terrain, and other challenging landscapes that remain largely
untouched and shrouded in wilderness. These natura attributes contribute to the diverse and intricate
geographical fabric of Sarawak, with urbanization primarily hugging the coastlines while extensive
tracts of rugged terrain remain relatively pristine and cloaked in impenetrable wilderness (Agriculture
Department Sarawak, 2000).
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Sarawak has awide array of rock formation types molded by its intricate tectonic history and diverse
types of great soil group, asillustrated in Fig. 1 (a) and Fig. 1 (b) respectively. Most of the region
(constituting 93% of the total area) is dominated by sedimentary rocks (116,676 km?), forming a
substantial part of the landscape. These sedimentary rocks, encompassi ng sandstones, mudstones, and
shales, were deposited during various geological epochs, spanning from the Mesozoic to Cenozoic
eras. Minor rock formation types (constituting approximately 7% of thetotal area) in Sarawak include
igneous and metamorphic rocks (spanning approximately 8530 km2), contributing to the geological
diversity of the region with varieties such as granite, gneisses, and schists. These rock formations
were shaped during tectonic eventsin the Late Mesozoic and Early Cenozoic periods (Department of
Mineral and Geosciences Malaysia, 1992).

Fig. 1 (a)
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Figure 1 (a) Geological map and (b) soil group of Sarawak Borneo (Department of Mineral and
Geosciences Malaysia, 1992; Agriculture Department Sarawak, 2000).
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MATERIALSAND METHODS
Selection of the TGR survey sites

For the current study, the determination of TGR dose rate survey locations were based on two main
sources of information: geological map (Department of Mineral and Geosciences Malaysia, 1992)
and soil distribution maps of the Sarawak state (Agriculture Department Sarawak, 2000), as shown
in Figure 1. To begin with, all the mapswere digitized using ArcGIS ESRI Version 10.5 (Esri, 2017).
Subsequently, approximately 1250 survey pointswere randomly generated, with one survey point per
each 100 km?, using the digitized tectonic and pedogenesis distribution maps. This procedure was
carried out to ensure that the projected TGR survey points adequately covered all the weathered-soil
and rock groups. For skeletal-oxisols, podzolic, and sedimentary rock groups, achieving a
homogeneous distribution of survey point projections across each block was easily accomplished due
totheir expansive areas. Conversely, for theigneous group, gley, thionic, alluvial, and organic groups,
additional survey points were plotted to ensure a sufficient sample size (above 30 sites) due to their
scattered locations and limited coverage. With the assistance of topographic maps, the survey points
were aigned with nearby and accessible roads. The proposed points underwent a double-check to
remove survey points that may have been incorrectly located in mountainous terrain, dense forests,
lakes, or inaccessible aress.

I nstrument calibration

The gamma survey meter used was the Ludlum Measurement, Inc. Model 19 Micro R Meter, a
scintillation survey meter manufactured in Texas, USA (Ludlum, 1993). This meter's energy
detection range encompasses a wide spectrum of primordial gamma (y) radiation emitters, including
the anthropogenic y emitter *3’Cs (Ludlum, 1993). With alow energy detection limit of approximately
60 keV and a typica quantum efficiency of 20-30%, the instrument's energy calibration utilized
standard multi-nuclides such as ?*!Am, *'Co, *Ba, *'Cs, and %°Co (Ludlum, 1993), resulting in a
non-linear energy response curve spanning from 59.54 keV to 1.17 MeV. The performance
calibration of the instruments was carried out at the Secondary Standard Dosimetry Laboratory
(SSDL) of the Malaysian Nuclear Agency, following the IEC 1017-1:1990 standards (IEC 1017,
1990), the National Physical Laboratory's dose rate meter calibration technique (BCRU, 1981), as
well as|AEA Safety Standard Series No. GSG-10 (IAEA, 2018). Calibrations were performed across
three exposure ranges: 0-250 uR h ™%, 250-500 pR h™%, and 500-5000 uR h1. The calibration results
were expressed in terms of dose rate using a linear equation (Eqg. 1) (Sanusi et a., 2017):
D=BxJxC;x87nGyuR*h? Q)

In this context, D represents the calibrated dose rate in nGy h™*, B denotes the output reading (uR
h™1), and J represents the correction factors for each respective exposure rate range (1.00, 1.03, and
0.96). Ct is the averaged calibration factor derived from the ratio of the true value of the primary
standard source to the dose rate of the uncalibrated instrument. In this study, we utilized a*3'Cs source
emitting at 662 keV and a ®°Co source emitting y energies at 1173 and 1332 keV (with an effective
quantum energy of 1250 keV for ©Co). For calibrating the energy dependence of the dose rate meter
from environmental y radiation sources, the British Calibration Service Publication 0811 (BCRU,
1981) has recommended the use of 2*Cs (662 keV) and ®°Co (1250 keV) as reference gammasources.
In our research, the calculated Cr values using *¥'Cs and %°Co sources were 0.95 + 0.05 and 1.49 +
0.03, respectively, resulting in an average calculated Cr of 1.22 + 0.27. The acceptable Cr range for
dose rate meters, as specified by 1SO and IEC standards, lies between 0.8 and 1.2 (Alamares and
Caseria, 1995).
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To validate against internal background contributions stemming from radioactive contamination
within instrument compartments or electronic noise, dose rate responses of survey meters were
examined within an underground lead bunker at the Department of Physics, Universiti Teknologi
Malaysia. The instruments exhibited zero-dose rate responses from internal background sources. On
the cosmic response validation, the survey meters weretested on afiberglass boat |ocated 3 kilometers
off the mainland in the middle of the sea based on technical report by British Calibration Service
Publication 0811 (BCRU, 1981). The instruments displayed an inconsistent response, ranging from
zero to half of the lowest scale (0 — 1.25 uR™* h'Y), indicating weak cosmic photon components and
zero response from hadronic muon showers. During fieldwork, manual stripping of the cosmic
background was performed to correct the measured TGR dose rates. The measured cosmic radiation
contributions (~1.25 pR ™ h™Y) absorbed doseratein air at sealevel) aligned with the measured cosmic
doserate at sealevel in mid-northern latitude areas (3.67 uR™* h™!) (BCRU, 1981; UNSCEAR, 2000).
Additionally, some of this background response might stem from gamma radiation emitted by silica
materia in the fiberglass boat and traces of U and Th seriesin seawater.

TGR dose rate measurement technique

The TGR dose rate surveys were conducted based on selected survey points during several series of
fieldwork. Two instrument units were utilized to measure the TGR dose rates. Four measurements
were taken at each survey point using two identical y survey meters, positioned 1 meter above the
flat, well-drained, and open soil surface, away from embankment areas, trees, outcrops, roads,
pavements, and concrete foundations. The chosen site area needed to be open and free from tree
canopiesto avoid sites with a substantial thickness (up to 2-3 inches from the surface) of organic and
humus horizon layers (based on USDA taxonomy). Measurements were performed at different spots
approximately 5-10 meters apart to capture local variability in the measurements before averaging
all the measured dose rate values. The fieldwork surveys were conducted during the dry seasons
(March — October in 2016 and 2017) to avoid rainy days. Measurements were primarily taken from
midday onwards to allow moist subsurface soil to evaporate (from morning dews) and ensure there
was no self-absorption of h radiation in moist and wet soil, which could lead to reduced dose rate
readings.

Doserate corrections

Theinstrument utilized was a Nal -based detector doped with amicromole of thallium, which exhibits
an overresponse to scattered and low-energy photons, effectively capturing nearly all photons passing
through its crystal geometry. To address the issue of overestimated output generated by the
scintillation crystal detector in this study, a correction was applied using an in situ-to-cal culated dose
rateratio of 0.86. The cal culated dose rates were determined by employing soil-to-air dose conversion
factors (DCFs) based on soil activities of the 28U and #*?Th series, “°K, and ¥Cs at the locations
where the in-situ dose rates were measured. These soil-to-air DCFs (measured in nGy h™ per Bq
kg™) were sourced from the study conducted by Sanusi et al. (2021), which utilized the MCNP5
radiation transport package for soil-to-air gamma dose simulations using a large volume of soil
source. The values of soil-to-air gamma dose conversion factors used in this study are 0.349, 0.465,
0.034 and 0.067 nGy h™* per Bq kg * for 222U and 2*?Th series, °K, and *3’Cs, respectively. In order
to obtain areliable correction factor in terms of statistics, alarge sample, including both in-situ and
calculated dose rates, is required. This study was conducted in conjunction with three series of
fieldwork: 1) Peninsular Malaysia, Borneo region; 2) Sabah; and 3) Sarawak. A total of 468 soil
samples were collected and analyzed for their activity levels of 22U and 22Th series, “°K, and **'Cs
in the soils using an HPGe gamma spectroscopy System.
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A large number of samplesis also necessary to ensure a broad range of dose rates, from afew nGy
h™ up to 1200 nGy h%, thus ensuring correction across the full gamma intensity spectrum. The
samples were collected randomly with the goa of covering a grid of 2000 km? per soil sample, and
only one sample was collected at each location. Although Malaysias total areais 330,345 km?, this
study managed to collect additional samples, especially in anomaly areas, for further study. Each
sample, approximately 1.0 — 1.3 kg bulk soil, was collected at a depth of 1 — 2 ft to ensure that the
calculated dose rate gives a representative value of the location. Additionally, samples were dug out
in flat, well-drained, and open soil surfaces, away from embankment areas, trees, and outcrops, to
ensure similar soil types and geological zones that represent an averaged in-situ TGR values of four
measurements carried out at the sampling locations. The energy and efficiency calibration of the
HPGe was performed using gamma emitters of precisely known energy from mix-multinuclides:
210pp, 241 Am, 1%9Cd, >'Co, 2MTe, ®1Cr, 133n, 8Sr, 1¥7Cs, 8Y, and ®Co (Eckert & Ziegler Isotope
product, 1232-2).
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Figure 2 Survey meter dose rate correction factor of 0.86 derived from plots of Ludlum dose rates
against the computed dose rates.

Figure 2 illustratesthe fitted-line plots (y = 0.86x + 2.76 nGy h™%) for instrument correction doserates,
based on computed dose rate plots compared to measurements from a Ludlum survey meter with a
range of 19 micro-R. The fitted equation was employed to correct the previously overestimated dose
rate readings from the Ludlum survey meter, thereby validating the gamma survey meter's suitability
for assessing the high-energy range of 1332 keV to 2614 keV emanating from the 23U and 2%2Th
seriesand “°K present in the soils.
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Statistical test and linear regression mode
Normality and hypothesistests

In this study, both the Kolmogorov-Smirnov (K-S test) and the Shapiro-Wilk test (W test) were
employed to numerically assess the normality distribution of the measured TGR data. Note that
statistical hypothesistests such as ANOV A-F cannot be conducted on data that does not adhere to the
principles of a normal Gaussian distribution and homogeneity of data variance. Therefore, in such
cases, only non-parametric tests are applicable for hypothesis testing. In this research, the statistical
hypothesis tests of Welch-ANOV A, Brown-Forsythe, and Kruskal Wallis were used to examine the
significant differences between each weathered soil group and geological rock groups.

Linear regression analysis

This study employed regression analysis to explore alinear model for TGR based on soil and rocks
information, with the aim of quantifying the strength of the correlation between these two variables.
The results obtained from this model will be used for predicting values at unsampled points. The
general multiple linear regression model used is as follows:

i )
y=Bxot Bixit....... +ﬁpxp+ &= Z . Byxot e
i

wherey isthe dependent variable (the predicted dose rates). The regression coefficient (fo, fi,.. ..., 0p)
in equation 2 are estimated from;

D=Xp+¢ ©)

where S represent the slopes of the linear rel ationshi ps between the independent variables xo, x4, ...... ,
Xp (in this study, the mean dose rates for soil, Dsoii and rock groups, Drock) and the dependent variable
y. D isthe vector of observed dependent variable values (in this case, the measured dose rates) with
aresidua ¢ of arandom error. X isthe 2 x 2 matrices of independent variables, where each column
represents a different survey point and each row represents a different independent variable (i.e. Dsil
and Drock) as follows (de Smith et al., 2007);

_(Dsoil; Dsoil , Dsoil 5....... Dsoil 1944 4
- (Drock1 Drock, DrocKs ... ... Drock1044,> )
where Dgil i represents the scalar value of mean dose rate of any soil group at survey point i while
Drock 1 represents the scalar value of mean dose rate of any geological rocks at survey point i. This
matrix represents the mean doses contributed by soil and rock (from Table 1) at each of the 1044
survey points. The goal of fitting the linear regression model isto estimate the regression coefficients
J that minimize the sum of squared differences between the predicted values of y (based on X and f)
and the actual observed values of D (Abdullah, 1994). The percent contributions of the obtained
prediction regression factors g for soil and rock impacts are calculated as follows:

Percent contribution g = (%) X 100% )
where, SS represents the squares term.

Spatial mapping of TGR

To assess the reiability of the developed dose rate predictive model, this study employed geospatial

anaysis through the semivariogram from the Kriging technique, comparing it with the spatial

mapping of TGR dose rates obtained through in-situ measurements. The Ordinary Kriging (OK)
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technique was utilized using the ESRI GIS mapping software ArcGIS to map both sets of data: (a)
in-situ TGR dose rates and (b) estimated dose rates based on the developed predictive model. The
Universiti Teknologi Malaysia (UTM) holds a perpetua license for ESRI ArcGIS Desktop version
10.5 (Esri, 2017). In essence, the core concept of OK involves predicting values at unsampled points
by calculating aKriging weighted average of nearby measured values, utilizing spatial autocorrel ation
analysis among the sampled data points. In this study, the Kriging process encompassed two key
steps. a spatial covariance analysis of the sampled points was conducted by fitting a variogram, and
subsequently, the weights derived from this covariance analysis were applied to interpol ate dose rates
at unsampled locations across the study areas. All TGR data, both observed in-situ and predicted,
underwent alog transformation using the Geostatistical Wizard tool in ArcGIS. The Approximation
Method option was employed to enhance the accuracy of dose rate calculations and ssimplify the
modelling process, addressing the skewed nature of the data distribution. The ordinary Kriging was
initiated with a Multiplicative Skewing Modifier set to 1, and the Base Distribution was configured
as Lognormal.

RESULTSAND DISCUSSION

As shown in Fig. 3, a total of 1044 TGR dose rates were measured in this study. The TGR
measurements ranges from 7 to 320 nGy h* with a mean dose rate of 100 nGy h't. Notably, the
lowest TGR dose rate was observed in the peaty and organic soil zone as indicated by the blue color
in the soil profile on the map (Fig. 1b), while the highest recorded dose rate, (>300 nGy h'Y), was
associated with skeletal soil (orange colour of soil profilein (Fig. 1b). The descriptive statistics results
were tabulated in Tables 1 for both variables. As shown in Table 1, the mean dose rates of measured
TGR in the sedimentary and igneous are 133 + 8 and 99 + 1 nGy h'%, respectively, whereas the mean
dose rates for the weathered soil groups; skeletal (entisols), podzolic, gley, thionic, aluvial, and
organic are 126+1, 96+1, 77+2, 70+4, 65+4, 40+3 nGy h'l, respectively.

Table 1 Descriptive statistics of measured TGR dose rate (nGy h™1) based on weathered soil group and
geological rock information.

Sail groups Geology
Descriptive  skeletal podzol gley thioni  aluvia organi Sedimenta Igneo
stats. soils ic soils  csoils soils c soils ry us
(entisol soils  (gleysol

S) D)
n 448 317 130 36 30 83 1007 37
Mean + SE 126+1  96+1 77+2  70+4 65+4 40+3 133+8  99+1
C.l. mean 123- 9499 7381 61-78 57-73 34-46 116-150 97—
(95%) 129 102
Min — max 50— 40— 15— 17-  37-150 7-105 50-200 7-320

320 210 170 165
Std. 30 26 22 25 21 27 51 37
deviation
Kurtosis 4 1 2 6 8 -1 4 -0.4
Skewness 0 0 0 2 2 1 1 -0.2

SE is standard error.
Cl is confidence interval.
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The results of TGR dose rate measurements from this study are comparable with the TGR
measurements conducted by Lai et a. (1999) in Brunei, a neighboring country located to the north-
east of Sarawak state. Lai et a. (1999) found that the TGR dose rates were in the range of 15-45 nGy
h~1 for recent development soils (alluvial and organic soils) and in the range of 45 nGy h! and higher
than 60 nGy h for the sedimentary region (skeletal soil). The results from numerical tests of
Kolmogorov-Smirnov and Shapiro-Wilk (P-sig.=.000) confirm that the distribution of data sampling
for most groups does not follow the Gaussian normality curve. As shown in Table 2, the results from
al non-parametric ANOVA (Welch-ANOVA, Brown-Forsythe, and Kruskal Wallis) indicated that
the hypotheses of having similarity in mean values of TGR dose rates for each pair of weathered soil
groups and 1 pair in geological rock group are rejected. The P-sig. values of 0.000 mean less than 1
in 1,000 chances of observing the identical mean rank between two different groups.

Table 2 Non-parametric ANOVA tests for statistical verification of TGR dose difference for
geological and soil influence.

Hypothesis Geology / Soil types Statistic®  Sig.

test

Welch |gneous-Sedimentary 15.604  .000
Skeletal Soils & Oxixsols - Red- 202.858  .000

Y ellow/Grey-White Podzolic Soils &
Podzols-Gley Soils - Thionic Sails -
Alluvia and Arenaceous Soils- Organic

Sails
Brown- |gneous-Sedimentary 15.604  .000
Forsythe Skeletal Soils & Oxisols - Red- 244751  .000

Y ellow/Grey-White Podzolic Soils &
Podzols-Gley Soils - Thionic Soils -
Alluvia and Arenaceous Soils- Organic

Soils
Kruskal Igneous-Sedimentary 16.549 .000
Wallis Skeletal Soils & Oxisols - Red- 517.626  .000

Y ellow/Grey-White Podzolic Soils &
Podzols-Gley Soils - Thionic Sails -
Alluvia and Arenaceous Soils- Organic
Soils.

a. Asymptotically F distributed
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Figure 4 shows the graphical analysis using Sinclair’s technique to examine a cumulative plot using
Sinclair's technique was employed to examine the distribution of TGR dose rates across the study
area. The Sinclair cumulative plot is a method commonly used in geochemistry (rare earth element,
REE and other element geo-explorations) to visualize the cumulative frequency distribution of a
variable (e.g. concentration of REE in sediments), in this case, TGR dose rates. The plot displays the
cumulative percentage of measurements below a certain dose rate threshold on the y-axis, plotted
against the dose rate threshold on the x-axis. Ideally, in a Sinclair cumulative plot, the data points
would fall along a straight line, indicating a uniform distribution of dose rates. However, deviations
from this straight line, as observed in our plot, suggest the presence of distinct TGR ranges at specific
dose rate intervals. In our study, deviations were noted at intervals corresponding to 40, 70, 80, 95,
140, and 170 nGy h, indicating the presence of distinct geological or environmental factors
influencing TGR levels at these points. Furthermore, deviations beyond 170 nGy h™* may suggest
anomalous TGR readings, which could be attributed to extreme weathering processes or the
accumulation of uranium-thorium-bearing heavy minerals such as zircon, ilmenite, monazite, and
cassiterite, as reported in previous studies (Teh and Julius, 2002; Y okoyama et al., 2015; Hall and
Breitfeld, 2018).

The differences in the mean values and variance distributions from the statistical results have
numerically verified the impacts of superficial-weathered soils and geologica rocks on TGR dose
levels. The mean Clsin Table 1 shows that the sedimentary (116-150 nGy h!) has a higher dose rate
compared to igneous (97-102 nGy h™1). Unlike the igneous granitic batholiths of Peninsular Malaysia
(Banjaran Titiwangsa), the Borneo’s igneous existed in isolated zones primarily consisting of
extrusive types i.e., dacitic, andesitic, basalts, granodiorite, and diorite. The existence of these
extrusive volcanic rocks, including mafic plutonic types (e.g., granodiorite and diorites), has been
identified to contain lower radioactivity compared to plutonic rocks due to their moderate acidic
geochemical properties, low density, low SiO. content, and physical darknessin color (NCRP, 1987;
Schlumberger, 1982; Azman, 2005).

Skeletal soil (entisols) shows the highest mean dose rate and Cl (123-129 nGy h™Y) owing to its
limited devel opment and weathered products. The layers comprise unweathered parent material, such
as rocks and gravel of sedimentary rocks with little or no organic matter accumulation (Agriculture
Department, Sarawak 2000). This preserved the most abundant uranium (U) and thorium (Th) in the
soil body compared to other weathered soil groups. The mean C.1 of 123-129 nGy h! is dightly
lower than the mean Cl dose rate of sedimentary and metamorphic soil found in Peninsular Malaysia
(152-162 nGy h™?) (Sanusi et al., 2017) owing to its sedimentary content (arenaceous and cal careous)
of the continental crust of Sundaland whereas the latter are from the terrane blocks derived from
Gondwana which is associated with voluminous S-type granitic batholiths and belts.

Podzolic soils show the second-highest mean dose rate and Cl (94 — 99 nGy h™1) due to its partial
association of parent materials. The soil is characterized by its moderate weathering processes and
leaching process of upper horizon layers. The soil sometimes remains undifferentiated from the
entisols or skeletal soils due to their similar lithological setting and the degree of parent material
association (Agriculture Department, Sarawak 2000). Similarly, gleysols and thionic soils share
comparable means (77 and 70 nGy ht, respectively) and Cl of dose rates (73-81 and 61-78 nGy h~
! respectively) due to their similarities in terms of high waterlogged conditions and anaerobic
environments (FAO-UNESCO, 1974; Agriculture Department, Sarawak 2000).

These characteristics promote continuous and alternating mineral leaching conditions, including the
U and Th nuclides and K from the soil bodies. As expected, the alluvial and organic soils indicate
low dose rate ranges (Cl range 34-73 nGy h! for both groups) owing to their rapid hydrolysis
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weathering process, leading to the breakdown of NORM minerals and various physicochemical
changes, dterations in texture, and porosity. Contrastingly, the transported soil bodies (alluvia or
riverine soils) usually show high dose rates owing to the U and Th sedimentation process by a
transported agent of water (watercourse or river) from the uphill granitic ranges to the downhill
aluvial soil zones (Sanusi et al., 2014, 2017). However, due to lower U and Th nuclide series and K
activities in the uphill sedimentary (skeletal) parent materials compared to the Peninsula’s uphill
granitoids, theimpact of U and Th sedimentation isinsignificant for the study area. The organic soils
(CI range 34-46 nGy h™Y) are expected to have insignificant contribution to high doses owing to the
soil’s decomposed organic materials mainly from plants, which continuously degraded and solidified
by heat and wind. Since most of these organic soil settings are located along the coastal plains,
estuaries, and floodplains, the U and Th are expected to be diluted and dispersed by the water bodies.

Table 3 Thelinear regression model of TGR dose rate based on weathered soil groups and
geological rock groups.

Standardize
d
Unstandardized Coefficient
Coefficients S
Model Std.
B Error Beta t Sig.
1 (Constan 108.576 17.915 6.061 .000
t)
rock -.816 132 -133 -6.161 .000
soil .992 .031 697 32219 .000

a. Dependent Variable: dose

Asshownin Table 3, we chose the unstandardized regression coefficients ( coefficients) to represent
the prediction model or direct change based on raw values (or original units) instead of standardized
coefficients, which expresstherelative effectsin terms of standard deviations or regardless of original
units. The TGR dose rate predictor model consisted of one positive predictor variable (0.992 for
weathered soil) and one negative predictor variable (-0.816 for geological rocks). A negative beta
coefficient is observed suggests an inverse relationship between the predictor (geological rocks) and
response variables (TGR doserate), holding soil variable constant. The developed linear independent
variable model based on the estimator coefficients (dependent variables) can be expressed as,

TGR dose rate (nGy h™t) = 0.992Dsoil — 0.816Drock + 109 (5)

where 109 nGy h is a constant.

Table 4 Residual analysis of the linear model using Pearson’s test (R) and Durbin-Watson’s
autocorrel ation test

Std. Error Change Statistics
Mod R Adjusted of the
el R Sguare R Sqguare Estimate R Square F Sig. F  Durbin-
Change Change dfl dfi2 Change Watson
1 J173 514 513 26.516 514 550.281 2 1041 000 1.340

a. Predictors: (Constant), soil, geo
b. Dependent Variable: dose

73



e-JSNM

Jurna Sains Nuklear Maaysia, 2024, 36(No. 1): 62 — 80
| SSN:: 2232-0946

To assess the precision of the linear model, the auto-correl ation tests based on Durbin-Watson’s and
Pearson’s R tests were performed using the model residuals (errors). The results in Table 4 show that
the calculated R-valueis 0.717 whereas Durbin-Watson’s statistic is 1.34. R is a multipole correlation
coefficient and represents the strength of the association between the two variables. Weathered soil
and rock variables shared values of 0.717, thus indicating a sufficient linear correlation. Meanwhile,
Durbin-Watson value 1.34 indicated a positive correlation among residuals, thus exhibiting a
systematic pattern of positive relationships.
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Figure5 A Bland-Altman plot presents a direct comparison based on the mean differences
of in-situ dose rates (in-situ - predicted) against the average values.

For a more direct comparison of in-situ dose rates against the predicted dose rates based on the
developed regression model, a Bland-Altman plot was presented in Fig. 5. This plot illustrates the
mean differences of in-situ dose rates (in-situ - predicted) against the average values between in-situ
and predicted dose rates. For this purpose, all data were log-transformed to achieve amore normally
distributed distribution. As depicted in Fig. 5, the average difference (or bias) obtained is -0.49
(indicated by the blue dashed line), with upper and lower limits of agreement (LOA) of 51.43 and -
52.42, respectively. Most of the plots demonstrate good agreement, with approximately 95% falling
within +2 standard deviations (o). In regions below the lower LOA, where negative values occur, the
predicted dose rates appear to be overpredicted compared to the measured in-situ dose rates.
Conversdly, outliers above the upper LOA suggest that the predicted dose rates are underestimated
compared to the in-situ dose rates. Based on this comparison, it is expected that approximately 95%
of the differences between in-situ and predicted dose rates will fall within the limits of agreement.
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Figure 6 Distribution of TGR dose rates in Borneo Sarawak based Ordinary Kriging
of (a) in-situ TGR dose rate and (b) linear regression dose predictive model.

Figure 6 shows two spatial maps of TGR dose rates developed based on: (a) in-situ TGR dose rate
and (b) linear regression dose predictive model. Graphically, the maps showed similarities in terms
of regional dose rate contour, where50 nGy h! to 100 nGy h* dose rate dominated the coastal and
recent rock developments i.e. Quaternary and Pleistocene age of rock regions (gleysols, thionic,
aluvial, and organic), whereas the upper dose rate range 110 — 320 nGy h™! dominated the sedentary
formation (e.g., skeletal and podzolic). To analyze the variability of these spatial maps, two
semivariogram plots analysiswere given in Fig. 7.
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Figure 7 Semivariogram model of Kriging interpolation for comparison between (a) in-situ and (b)
predicted TGR dose rates.

The semivariogram model based on alinear regression predictive model suggests that the correlation
between data points decreases and eventually becomesflat (i.e., no longer correlated) at a distance of
approximately 1.62 degrees. In contrast, the in-situ data indicates that the correlation between data
points decreases and becomes flat at a distance of around 1.47 degrees. Comparable sill and nugget
values indicated from both semivariogram plots suggest that the developed regression prediction
model provides an adequate estimator for TGR dose rate prediction. Such prediction and its consi stent
variation are considered acceptable at environmental levels, alowing one to build an empirical,
methodological basisfor spatia inference. The presented model a so applicablefor long-term use and
will not be affected by heavy rainfal and flood. For tropical climates, soil develops slowly over
millions of years, and the weathering process by rain, flood, and climates may require along time to
ater the U, Th, and K distribution in soil bodies (Sanusi et al., 2017).
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CONCLUSION

The study has successfully developed a regional predictive model for TGR dose rate based on
information of superficial-weathered soil and rocks using linear regression model. Statistical non-
parametric analyses of variance confirmed that 6 groups of weathered soils are significantly different
to each other aswell astwo distinctive groups of sedimentary and igneousrocks. The model expressed
as TGR dose rate (nGy ht) = 0.992Dg;ii — 0.816Dock + 109 only applicable for TGR dose rate for
similar rock and soil types of Sundaland-Borneo. tectonic blocks of Sundaland-Borneo. Even though
the model predicting the unsampled values based on the random process of sampled or nearby points
(this is somehow not certainly true for any random sampled environmental data), however, it is
somewhat acceptable and permits one to build an empirical methodological basis and insights for the
gpatia inference of TGR dose rate levels in unmeasured locations based on similar weathered soil
and rock types.
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ABSTRACT

The resources for palm oil in Malaysia are readily available, renewable, and have lower
operating costs than any petrochemical oil resource. In this work, silane-modified anatase
titanium dioxide (TiO2) nanoparticles (NPs) were hybridized with acrylated palm olein (APO)
(NPs) synthesized by ionizing acrylic palm oil resin to develop an antimicrobial additive for
surface coating applications. The effects of their incorporation on the palm ail film coating's
layer as well as the physicochemical characteristics of the hybrid APO and TiO2 organic-
inorganic NPs composites were investigated. The results included compatibility, chemical
properties, morphology, roughness, water contact angle, thermal stability, transmittance,
hardness, crosslinking and anti-scratch effects on coating surfaces. The test coating sample,
POBUA-IPDI, presented a dightly higher adhesion and good crosslinking density, which
improved hydrophobicity, thermal stability, and anti-scratch properties. This could be ascribed
to a greater surface tension between the molecular forces of an object and the composite resin
in the presence of TiO>-APO NPs compared to other coatings. Antimicrobial features were
minimal due to the coating sample's TiO2 low content of 1%. On the other hand, the microbial
inhibition zone can be detected due to the natural hydrophobic nature of palm oil and the
chemical cross-linking capabilities of coating products after exposureto UV radiation that limit
growth or do not allow microbial attachment surrounding the coating layer's surface. The study's
findings demonstrated that a palm oil composite coating product by using TiO2 as a nanofiller
can improve the product's thermal, mechanical, and antimicrobial properties and has the
potential to be employed as a surface protective layer.

Keywords: APO nanoparticles, EPOLA, POBUA, radiation curing, TiO2 nanoparticles
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INTRODUCTION

Research studies on the development of palm oil-based materials are being conducted to
accommodate the country's varied industrial sectors. Inter-industry nuclear technology that
advances pam oil resin research through the use of radiation technology, such as gamma,
electron beam (EB), and ultraviolet (UV) for the production of multi-functional products,
particularly in the field of surface coating.

Over thelast two decades of research, it has been discovered that the effect of irradiation on palm
oil materials can improve the physiochemical, thermal, and mechanical properties of these new
products in order to meet their specifications and applications in industrial and healthcare
demands. Indeed, its value as a renewable materia compared petrochemical-based products
makesit one of the primary plant oil sources for advanced research (Stavila, 2023). Furthermore,
as compared to thermal or other conventional processes, nuclear technology utilized as an
advanced material processing technique is more environmentally friendly, resulting in lower
greenhouse gas (GHG) emissions.

On the other hand, titanium dioxide (TiO2) nanoparticles (NPs) aso known as titaniais one of
the nanofillers that are biocides and widely employed in the industrial sector, including the
production of nanocomposite materials that guarantee to improve the original physiochemical,
thermal, and mechanical properties of the material. Many studies reveal that the presence of TiO-
NPs in a material can endow it with antimicrobial property. In addition, TiO> NPs also has
unique features, such as non-toxicity, easy UV-activation, chemical stability, environmental
friendliness, inertness, corrosion resistance and, low cost harvesting which has made it one of
the choices as an antimicrobial agent.

Medical, food and beverage, building and construction, textile, and other industries have the
highest demand for antimicrobial coatings (Zhao, 2011; Mamat Rokhmat, 2017; Abbas, 2018;
falco, 2018; Kartini, 2018; Baig, 2020; Tran, 2020; Tudu, 2020; Chuang, 2021; Kumaravel,
2021). Anti-microbial coatings are classified into two types. biocides (which include silver,
copper, titania and zinc compounds) and resin (which includes acrylic, polyurethane, epoxy,
polyester, and others). Anti-microbia additives or biocides can enhance qualities that includes
dimensional stability, heat and chemical resistance, and chemical stability while preventing the
growth of microbes in finished products or polymers.

The pitfalls and challenges in this current sector are the potentials for the development of
antibiotic resistance, strict regulations, and health concerns with biocide use. The better choice
is to use natural polymers with the conjunction with radiation curing technologies. The palm
oil-based resins, such as acrylic- and pol yurethane-types are actively being devel oped for surface
coatings of wood, paper, and metal applications because they are environmentally friendly and
less harmful. Whereas, radiation curing technology is a green technology because it can offer
less or zero volatile organic compounds (VOCs) release to the environment as compared to
traditional methods (Salih, 2012; Tajau, 2013; Tajau, 2014; Salleh, 2016). Figure 1 represents
the various type of resin-coated substrates, such as glass, paper, and wood.
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(2} Glass substrate (b) Paper substrate

{c) Wood substrate

Figure 1 The potential application of coating products on various surfaces: (a) glass (b) paper
and (c) wood substrates

The study aimed to develop anti-microbial additives for use in surface coatings. The work
focuses on the encapsulation of titanium oxide (TiO2) with NPs made of acrylated palm oil
(APO), which aso serves as nanocarriers for anti-microbia agents (Chouirfa, 2019; Tgau,
2021). These NPs will be integrated with palm oil-based resins for use as an antimicrobial
additive in surface coatings by using radiation curing technology (Li, 2006; Ingrosso, 2015;
Vuong, 2020).

METHODOLOGY
Preparation of UV Curable Organic/Inorganic Hybrid Coating

The sol-gel method was used to prepare the hybrid coatings. APO NPs of 5 mg with titanium
dioxide (TiO>-APO NPs) were each weighed in a 20 mL flask. Ethanol of 5 mL were added to
each flask. The TiO-APO NPs solution was sonicated for 2 h. After that, 5 mL of resins
respectively from the acrylic, i.e, EPOLA (Mw = approximately 2,000 Daton) and the
polyurethanes (Mw = approximately 5,000 Dalton) i.e., POBUA-IPDI, POBUA-IPDI-PETIA
and POBUA-TDI-HEA were prepared in four different flasks. Two set of samplesfor each resin
were prepared. About 1 wt% of TiO2>-APO NPssolution was added to the first set of each resin
and the another set of resin was prepared without addition of a nanofiller for comparison
purposes. Then, all samples were sonicated for 1 h.
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Radiation curing process

The formulated resin was cured by using UV irradiation with a medium pressure mercury vapor
lamp of IST-UV Dryer (Switzerland) about 7.0 mA and 10 m/min per pass with 0.72 Jcm?. The
sample was coated on the glass, wood and paper substrate by using 40 um thickness hand bar
coater for product eval uation.

Characterization of UV Curable Organic/Inorganic Hybrid Coating
Physical and chemical properties testing

The coating films performance was tested by using the Byk labotron pendulum hardness tester
(Konig Method) in accordance with DN 53157 for hardness test. The coating films underwent
scratch resistance test by using Erichsen universal scratch tester (model 413) according to DIN
53799 and the cracking property of the film were analyzed by an optical microscope (ZeissPrimo
Star) for examining the surface of the films. The direct tape test method was used in this study
for adhesion testing on the paper substrate according to the ASTM D3359-09 Test Method B
Cross Cut Tape Test. The optical contact angle (Biolin Scientific, TL 100) was utilized to
determine the hydrophobicity of the coating. The transmittance of the coating filmswas analyzed
by using Byk Haze-Gard | Haze Meter according to the ASTM D1003; D1044. An FTIR
spectrophotometer (Bruker's Tensor II) was used to analyze the chemical functions. The gel
content test also was conducted by using soxhlet extractor method (Salih, 2012). The X-ray
diffraction (XRD) spectra were obtained using a PANalyticad PW3040/60 X'Pert PRO
(Netherlands). The TiO2 NPs chemical composition was characterized using FESEM equipped
with an energy dispersive X-ray (EDX) (Oxford instrument).

Thermal testing

The thermal decomposition property of the designated NPs was analyzed by using the
thermogravimetric analysis (TGA) analyzer (model NETZSCH) (German) at a temperature
range of 35 °C to 900 °C and hested at arate of 10 °C/min in anitrogen gas atmosphere.

Morphology analysis

The FESEM images were captured by using a Zeiss microscope (model Philips XL40) and
analyzed at the voltage range of 1 kV. The surface roughness was analyzed by using the atomic
force microscopy (Nanowizard I1).

Antimicrobial testing

The coating film was contaminated with standard strains of gram-negative bacteria
(Escherichiacoli —code of ATCC 25992) provided. ATCC 25922 is a recommended reference
strain for antibiotic susceptibility testing. Inhibition zones were analyzed after 24 h incubation
of platesat 37 °C.
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RESULTSAND DISCUSSION
Physicochemical Properties
Chemical interaction

The study's raw materials were EPOLA and POBUA resins, which were later modified to create
EPOLA and polyurethane coatings (Figure 2, a-b). The surface of the TiO. nanoparticles was
altered by using silane precursors via the sol-gel process before being encapsulated by the APO
NPs (Horkavcova, 2021; Mahitig, 2018; Cotolan, 2016). Figure 2a shows the reaction
mechanism of the sol-gel approach for silane-modified TiO. modification and the interactions
between organic-inorganic hybrid coatings between those particles and APO nanoparticles
(Figure 2, c-d).
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Figure 2. Chemical synthesisroute for the production of palm oil-based resins based
on the patent innovation registration number: (a) EPOLA production (P12016704907) and
(b) POBUA production (MY -142814-A), and schematic diagram of chemical structure
interaction for development of TiO.-APO NPs and the acrylic-type composite resin:
(c) Silane-modified TiO2-APO nanoparticles and (d) organic-inorganic hybrid composite of the
TiO2-APO NPs with the coatings: (i) acrylic-based nanocomposite and
(i1) polyurethane-based nanocomposite

85



e-JSNM

Jurna Sains Nuklear Maaysia, 2024, 36(No. 1): 81— 98
| SSN: 2232-0946

FTIR analysis and Nano-TiO; content evaluation

The chemical functional group of carbonyl and ester (C=0), carbon double bond (C=C), ester (-
C-0), hydrocarbon (-C-H), and TEOS are the key indicators used to evaluate the curing process
in coatings. Theinfrared tests results showed the resolution of ATR FTIR of the resins and
films/ coatings as displayed in Figure 3, and the results are summarized in Table 1. Thereaction
between the -OH group of silane-modified TiO>-APO NPs with the acrylic and urethane ester
groups respectively showed a decrease in peak intensity at carbonyl 1,720 cm™ and 1,722 cm*
(Figure 2d, i-ii and Figure 3, a-b). Furthermore, as demonstrated in Table 1, the occurrence of
cross-linking reactions has resulted in a decrease in the peak intensity of the active functiona
groups.

Meanwhile, the FTIR spectra showed the presence of anatase TiO> NPsin the coating films. The
functional group spectraof Ti-O and Ti-O-Ti were at 669 cm* and 806 cm* for the acrylic film,
and at 656 cmrt and 808 cm* for the polyurethane composite film (Figure 3, a-b). A comparable
analysis of the FTIR spectrum of anatase TiO2> NPs revea ed these relative functional groups, as
reported by Praveen et a. (2014). The TiO2 NPs characterization of anatase type was a so proven
using XRD as shown in Figure 4.
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Figure 3 FTIR spectraof the resin composites after curing: (a) nano-TiOz-acrylic composite
film; (b) nano-TiO2-1PDI-polyurethane composite film

Table 1 FTIR frequency range and functional groups in the sample after curing process

Wavenumber, cmt

Decreases of pesk after curing

(@ Acrylic (b) Polyurethane
C=0 carbonyl 1720 1722
C=0 ester 1684, 1640 -
-C=C- 1634, 1632 1634, 1617
-C-O 1280 1267, 1293
-C-H 898 898
TEOS 711 840
Ti-O, Ti-O-Ti 669, 806 656, 808
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Figure 4 XRD spectrum of anatase TiO> NPs

Furthermore, the EDX analysis of composite films was depicted in Figure 5Saand Figure 5b. The
findings revealed the presence of nano-TiO2 chemica elementsin nano-TiO.-acrylic composite
film and nano-TiO2-IPDI-polyurethane composite film were 0.52% and 6.89%, respectively.
Furthermore, the addition of nano-TiOz in acrylic composite film and polyurethane composite
film calculated by using UV-Vis spectrophotometer were 6.42 mg/L and 6.98 mg/L, respectively
(Figure 5c¢), whereby the percentage value is corresponding to the EDX’s element percentage,
especially the nano-TiO.-1PDI-polyurethane composite film.

Therefore, the effects of key reaction parameters, such as type of soft and hard segments of the
polymer bonds influence the physical properties of coatings. The soft segment of polymer is
responsible for facilitating the incorporation of the nanofiller mixture into the polymer chain
(Figure 2d). Similarly, a higher molecular weight (Mw) of polyurethane allows for a greater
uptake of nanofiller volume than the smaller size Mw of acrylic.
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Figure 5 EDX elemental mapping of the nano-TiO: (a) nano-TiO> acrylic composite and (b)
nano TiO2-IPDI polyurethane composite, (c) Calibration curve of TiO in ethanol solution by
using UV-Vis spectrophotometer

Surface characterization and hydrophobicity

The FESEM images showed that the TiO>-APO NPs were less than 150 nm in size and were
spherical shape (Figure 6). Vuong (2020) also found a similar result with TiO2 NPs in the
acrylate urethane coating. Nanocoatings that containing the TiO2>-APO NPs produced a high-
water contact angle. The present findings demonstrated the hydrophobic behavior by showing
that the inclusion of TiO2 NPs raised the contact angle for both acrylic- and polyurethane-type
composite coatings, with a value greater than 90° (Figure 6€). The addition of NPs such as
graphite to the palm oil-based coating produced asimilar effect, as reported by Aliasin 2022(b).

The polyurethane- and acrylic-based films that showed hydrophilic properties had turned to
hydrophobic by the presence of TiO2 NPs as a composite film (Figure 6e). Furthermore, a small
roughness surface of acrylic composite coating at 77.83 nm was proposed to be the reason for
the higher hydrophobicity rate (Figure 6 d-e). The composite coating film of acrylic-type
exhibited substantially higher rate of water contact angle although the polyurethane-1PDI
composite coating resulted a higher value of water contact angle (Figure 6eii, iv).
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Figure 6 FESEM image of nanoparticles: (a) TiO, NPS, (b) APO NPs, (c) TiO-APO NPs, (d)
AFM image of acrylic- and polyurethane composite coatings comprising TiO>-APO NPs and
(e) Water contact angle measurement of acrylic- and polyurethane-type coatings

Thermal and Mechanical Properties

Plots of the thermogravimetric (TG) reduction rate versus the temperature measured under a N>
atmosphere are displayed in Figure 7, and the results are summarized in Table 2. The acrylic and
polyurethane films underwent a three-step thermal degradation profile while the composites
bond underwent a four-step thermal degradation profile (Figure 7).

In the present work, synthesis revealed the influence of TiO.-APO NPs on the thermal
performance of composite coatings. The thermal stability of the polymer composite coatings
doped with TiO2-APO NPs increases. TGA results showed that the presence of TiO2 NPs
practically decelerated the decomposition of composites backbone by means of a significant
improvement in thermal property for surface coating applications. A comparable result was
produced using TiO> NPsin the thermoplastic pol ypropylene nanocomposites coating, as studied
by Bendaoued et al. (2022).
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The polyurethane-IPDI type coating containing TiO2>-APO NPs demonstrated superior thermal
properties as compared to the acrylic-based type coatings and common polyurethane film, with
degradation profile started at peak temperatures of 197 °C (Li, 2006). The degradation of the
acrylic and polyurethane films started at 130 °C and 157 °C, respectively while the acrylic-
composite bond started at peak temperature of 133 °C. Figure 2d (ii) shows that the presence of

ahard segment network and TiO2-APO NPs made polyurethane-1PDI-based coating films more
stable.

(a) —
o0
................. Acrylic film
—— Acrylic composite coating
------ Polyurethane film
70 Polyurethane composite coating
e 30
B
2
30
w- e W
-10
35 100 165 230 295 360 425 490 555 620 685 750 815 B8O
Temperature, °C
(b) 5

DTG/ (Yo/min)

—— Acrylic composite coating

= 2 | A —— Acrvlic film
————— Polyurethane film
Polyurethane composite coating
-20

35 100 165 230 295 360 425 490 555 620 685 750 815 B8R0
Temperature, °C

Figure 7 TGA curves of the polymer coatings: (a) TG curve and
(b) Derivative thermogravimetry (DTG) curve
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Table 2 Thermal degradation temperatures of coatings obtained with thermogravimetric
analysis (TGA) (N2)

Coatings First-step Second-step Three-step Four-step thermal
thermal thermal thermal temperature (°C)
temperature (°C) temperature (°C) temperature (°C)

Acrylic film 130 382 469 -

Acrylic 133 384 454 673

composite coating

Polyurethane film 157 387 477 -

Polyurethane 197 385 470 672

composite coating

Table 3 reveas the mechanical properties of coatings under various testing conditions. The
incorporation of TiO>-APO NPs into the coatings increased the gel content property. Increased
gel content means increased crosslinking, thermal and several mechanical strengths, as
evidenced by the polyurethane-1PDI type coating, which has improved thermal,
anti-scratch, and adhesion properties (Shahnooshi, 2019)

Table 3 Mechanical property of coatings at different preparation conditions

Coatings Acrylic-based resin Polyurethane-based resins
EPOLA POBUA-IPDI POBUA-IPDI- POBUA-TDI-HEA
PETIA
Control  With Control  With Control  WithNPs Control With
NPs NPs NPs

Gel content (%) 66.75  96.31 90.66  97.88 85.58  97.69 72.92 100
Scratch test, N 2.0 3.0 1.0 4.0 3.0 2.5 5.0 4.0
Adhesion, Percent area
remained, % 72 92 84 100 92 52 98 100
(on  white  paper
surface)
Hardness, % 92.67 877 90.66  27.98 93 42.72 89.67  59.88
Transmittance, % 85.70  86.3 89.4 86.3 8880 864 85.83  86.5

The addition of TiO2-APO NPs to the coatings resulted in increased anti-scratch properties
(Table 3). For polyurethane, the anti-scratch property of IPDI-based aliphatic diisocyanate
increased while the end-capped type, such as the IPDI-PETIA-aliphatic diisocyanate and the
TDI-HEA-aromatic isocyanate decreased, respectively (Table 4). Figure 8 shows the
diisocyanates and monomers commonly used for polyurethane synthesis. Type of diisocyanate
and monomer influenced the polyurethane property. The anti-scratch property of acrylic and
polyurethane-IPDI type composites increased due to its rigid crosslinking network as compared
to the other coatings (Page, 2007; Ingrosso, 2015; Verma, 2018; Alias, 2022 ab) (Table 2).
According to the findings of a study conducted by Alias et a. (2022, ab) cross-linked
polyurethane (POBUA) surfaces have the ability to function as a barrier coating that protects
mild steel surfaces from corrosive substances.
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Table 4 Scratch test of coatings at different preparation conditions

Coatings EPOLA POBUA-IPDI POBUA-IPDEPETIA  POBUA-TDI-HEA

20N LON JON 50N

Control

Composite Mlms
with TIO,- APO N

(i) 1PDI (ii) TDI (iiii) PETIA (iv) HEA
HaC NCO & \ P 0
H-C /f't“?;"" et 0 0 HG%QM"
NCO I 5 Dkﬁ
HaC N //’\Tr OH MW=116.1 g/mol
MW= 222.3 g/mol NCO 0
MW=174.2 g/mol MW= 298.29 g/mol

Figure 8 The diisocyanates: (i) IPDI (Isophorone diisocyanate), (i) TDI (Toluene
diisocyanate) and the monomers: (iii) PETIA (Pentaerythritol triacrylate),
(iv) HEA (2-Hydroxyethyl acrylate) used in polyurethanes synthesis

The coating sample exhibited an increased adhesion property after the addition of TiO>-APO
NPs, which attributed to improved surface tension between the molecular forces of the object
and the composite resin (Winnicki, 2021) (Table 3). However, hardness did not increase
indefinitely with increasing crosslink density. The TiO-APO NPs had a larger influence on
hardness because the coating hardness had decreased with addition of 1wt% of NP-TiO> content
in the blend. The result presented that as the soft and hard segments of the polymer chain gets
irregular by TiO>-APO NPs, the hardness property of the coating decreases (Figure 2, d2).
Previous studies have shown that TiO2 NPsis distributed on the soft segment of the polyurethane
which involves the interaction of -OH groups of TiO> NPs and the ester groups of polymers
(Salahshoori, 2023). A high crosslinking density but alow hardness feature may arise from the
typical termination processes of free radical polymerization on the dead polymers/ monomers,
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given the needless side reactions that lead to non-active polymers monomers (Yamago &
Nakamura, 2013). Similarly, the transmittance results showed almost no significant progressin
the transmittance properties of the coatings (Table 3).

Polymeric coatings with antimicrobial activity

The antimicrobial assessment showed that no antimicrobia zone had formed (Figure 9). The
slight presence of 1wt% of NP-TiO. seemed had no influence on the antimicrobial activity
detected on top and bottom surfaces of the film. However, the center zone potentially revealed
a clear zone that was unoccupied by E-coli in comparison to the surrounding area that was
occupied by E. coli (Figure 9). The composite coatings and polyurethane film, displayed
antimicrobial effect on the central zone as compared to the control acrylic film. The composite
coatings and polyurethane film in this study showed a qualitative inhibitory effect.

On the other hand, the hydrophobic nature of the coating due to the chemical cross-linking effect
could improve its antimicrobial properties on both surfaces, which can potentially be explained
by the lack of adhesion and microbial growth (Arango-Santander, 2018). The coating's interna
cross-linking features most likely cause no pores to exist between the polymer network due to
the durable three-dimensional network that potentially prevents microbes or dirt from growing
on the surface.

Control Antimicrobial coated

Nano-TiOz-Acrylic Composite

Acrylic film

Polyurethane film Nano-TiOz-Polyurethane Composite
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Figure 9 Comparative assessment of antimicrobial activity of palm oil-based coatings against
E. coli (Gram-negative bacteria)

CONCLUSION

A variety of unique materials can be functionalized by using the sol-gel technique, which is
notably useful for creating inorganic-organic coating materials. The presence of TiO.-APO
improves the properties of the gel content and anti-microbes. Acrylic and polyurethane
composite films containing nano-TiO> have a high potential for antimicrobial coating
applications, such asimproving the safety of coated surfaces against microbes by increasing the
volume of TiO2> NPs above 1%. The study also demonstrated that polyurethane-1PDI composite
has better thermal, anti-scratch, and several mechanical properties for surface coating
applications than acrylic-based and common polyurethane coatings.
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Abstract

Salf-healing coating is one of the smart coatings that can restore physical appearance and
performance after exposure to damage such as scratches and weathering. Self-healing coatings
have several benefits, including extending material life and lowering operating costs by reducing
the need for planned maintenance, especially in situationsinvolving remote | ocations. Microcapsule
is one of the techniques that are widely used in the preparation of self-healing coating. This
approach used an active healing agent to be stored in the microcapsule. In the previous work, pure
jatropha oil (JO) and its derivatives known as jatropha oil-based polyurethane acrylate (JPUA)
wer e encapsulated into a polyurea formaldehyde (PUF) microcapsule. In this study, JO and JPUA-
IPDI-based microcapsules were loaded into the JPUA-TDI-based coating. 5 wt% and 10 wt%
loading of microcapsules were dispersed using a mechanical stirrer in the coating formulation until
a homogenous mixture was obtained. The self-healing coating formulation was coated on a steel
plate (100 mm x 100 mm x 1.5 mm) using a bar applicator with a thickness of 50 pm,100 um, 150
pmand 200 um. Then, the wet filmwas irradiated under UV light until fully cured. Mechanical tests
such as Pendulum Hardness Test (ASTM D4366), Cross-cut Adhesion Test (ASTM D3359-09),
Transmittance Test (ASTM E1348), and Haze Test (ASTM D1003) wer e per formed on the cur ed self-
healing coating. The mechanical properties of the self-healing coating were compared with the
coating without microcapsule loading asa control. It was found that the har dness val ue was reduced
as the microcapsul es wer e incor porated into the coating formulation in 5% JPUA and 10% JPUA.
This trend continuously declined as the coating was thickened from 50 pm to 100 pm, 150 pm and
200 um inthe self-healing coating containing microcapsules. For the adhesion test, Control samples
at all of the testing thicknesses showed a 4B adhesion score where less than 5% of the area was
removed. A similar grade was displayed by 5% JPUA at 50 um. The remaining samples indicated
deteriorated adhesion properties as the film thickness increased and microcapsule loading
increased. The 10% JPUA at a thickness of 200 pm showed the wor st adhesion property with 15%
to 35% of the removed area. As a conclusion, self-healing coating with 5 wt% loading of JO and
JPUA-IPDI-based microcapsule with thickness of 50 pm has maintained the hardness, adhesion,
haze, and transmittance properties when compared with the control sample.

K eywor ds: self-healing; microcapsule; mechanical properties; thickness; hardness


mailto:nurul_huda@nm.gov.my

Jurnal Sains Nuklear Malaysia, 2024, 36(No. 1): 99 — 110 e-JSNM
|SSN: 2232-0946

INTRODUCTION

The coating industry has witnessed a transformative shift with the advent of smart materias,
particularly in the area of self-healing coatings. Self-healing coatings, also known as self-repairing
coatings, have gained significant attention in recent years dueto their ability to autonomously repair
damage (Paguet et a., 2020). These coatings have the potential to revolutionize various industries,
including marine, aerospace, and automotive, by increasing the durability and longevity of coated
materials. By incorporating self-healing technol ogy into coatings, materials can regain their structural
integrity and functionality after being exposed to external forces or damage. This innovation solves
the challenges faced by traditional coatings, such as limited product lifespan and susceptibility to
corrosion (Liu et a., 2021). Furthermore, self-healing coatings have the potential to reduce
maintenance and repair costs, as they can autonomously repair minor damages before they
escalateinto major issuesthat requirecostly repairsor replacements (Cheng et al., 2022). To develop
effective self-hedling coatings, researchers have employed various approaches such as
microcapsule, vascular, and intrinsic systems. The microcapsul e-based self-healing coating is one of
the popular options and is nearly being commercialized (Ouarga et al., 2022). Via this approach,
selective healing agent was encapsulated in a microcapsul e followed by simply mixing procedure
with the coating matrix. These microcapsules are designed to rupture upon damage such as scratch
and crack on the coating surface. Subsequently, healing agents are released from the microcapsule
to fill and repair the damages surface (Kothari & Iroh, 2023). The healing agents are hardened via
polymerization process that induced either by catalyst or environmental factors such as UV light
(Chen et al., 2019; Wang et al., 2019), oxygen (Song et al., 2022) and moisture(Alizadegan et al.,
2018).

Currently, vegetable oils have been broadly used not only in food application but also in the
industrial sectors such as paints, plasticizers, lubricants, and hardeners preparation and modification
(Atael et d., 2019; Karami et d., 2019). In order to reduce the carbon footprint, vegetable oils were also
explored to be the healing agent (core content) for the microcapsule-based system. Tung (Li et
al., 2018) and linseed (Comlekci & Ulutan, 2018; Wang & Zhou, 2018) oils are among popular
oils that encapsulated directly without chemical modification. This is due to the high content of
lodine Vaue (V) of these oils that allows them being polymerize when react with oxygen in the
atmosphere (Li et al., 2018; Song et a., 2022). However, vegetable oilswith low IV require chemical
modification to tailor with the mechanism reaction during the repairing action. For example, palm
(Saman et a., 2018) and coconut oil (Khorasani et a., 2017) have been reported to be converted to
alkyd functionality before being encapsulated. Apart of that, Shisode and his team has reported the
utilisation of pure soy oil with addition of cobalt drying agent (Shisode et a., 2018). To date, no
study has been reported on utilisation of jatropha oil (JO) either in its pure or modified form for
microcapsul e-based self-healing coating purpose. JO is extracted from seed of jatropha curcasfruit.
Apart of being locally available in Malaysia and South East Asia, JO (94 to 120 mg/g) has higher
IV compared to palm oil (44 to 58 mg/g) that make it more reactive to chemical reaction particularly
during the repairing mode (Amri et al., 2021).

Mechanica properties are crucial in determining the performance and durability of self- healing
coating. However, the report on mechanical properties of microcapsule-based system isstill limited
to certain properties such as adhesion, hardness and bending and compression test (Jiang et a., 2021;
Pongmuksuwan et al., 2023). For instance, a study on a microcapsule’s wall made from melamine-
formaldehyde was conducted whilst the core content was made from a mixture of carbonyl iron
powder and multiwalled carbon nanotubes. The study revealed that as the addition of microcapsules
increased, the gloss and adhesion of the coatings decreased. The addition of microcapsules to the
coatings exhibited a tendency to increase the hardness, impact resistance and tensile properties, but
followed by a decreasing trend (Wu et al., 2023). Despite the studies conducted in previous years,
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the scope of transmittance and haze properties on self-healing coating are still unexplored in
existing studies. Therefore, it is important to study these properties especially when referring to
self-healing coating that applied on glass and clear surface.

This work focuses on investigating the mechanica properties of a self-healing coating formulated
with pure jatropha oil and the modified form; jatropha oil-based polyurethane acrylate as ahealing
agent into PUF microcapsule. The research examines key parameters such as microcapsule loading
and coating thickness in relation to mechanical properties, including pendulum hardness, adhesion,
transmittance, and haze. These mechanical properties are considered as a good guideline on product
application and its durability.

MATERIALSAND METHOD
Materials

Pure jatropha oil was purchased from from Biofuel Bionas Malaysia Sdn. Bhd., Malaysia.
Trimethylolpropane triacrylate (TMPTA) was procured from Sigma-Aldrich, Germany whilst
benzophenone was supplied from Acros Organic (Belgium). Two series of jatropha polyurethane
acrylate; JPUA-TDI and JPUA-IPDI were synthesized from crude jatropha oil and were based on
different diisocyanate. The details of the procedure were explained in previous studies (Mudri et al.,
2020, 2021). The microcapsules were prepared based on procedure reported by (Baharom et a.,
2023). The properties of each microcapsule are tabulated in Table 1.

Table 1 Properties of JO 400 and IPDI 400

Microcapsule Physical appearance  Schematic diagram

JO 400
PUF shell
IPDI 400 PUF shell
JPUA-IPDI

Preparation of Self-Healing Coating

Table 2 shows the components of the coating formulation for self-healing coating. Using the
mechanica stirrer, JPUA-TDI, TMPTA and benzophenone were mixed until homogeneous.
Subsequently, 5% and 10% of the microcapsules were dispersed in the coating formulation until a
homogeneous mixture was obtained. Using a bar applicator, the film thickness was varied at 50 um,
100 pm, 150 pum and 200 um respectively on a glass plate (100 mm x 100 mm x 1.5 mm) and
irradiated with UV light (UV-IST, Germany) for the curing process. Formulation without
microcapsule was used as a control to determine the mechanical test for the self-healing coating. All
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films were then directly tested for their mechanical properties to determine the best combination of
microcapsule loading and film thickness for the self-healing test.

Table 2 Components of self-healing coating formulation

Self-healing coating Microcapsule L oading
Code JPUA-TDI TMPTA Benzophenone JO 400 IPDI 400
(%) (%) (%) (%) (%)
Control 65 35 4 — -
5% JO 65 35 4 5 -
10% JO 65 35 4 10 -
5% IPDI 65 35 4 - 5
10% IPDI 65 35 4 — 10

Mechanical Test
Pendulum Hardness Test

In accordance with ASTM D4366, the hardness of the UV-cured film was measured using a
pendulum hardness tester (TQC, Netherlands) in Koenig damping mode. The readings (in seconds)
were taken in triplicate for each sample during the damping time of the pendulum until the
pendulum came to a complete stop. The average of the measured values was cal cul ated.

Cross-Cut Adhesion Test

A cross-cut adhesion test (Biuged, China) was performed based on ASTM D3359-09. The purchased
kit included a cutter blade, adhesive tape, brush and a magnifying glass. Based on the coating
thickness for making the grid pattern, a 1 mm wide cutter blade was selected. The transparent 3M
Scotch tape on the grid was peeled off at an angle of 180°. The brush was used to carefully remove
the dirt and the magnifying glass was used to examine the surface.

Transmittance and Haze Tests

Haze llluminant Tester (BY K-Gardner, Geretsried, Germany) was used to test the transmittance
(ASTM E1348) and haze (ASTM D1003) for self-healing coating cured films. The tester measured
both properties simultaneously as percentages. All measurements were performed in triplicate and
the average value was cal cul ated.
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Mor phology Observation

An optical microscope (Zeiss Primotech, Germany) was used to determine the morphology of the
microcapsul e shape in a coating film after UV curing.

RESULT AND DISCUSSION
Pendulum Hardness

Pendulum damping tests were performed to assess the flexibility and hardness of the coatings
containing microcapsules, as presented in Figure 1. For Control, the hardness value has increased
proportionally with the increasing thickness of the coating. The high number of oscillations reflects
the good hardness but low flexibility in the Control coating. In radiation curing, acrylate functionality
acts as active sites for crosslinking. The amount of acrylate functionality increased proportionally
with the thickness of the film. Therefore, the hardness property increased as the possibility of
crosslinking increased (Fu et al., 2021).

However, the hardness value was reduced as the microcapsules were incorporated into the coating
formulation in 5% JO, 10% JO, 5% IPDI and 10% IPDI. This trend was continuously declined as the
coating was thickened from 50 pm to 100 um, 150 pum and 200 pm in each coating containing
microcapsules. Thisis due to the possibility of the microcapsules interfering with the curing process.
In this study, microcapsule was added via physical mixing where it did not have any chemical bonding
with the polyurethane network in the coating. The compatibility of the PUF-based microcapsule in
the coating can be improved either by using epoxy-based coating (Pongmuksuwan et al., 2023). In
addition, Paguet et a., (2020)has demonstrated that introducing hydrogen bonding between the
microcapsul e shell and coating matrix hasimproved the hardness of the self-healing coating material.
The film of 5% JO and 5% IPDI with 50 um has comparable hardness performance with the Control
(around 80 seconds) when tested at 50 pm thickness correspondingly.

140
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Figure 1: Pendulum hardness test for coating loaded with JO and
JPUA-IPDI -based microcapsules
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Adhesion Test

Cross-Cut Adhesion Test was conducted to investigate the effects of microcapsule embedment on the
coating adhesion. The adhesion score of Control, 5% JO, 10% JO, 5% IPDI and 10% IPDI at
thicknesses of 50 um, 100 pum, 150 um and 200 um are tabulated in Table 3.

Table 3: Adhesion score of coating embedded with JO and JPUA-IPDI
mixture-based microcapsules

Sample Film Thickness (um) Adhesion Score

Control 50 4B
100 4B

150 4B

200 4B

5% JO 50 4B

100 3B

150 3B

200 3B

10% JO 50 3B
100 3B

150 2B

200 2B

5% IPDI 50 4B
100 3B

150 3B

200 3B

10% IPDI 50 3B
100 3B

150 2B

200 2B
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From Table 3, Control samples at all of the testing thicknesses showed a 4B adhesion score where
less than 5% of the area was removed. A similar grade was displayed by 5% JO and 5% IPDI at 50
pum. The rest of the samples have deteriorated adhesion properties as the increased film thickness,
and microcapsule loading increased. 10% JO and 10% IPDI at athickness of 200 pm, respectively,
showed the worst adhesion property with 15-35% of the removed area. The decline in mechanical
properties in a coating with a high concentration of microcapsules might be due to non-uniform
dispersion in the formulation. Therefore, the microcapsules also have restricted the mechanical
bonding between the substrate and the coating matrix and caused poor performance in adhesion
strength as the microcapsul e loading wasincreased. Apart of that, the coating mixture becomes more
viscous due to the additional loading of microcapsules. The high viscosity makes the coating
formulation more difficult for to effectively penetrate and adhere to the substrate and led to the
decrease in adhesion property (Pongmuksuwan et al., 2023). In this study, the formulation of 5% JO
and 5% IPDI at athickness of 50 um were selected to be tested for self-healing test asthe adhesion
strength is comparable with the control where no microcapsul e was added.

Transmittance Test

The effect of microcapsules loading at different film thicknesses is presented in Figure 2. All
samples except 10% JO have atransmittance value of more than 85%, reflected a good transparency
property (Adachi et d., 2018). This data indicated that the addition of microcapsules in 5% JO, 5%
IPDI and 10% IPDI do not intervene in the transmittance property in the self-healing coating

formulation.

90
;—\a\ 85 1
]
g I I = Control
£ 80 - B 3% JO
=
& o5 ® 5% [PDI

I I I m 10% IPDI
70 A
50 100 150 200
Film Thickness (um)

Figure 2 Transmittance value for jatropha oil-based self-healing coating with
different thicknesses and concentrations of microcapsules
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Haze Test

To examine the clarity of the film, a haze test was conducted. Figure 3 presents the haze property of
self-healing coating containing microcapsules at different film thicknesses. The haze valueincreased
as the film thickness increased in the for Control, 5% JO, 10% JO, 5% IPDI and 10% IPDI.
Moreover, the increasing trend of haze was aso observed with the increasing percentage of the
microcapsule loading. This indicated that the higher film thickness and increasing number of
microcapsules may cause poor dispersion in the coating formulation and led to surface roughness of
the coating. The surface roughness is linked with poor haze (Adachi et al., 2018). Therefore,
incorporating microcapsules is unsuitable for coating applications requiring transparent and clear
surfaces such as glass, windows, and windscreens.

50
45 T
I 1

40
m Control
m 5% JO

10%JO

m 5% [PDI

m 10% IPDI

50 100 150 200
Film Thickness (um)

Figure 3 Haze property for jatropha oil-based self-healing coating at
different film thicknesses and microcapsule loading

M orphology Observation

Considering all the mechanical teststhat have been conducted, 5% JO and 5% IPDI with athickness
of 50 um were selected to be evaluated for the self-healing test via scratch test in the future work.
Figure 4 shows the overview of 5% JO and 5% IPDI coating with a thickness of 50 um under an
optical microscope at a magnification of 10x. It was found that both 5% JO and 5% IPDI coating
have well-distributed microcapsule loading after being cured under UV light.
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“b)

Figure 4 Optical micrograph of microcapsules distribution of a) 5% JO and b) 5% JPUA -

IPDI at film thickness of 50 pm at 10x magnification after exposureto UV light

The observation was then zoomed in to 40x magnification to view the microcapsule
morphology after beingirradiated under UV light subjected to the curing process of the coating. From
Figure 5, the microcapsul es of both 5% JO and 5% IPDI were still intact, where no sign of PUF shell
rupturing was detected when the microcapsulewasirradiated under UV light. Thethick and dark area
was identified as the PUF shell whilst the core content was in the middle of the sphere with alight
colour. This concluded that UV-curing technique is a suitable to be use for preparation of self-
healing coating without any sign of damage on the microcapsule in the coating matrix.

a)

O

b)

O

O

Figure5 a) 5% JO and b) 5% IPDI under 40x magnification of an optical

microscope after exposureto UV light at film thickness of 50 pum.
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CONCLUSION

The addition of microcapsule loading and increasing coating thickness has declined the
mechanical properties of the self-healing coating. The jatropha oil-based self-healing coating
mai ntai ned their mechani cal propertieslimited to 5 wt% microcapsuleloading with film thickness
of 50 um when compared to the control sample. Under optica microscope, the 5% JO and 5% IPDI
maintained spherica shape of the microcapsule after exposed to UV light prior to curing process where
no sgn of destruction was observed. A few recommendations are suggested for way forward to
improvethe mechanical properties such as (1) to study the microcapsuleloading at below 5 wt%;
(2) to prepare nano-size microcapsule; and (3) to examine the compatibility of the PUF
microcapsul e with epoxy-based coating.
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