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ARTICLE INFO ABSTRACT

Keywords: In this study, the thermoluminescence (TL) properties of the calcite conducted by bacterial calcium carbonate
Thermoluminescence (CaCOj3) precipitation (BCCP) in organic soils were investigated. The bacterial calcium carbonate (CaCOs3) pre-
Calcite

cipitation (BCCP) is a popular technique and has been applied in a variety of civil and geotechnical engineering
applications. For example, bacterial calcium carbonate precipitation fills the gaps on the organic ground and
makes cementing it with the biological method using bacteria. The study reveals that the calcium carbonate
mineral called as calcite has a clear TL glow curve with four main peaks located around 90, 140, 210 and 240 °C,
a wide linear dose response region between 140Gy and 2.3 kGy is observed. In addition, a good reusability is seen
in the high temperature peaks. The TL glow curve peaks are not affected by reusability. Although the dosimetric
peaks at 210 and 240 °C appear to be nearly constant, the TL peak intensities at 90 °C and 140 °C completely
faded after 24 and 336 h storage time, respectively. The activation energies (E;) and frequency factors (s) for
peaks at 90 °C, 140 °C, 210 °C and 240 °C were evaluated via variable heating rate (VHR). The activation energy
of the peaks in the TL glow cuive is lying between 0.57eV and 1.04 eV.

Bacterial calcium carbonate (CaCOs)
precipitation

1. Introduction formation of calcium carbonate from a supersaturated solution due to

the presence of its microbial cells and biochemical activities (Bosak,

Biomineralization is a phenomenon of chemical alteration in the
environment that results in the precipitation of minerals by microbio-
logical organisms (Barkay and Schaefer, 2001; Phillips et al., 2013;
Stocks-Fischer et al., 1999). This leads to the formation of various bio-
logical minerals and there are more than sixty species that occur as
extracellular or intracellular inorganic crystals (Dhami et al., 2013;
Konishi et al., 2006; Yoshida et al., 2010). In all groups of living or-
ganisms, extracellular mineralization is the best known mineralization,
and carbonate precipitation is an example of extracellular mineraliza-
tion (Lowenstam, 1981). Trace elements of organic compounds found in
crystals can regulate the biomineralization process (Yoshida et al.,
2010). There are several ways to generate biominerals such as biologi-
cally controlled mineralization (Benzerara et al., 2011; Lowenstam and
Weiner, 1989; Phillips et al., 2013), biologically influenced minerali-
zation (Benzerara et al., 2011; Phillips et al., 2013) and biologically
induced mineralization (De Muynck et al., 2010; Lowenstam and
Weiner, 1989; Phillips et al., 2013; Stocks-Fischer et al., 1999).

Bacterial calcium carbonate precipitation (BCCP) is a process for the
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2011). During this process, organisms are able to secrete one or more
metabolites (CO%’) that react with ions (Ca®") in the environment
resulting in the subsequent precipitation of minerals.

Bacterial cells are very important in the precipitation of CaCOs,
because bacteria provide nucleation sites (heterogeneous nucleation)
and influence the specific types of minerals formed (Douglas and Bev-
eridge, 1998; Rodriguez-Navarro et al., 2012).

Urease is an enzyme that catalyzes the hydrolysis of urea into
ammonium and carbonate. During the formation of calcite precipitation,
the chemical processes are described in the equations (Anbu et al.,
2016):

CO(NH,);+H;0 — NH,COOH + NH; (1)
NH,COOH + H,0 — NH3+H,CO3 (2)
H,CO; < HCO3 + H' (3)
2NH;+42H,0 « 2NHg +20H™ (4)
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HCO; + H' +20H & CO3~ + 2H,0 (5)
Ca’t -+ Bacterial cell — Cell-Ca®t (6)
Cell-Cay 1 CO3~ — Cell-CaCO; 7)

Thermoluminescence (TL) is a luminescence phenomenon of an
insulator or semiconductor that can be observed when the solid is
thermally stimulated (Bos, 2007). It is a stimulated emission process that
occurs due to the thermally excited light emission after prior absorption
of energy from an external ionizing radiation source (alpha, beta,
gamma radiation) releasing electrons through the crystal lattice and
trapping some of them in imperfections of the lattice (Chen and McKe-
ever, 1997). Subsequent heating of the crystal allows some of these
trapped electrons to escape in the form of emission light (Claudio, 2003;
Pagonis et al., 2006). There are many types of calcite minerals in the
natural environment, have colors red, gray, green, blue, brown, yellow
and orange, but if its color close to white that refer to the high purity.

Calcium carbonate (CaCQOs) emits intense thermoluminescence (TL).
Based on this result, it is used to date both inorganic carbonates and
biogenic calcite produced by marine organisms (Duller et al., 2009).
Biogenic calcium carbonates contain organic components of the shell
mixed into the calcite structure. During TL measurement, heating of the
samples causes combustion of these organic compounds, which affects
the measurement of the dose-dependent TL signal from the calcite.
Duller et al. (2009) studied two types of biogenic with a high degree of
mineralization: slug plates and snail opercula. These two types of
biogenic carbonates are commonly found in archaeological and
geological sediments in areas with a carbonate-rich bedrock.

The thermoluminescence emissions, observed in insulator materials
during excitation with temperature, depend on all intrinsic and/or
extrinsic defects. These defects determine the presence of thermolumi-
nescence trapping and recombination sites (Garcia-Guinea et al.,
2009a). Calcite (trigonal) can modify its spatial structure giving rise to
aragonite (orthorhombic) and, on the other hand, the chemical
composition since Ca(Il) can be replaced in the lattice by divalent cat-
ions of Sr(I) or Zn(Il) giving rise to strontianite or smithsonite,
respectively, showing significant luminescence emission (Tatumi et al.,
1993; Garcia-Guinea et al., 2009a, 2009b). TL emission spectra at longer
wavelengths, from 600 to 650 nm, are reported for a wide range of
carbonates and are associated with Mn2" luminescence centres. The
emission wavelengths of Mn show monotonic dependencies in rhom-
bohedral phases as a function of metal-oxygen bond length in different
carbonate phases (Calderon et al., 1996).

The TL glow curve of calcite (CaCOs) has peaks at 100 °C, 270 °C,
and 340 °C with the strongest emission in the red part of the spectrum;
many of these emissions are associated with a Mn2* defect (Krbetschek
et al., 1997). Mn®" is considered the main recombination centre for
calcites (Polikreti et al., 2003).

The study of TL properties has been investigated for many types of
calcite with many different radiation sources (Garcia-Guinea et al.,
2015; Isik et al.,, 2021; Toktamis et al., 2016; Toktamis et al., 2014;
Valle-Fuentes et al., 2007; Yildirim et al., 2012). In general, they
concluded that caleite exhibits thermoluminescence properties with
three distinct peaks located at 100 “C-150 °C, 200 °C-300 °C, and
310 °C-400 °C temperature intervals, showing strong linearity of dose
response.

In an insulator, the transitions of electron and holes between con-
duction band, valence band and some energy levels inside forbidden
band gap are described by some differential equations and the numerical
solutions of the these equations can help in the understanding of the
physical mechanisms governing thermoluminescence (TL) emission
(Gomez-Ros et al., 2006). However they are not easy to analyse the
complex experimental TL glow curve. The general order kinetics (GOK)
and mixed order kinetics (MOK), known as approximated equations, are
widely used for practical purposes and overcome this difficulty
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(Gomez-Ros and Kitis, 2002; Horowitz and Yossian, 1995). There are
several methods to analyse the TL glow curve and evaluate kinetic pa-
rameters of traps such as Variable heating rate (VHR), Initial rise (IR),
Peak shape (PS), Computer glow curve deconvolution (CGCD),
Isothermal decay (ID), and three point method (TPM). The commonality
of these techniques is the use of the TL glow curve in the evaluation of
kinetic parameters. In the VHR method, the variation of TL peak tem-
perature (Ty,) as a function of heating rate (p) is used. From the plot of In
(TZ/P) versus 1,/Tp, of any TL peak, activation energy (Eq) and frequency
factor (s) are easily found by using slope and intercept of the plot. When
a TL glow curve includes small satellite peaks surrounding the main
peak, the VHR method becomes very useful for calculating the kinetic
parameters because it has little effect on the accuracy of the kinetic
parameters. However, the TL curve does not match the actual peak
maxima, and this method does not provide accurate results for the ki-
netic parameters when multiple glow peaks overlap (Topaksu et al.,
2015). In the IR method, all relevant occupancies of the states can be
considered as being approximately constant at low temperature end of
the peak. Two kinetic parameters (E, and s) are calculated from the plot
of In (I) versus 1,/T. By using PS method, the order of kinetics b can be
estimated by means of shape parameter of TL glow curve. The CGCD
method has the advantage over experimental methods without resorting
to heat treatment. In this method the TL glow curve is fitted to the
several satellite peaks. In the TPM method, three points are choosen in
the TL glow curve and the kinetics order (b) and other kinetic parame-
ters are determined, successively. In the ID method, the TL sample
temperature is kept constant and the light emission can be recorded as a
function of time. The light emission will decay exponentially with time ¢
and a plot of In (I) against t will give a straight line. The experiments are
carried out at two different constant temperatures T; and T, resulting in
two different slopes. By using two slopes, activation energy is found. In
fact, the result of CGCD method is not physically acceptable and it de-
pends on the shape of peak. On the contrary, the IR and VHR methods
don’t depend on the shape of peak (Claudio, 2003).

2. Preparation of samples and equipments
2.1. Preparation of samples

All samples were natural calcite minerals produced by BCCP, i.e.
bacterial precipitation of calcium carbonate (CaCO3) (Sidik et al., 2015).
In general, calcite is the most widespread soil carbonate growing in root
zones with high CO, density and derived from calcareous parent mate-
rials (Schaetzl and Anderson, 2005). Microbial calcite can be formed by
complex biochemical interactions, such as the interaction between Ba-
cillus Pasturii, ammonia and urease. The production of urease depends
on the activity of microorganisms in alkalophilic soils. This microor-
ganism hydrolyzes urea to produce carbon dioxide (CO,) and ammonia
(NHs) which raise the PH in the soil high and subsequently prepare
conditions in the organic soil for the production calcium carbonite
(CaCO3) (DeJong et al., 2010) as shown in Fig. 1.

2.2. Equipments

Samples were weighed to 15 mg using a digital balance. The samples
were irradiated with beta rays (f-rays) source at room temperature using
a calibrated ?°Sr—"%Y source. The activity of this radiation source is 100
mCi. The typical strength of a 100 mCi Sr™ p-source installed in a 9010
Optical Dating System is 2.64 Gy/min (0.0438 Gy/s). The irradiation
equipment is an additional part of the 9010 optical dating system pur-
chased from Little More Scientific Engineering, UK. After the samples
were exposed to the beta radiation source, they were read out by a
Harshaw QS 3500 manual reader (TLD reader) connected to PC, and the
TL glow curve which gives the variation of TL light as a function of
temperature was obtained. A standard clear glass filter was always
installed in the reader between the planchette and the photomultiplier
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Fig. 1. Diagram of bio-mediated calcite precipitation using ureolysis (DeJong et al., 2010).

tube to eliminate the infrared light emitted from the reader and the
samples.

Photomicrographs of the sample were taken with the ZEISS - Gemini
SEM 300 at the Central Laboratory of Gaziantep University. The
magnification ranges from 12x to 2000000x and the accelerating
voltage ranges from 5 kV to 30 kV. The resolution is 0.6 nm at 30 kV. Its
magnification is from 12x to 2000000x and its acceleration voltage is 30
kV. The resolution is 0.6 nm at 30 kV.

3. Experimental procedures

In this study, four experiments are performed: Dose Response,
Heating Rate, Reusability or Repeatability and Fading. Samples weigh-
ing approximately 15 mg were used in all experiments. Before each
irradiation procedure, all aliquots were readout to determine the back-
ground and subtracted from the main TL measurement. In the dose
response part, 15 mg samples (10 aliquots) were irradiated with
different dose levels (from 2.4Gy to 6.9 kGy) and read out at a heating
rate of 1 °C/s of heating rate from room temperature to 400 °C. For the
heating rate part, 15 mg samples (5 aliquots) were weighed, then irra-
diated with 36 Gy from a beta source and finally read out at five different
heating rates of 1, 2, 3, 4 and 5 °C/s. In the fading part, 15 mg samples (7
aliquots) were stored in a darkroom at room temperature for different
storage times (15min, 1 h, 8 h, 24 h,120 h and 336 h) as soon as irra-
diated 36Gy radiation dose. At the end of the storage time, each sample

Sand
particle

was readout at 1 °C/s. In the reusability part, the 15 mg sample (one
aliquot) was irradiated with 36 Gy and read out with the TLD reader at
1 °C/s and repeated eight times.

4, Results and discussions
4.1. SEM analysis

The SEM images of the organic soil before and after BCCP are shown
in Fig. 2 (a) and (b). The images show CaCOj; crystals on the surface of
the organic soil particles (Sidik et al., 2015).

The results of scanning electron microscopy (SEM) show, as shown in
Fig. 2 (b), that the precipitated calcium carbonate fill the voids between
the sand particles after treatment.

4.2. Dose response

15 mg samples (10 aliquots) were irradiated with different doses
(from 2.4Gy to 6.9 kGy) and read out at a heating rate of1°C/s from
room temperature to 400 °C. The obtained TL glow curves are shown in
Fig. 3.

In Fig. 3, TL glow curves of calcite mineral for different dose levels
(from 2.4Gy to 6.9 kGy) were given. There are four TL peaks located
around 90, 140, 210 and 240 °C. At higher applied doses (bigger than
576 Gy), a new TL peak around 340 °C is appeared and the low

o 1

» Calcium
" ‘carbonate

4 Gy, s
X550 20um ~GANTEP.

(b)

Fig. 2. Organic soil particles a) before treatment b) after treatment (Sicik et al., 2015).
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Fig. 3. TL glow cuives of calcite mineral for different dose levels (from 2.4Gy
to 6.9 kGy).

temperature TL peak around 90 °C is completely disappeared. The TL
peaks at 210 °C and 240 °C are converged and merged in one peak at
temperature —225 °C.

Fig. 4(a) and (b) show the variations in TL peak temperatures and
area under the TL glow curve at different applied dose levels, ranging
from 2.4 Gy to 6.9 kGy. The TL peak temperatures are stable at different
doses. The area under the TL glow curve increases linearly between
144Gy and 2.3 kGy.

4.3. Heating rate experiment

The heating rate represents the dynamic factor which effected on the
characteristics of TL glow curve of the studied samples. First, 15 mg
samples (5 aliquots) were weighed, then irradiated with 36Gy from a
beta source and finally read out at five different heating rates of 1, 2, 3, 4
and 5 °C/s.

In the results of the heating rate experiment, the shape of the TL glow
curve doesn’t change at different heating rates as seen in Fig. 5, but the
position of the TL peaks and their intensity change. The variations of TL
peak positions and normalized area under the TL glow curve can be seen
in Fig. 6 (a) and (b).

In Fig. 6 (a), the TL peak located around 90 °C shifted to higher
temperature region about 28 °C between 1 and 5 “C/s heating rate. The

350 ———ry ——— —

(a) —=—90°C A

200 4 —e—140°C

—4—210°C |

250 - e —v—240°C |
Yy I I 71 1T 11!

2004 T L 1 1 T 1 L + J:

TL Peak Temperature (°C)
g
1

100 +

50 T T
100 1000
Dose (Gy)

Fig. 4. The effect of applied dose on (a) TL peak temperatures and (b) area under

a.u)

Area under TL glow curve(
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Fig. 5. TL glow curves of calcite mineral for different heating rates (from 1 "C/s
to 5 'C/s).

shifts of TL peaks located around 140 °C, 210 °C and 240 °C are 26 °C,
33 °C, and 47 °C, respectively. All of these changes occur while the shape
of the TL glow curve for calcite remains constant. In Fig. 6 (b), the area
under the TL glow curve decreases by 60% and 70% at 2 °C/s and 3 °C/s,
respectively. Finally, it becomes almost constant at 4 °C/s and 5 °C/s.

4.4. Fading experiment

Fading experiment is one of the necessary studies in dosimetric
research. In this experiment, the irradiated sample is waited at different
storage times and read out. With this experiment, it is observed whether
the TL signal decreases with storage time or not. In the current study, 15
mg samples (7 aliquots) were kept in a darkroom at room temperature
for different storage times (15min, 1 h, 8 h, 24 h,120 h and 336 h) as
soon as irradiated 36Gy radiation dose. At the end of the storage period,
each sample was readout at 1 °C/s.

The variation of the TL glow curve as a function of storage time is
given in Fig. 7. The TL peak intensities at 90 °C and 140 °C faded
completely after 24 and 336 h storage time, respectively.

A stability was observed for TL peak temperatures of peaks located
around 90, 140, 210 and 240 °C as a function of storage time as shown in
Fig. 8 (a). In Fig. 8 (b), TL glow curve is divided into two main regions
which are 30-150 °C and 150-400 °C. While the area between 150 and
400 °C seems almost constant, the area between 30 and 150 °C decreases

1,001 07—t —— e ———
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suddenly up to 100 min of storage time and finally faded completely.
4.5. Reusability experiment

Reusability or repeatability experiment is a necessary part of dosi-
meftric purposes. In this experiment, the 15 mg sample (one aliquot) was
irradiated with 36 Gy and read out by TLD reader at 1 °C/s and repeated
eight times. The result is that no additional distinct peak appears at the
end of each cycle, as shown in Fig. 9.

As can be seen from Fig. 10(a), there is no significant shift in the
temperature peaks. The standard deviation was calculated as 1%,
0.69%, 0.73%, and 0.58% for the TL peak temperatures at 90, 140, 210,
and 240 °C, respectively.

The TL peak intensities at 140, 210, and 240 °C are more stable than
the TL peak intensities at 90 °C, as shown in Fig. 10(b). In addition, the
standard deviation for the TL peak intensities of the peaks at 90, 140,
210, and 240 °C were calculated to be 5.7%, 5.8%, 9.3%, and 9.8%,
respectively.

4.6. Kinetic parameters via variable heating rate (VHR) method

Activation energy (E,) and frequency factor (s) are two kinetic pa-
rameters of the trap in a dosimetric material. Activation energy, also
called as trap depth, is the difference in energy between the trap and the
bottom of the conduction band. The term of frequency factor, also called
as attempt-to-escape frequency, represents the number of times per

1,06107
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@
o
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'_
]
k=]
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<
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Fig. 8. The variation of (a) TL peak temperatures and (b) area under the selected TL peaks as a function of storage time.
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Fig. 9. The variation of TL glow cuive as a function of cycle of measurement.

second that a bound electron interacts with the lattice phonons times a
transition probability (McKeever, 1985).

Fig. 11 shows the plot of In (T2/p) versus 1/Tpy, of (a) peak at 90 °C,
(b) peak at 140 °C, (c) peak at 210 °C and (d) peak at 240 °C. According
to the variable heating rate (VHR) method, the slope of the graph gives
the ratio Ep/k and the intercept gives the In (sk/E,;) to evaluate the
activation energy (E,) and frequency factor (s). The variable heating rate
(VHR) method can be used to understand how traps are emptied at
different heating rates while holding all other parameters constant
(Topaksu et al., 2015). The relationship between heating rate (p) and
peak temperature (Ty,) is given in equation (8) (Claudio, 2003):

PE. E,
i =5 ) (8)

In equation (8), k is the Boltzmann constant (in units of eV/K) and E,
is the thermal energy of the trap (in units of eV).

Using the slopes of the linear fits and equation (8), the activation
energies (Ea) and frequency factors (s) for the peaks at 90 °C, 140 °C,
210 °C, and 240 °C were calculated and reported in Table 1.

Bacillus pasteurii played an important role in CaCO5 precipitation
(Jonkers et al., 2010). It exhibits high urease production. It has been
used for microbial calcite cementation in many studies. Caleite erystals
are often a major component of limestone, speleothems, corals, etc.
During the crystallization of calcite (CaCOs), Pb, Mn, Cu, Mg, and Fe are
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the main impurities of calcite crystals (Ponnusamy et al., 2004). The
structure of calcite is not very complex, but can be difficult to identify. It
is described as a NaCl-like arrangement of (Ca) cations and (CO3) anions
(Yildirim et al., 2012). The dose-response experiment was the first part
of the study and indicates the relationship between TL intensity and
applied dose. For a good dosimeter, a linear relationship is expected in
the dose-response relationship. In this study, a linear relationship was
observed between 144Gy and 2.3 kGy. Unfortunately, this value is much
larger for the personal dosimeter. However, it can be useful as a retro-
spective dosimeter and can be used in space studies and research labo-
ratories in nuclear reactors. The position of the high TL peaks is not
affected by the different values of the applied dose. This result shows
that the structure of traps in the high temperature region of the sample is
not affected by the variation of the applied dose. High radiation can
affect the structure of dosimeters. However, the TL peak of the shallow
trap found at —90 °C disappears at 2.3 kGy, which could be due to the
effects of high radiation doses. The TL peak intensity and the normalized
area under the TL glow curve decrease with increasing heating rate
(Wintle, 1975). explains this situation by the thermal quenching effect.
The other reason could be the increased probability of non-radiative
transitions at higher temperatures (Topaksu and Yazici, 2007).
Reading of irradiated sample at higher heating rate leads to a shift of the
TL peak position to higher temperature region. The sample thickness has
a great influence on the temperature gradient and temperature lag
especially at higher heating rates (Kiyak and Bulus, 2001). Therefore,
the measured temperature may differ from the sample temperature
which is caused by a small temperature lag due to the thermal contact
between the heater and the sample at high heating rates. Therefore, the
maximum temperature value read from glow curve becomes lower than
that of the heater (Toktamis and Hama, 2019). The present study shows
that the TL peak intensities at 90 °C and 140 °C fade completely after 24
and 336 h storage time, respectively, when the sample is waited in a
darkroom. The reduction or loss of TL signal in the sample as a function
of time is called fading. Fading is highly dependent on the depth of the
traps when the sample read out by a TLD reader. There are many factors
that cause the fading process, the main one is temperature and light. In
thermal fading, the traps which show lower entrapment energy will
decline faster than more energetic ones, because they have higher
transition possibility (Toktamis and Hama, 2019). For a good dosimeter,
the same result is required at the end of each repetition of the experi-
ment. Although the standard deviation of the TL peak intensity values is
greater than 2% with cycle of measurement, the position of the TL peaks
is not affected by the repeat of experiment with small standard deviation
(<2%). In addition, the trap depths and frequency factors of each peak
(90 °C, 140 °C, 210 °C and 240 °C) were evaluated using the variable
heating rate (VHR) method. When a TL glow curve includes small
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Fig. 10. The variation of (a) TL peak temperatures and (b) TL peak intensities as a function of cycle of measurement.
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Table 1
Calculated activation energies (E,) and frequency factors (s) for peaks at 90 °C,
140 °C, 210 °C and 240 °C via variable heating rate (VHR).

Peak at 90 °C Peak at 140 °C Peak at 210 °C Peak at 240 °C

1.045
8.27 x 10!

0.574
4.86 x 10°

0.79
2,16 x 1011

0.911
1.41 x 10!

Ea (eV)
s(s )

satellite peaks surrounding the main peak, the VHR method becomes
very useful for calculating the kinetic parameters because it has little
effect on the accuracy of the kinetic parameters. Temperature lag (TLA)
is one of the reasons for poor estimation of kinetic parameters (Yazici
and Topaksu, 2003). This is the temperature difference between the
heating element and the sample during TL readout.

5. Conclusion

In this study, the thermoluminescence properties of calcite con-
ducted by bacterial calcium carbonate (CaCOs) precipitation (BCCP) in
organic soil were investigated. The calcite sample conducted by bacte-
rial calcium carbonate (CaCOj3) precipitation (BCCP) in organic soil
shows good TL properties in terms of wide linear dose-response range,
good reproducibility and high stability of dosimetric peaks with low
fading. It has a clear TL glow curve with four distinct peaks located at
90 °C, 140 °C, 210 °C and 240 °C. It is known that 90 °C peak is not used
in the dosimetric studies because the ambient temperature and light
highly affect charge carriers trapped at shallow traps. A desirable
property of TL dosimetry is the wide linear relationship between TL

intensity and absorbed dose (McKeever, 1985). In the dose range of
140Gy and 2.3 kGy, a linear dose-response was observed. This linear
dose response is seen at higher dose region and may be used as a high
dose dosimetry such as in space studies and in nuclear reactors. The
sample has a good reusability due to the stabilities of TL peak intensities
(140, 210, and 240 °C) after eight cycle of measurements. For a good
dosimeter, low fading characteristic of the TL dosimeter is desired. The
area under the TL peaks between 30 °C —150 °C decreases suddenly up
to 100 min of storage time and finally faded completely. This is an ex-
pected result because of shallow traps but the area between 150 and
400 °C seems almost constant. The activation energies (E,) and fre-
quency factors (s) for peaks at 90 °C, 140 °C, 210 °C and 240 °C were
evaluated via variable heating rate (VHR). The activation energies (E;)
and frequency factor (s) of the peaks in the TL glow curve are lying
between 0.57eV and 1.04 eV; 4.86 x 10° and 8.27 x 10*!, respectively.
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