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A B S T R A C T

The purpose of this work is to evaluate the appropriateness of biochar, a carbon-rich substance developed from
biowaste, as a passive radiation dosimeter by examining its structural and thermoluminescence (TL) properties.
Various parameters related to the TL dosimetry of commercially available and eco-friendly biochar were
analyzed, including effective atomic number, reproducibility, TL glow curve, dose-response linearity, sensitivity,
and fading. The acquired results demonstrate that the response of the tissue equivalent biochar is linear with
greater sensitivity to gamma-ray doses ranging between 2 and 200 Gy, along with excellent repeatability within a
3 % standard deviation. Fading studies conducted in both light and dark environments revealed a TL signal loss
of 17 % after 28 days in an ambient light environment and 19 % in a dark room condition. Confocal Raman
spectroscopy was employed to analyze the vibrational spectra and structural changes induced by radiation.
Structural alterations within the examined dose range were further validated by measuring crystallite size (Lc),
dislocation density (δ), lattice strain (ε), and FWHM (full width at half maximum) from XRD (X-ray diffraction)
patterns. Based on these findings, biochar demonstrates promising dosimetric properties and can be developed
into a cost-effective radiation dosimeter for industrial and medical applications.

1. Introduction

Modern advancements in radiotherapy can be attributed to the
increasing adoption of highly precise in-vivo dosimetry technologies
possessing improved spatial resolution. This is because the goal of ra-
diation treatment is to control the radiation dose to the target volume in
both phantom and in vivo scenarios for both externally and internally
supplied fields, while also reducing the radiation to the surrounding
normal tissue [1,2].

Carbon-based dosimeters can offer a cost-effective radiation moni-
toring option than conventional dosimetry techniques, especially when
considering their resilience, reusability, and ease of development. Re-
searchers have examined carbon-rich materials for dosimetry

applications; in particular, investigations have been carried out on the
properties of thermoluminescence and associated structural alterations
that follow radiation exposure at doses ranging from 0.2 to 100 Gy.
Single-wall carbon nanotubes (SWCNT) and bucky paper [3–5], two
grades of pencil lead (2B and 8H) [6] have been analyzed to observe the
structural alterations in graphite-rich mixtures subjected to radiation
exposure by using X-ray photoelectron spectroscopy (XPS) and Raman
spectroscopy. It has also been suggested that commercial pencil leads
made of graphitic material, with a thickness of 0.3 mm, offer remarkable
value for dosimetry-related solutions [7,8] as it is available in low cost
and low photon energy dependent, but their use has limitations due to
their brittleness and inconsistent carbon content. Another carbon-rich
material that has been studied and shown promising results for
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tracking the radiation dosage within the human body is graphite sheets
[9]. It has a great deal of potential to fulfill thermoluminescence
dosimetry (TLD) criteria for medical applications, although because of
its density, certain modifications are necessary.

Since carbonaceous material demonstrated very encouraging find-
ings in those studies, it may serve as the basis for the development of a
next-generation thermoluminescence (TL) dosimeter for medical appli-
cations. The paucity of research in this field has highlighted a knowledge
gap and motivated the development of an affordable carbon-based
thermoluminescence dosimeter as a radiation dosimetry solution.

Biochar can be a low-cost dosimetry solution, made from waste
material and has unique chemical and physical properties like high
porosity and hydrophobicity. It is produced through pyrolysis at a
temperature below 700 ◦Cwithout the presence of oxygen. The structure
of biochar contains a variety of pores, including macro, meso and mi-
cropores. The fact that these pores can interact with other substances to
produce structural defects, which is a helpful feature in dosimetry [10,
11]. The pores can also increase the surface area. The hydrophobicity of
biochar, in particular, prevents it from readily interacting with water
molecules, addressing the hygroscopic issue found in some commercial
dosimeters, such as lithium fluoride (LiF)-based thermoluminescent
dosimeters. This property helps to maintain the stability and accuracy of
the dosimeter’s readings under varying humidity conditions. Yan et al.
[12] investigated the structure of biochar by XRD and confirmed that
pyrolysis temperature plays a crucial role in the structure of biochar.
This study also investigated the chemical structure of biochar by raman
spectroscopy and reported on defects in biochar. Sahoo et al. [13] also
performed the structural and morphological analysis of biochar from the
different substances (e.g. bamboo, pegion pea stalk) and reported the
effect of pyrolysis temperature on the structure with the elemental
composition of each type. Although these investigations validate the
distinct chemical and physical characteristics that can be employed to
emphasize possible applications as a dosimeter, they are still
unexplored.

This work aims to explore the TL dosimetric properties (such as
linearity, sensitivity, repeatability, TL glow curves, linearity index, and
fading) of biochar exposed to 60Co gamma radiation within the dose
range of 2–200 Gy. SEM/EDX analysis has been performed to observe
the elemental composition and calculation of the effective atomic
number (Zeff) of the studied material. Furthermore, the structural
analysis has also been performed using X-ray diffraction (XRD) and
Raman spectroscopy, a dosimetrically useful technique [14]. The
structural changes brought on by the radiation doses will also be
observed using XRD and Raman spectra within the dose ranges 2–200
Gy. Specifically, the research interest is in investigating the possible use
of biochar as an affordable, effective passive radiation detector that
offers high spatial resolution and tissue equivalency.

2. Experiment and methods

2.1. Collection and preparation of sample

In this study, coconut shell biochar was purchased from a commer-
cial supplier, Shopee, Malaysia. The biochar was produced through a
pyrolysis process carried out in the absence of oxygen at temperatures
below 700 ◦C. The collected samples were ground and crushed into a
fine powder using a mortar and pestle. The powdered biochar was then
sieved with a micrometer mechanical sieve (Thermo Fisher Scientific) to
obtain a uniform grain size of 250 μm. For the experiments, samples
weighing 10–15 mg were selected to fit within the TLD reader’s 5 × 5
mm2 planchet.

2.2. Annealing of sample and storage process

The TL intensity of the carbonate matrix is influenced by a variety of
defects [15,16]. For this reason, the samples underwent annealing to

eliminate any pre-irradiation memory, such as triboluminescence, and
to obtain the accurate TL intensity by lowering the background noise
signals. A programmable furnace (CMTS model MB 3) installed at the
University of Malaya, Malaysia, was used to anneal the samples, which
entailed heating them to an optimized heating temperature of 400 ◦C for
an hour [17]. To prevent contamination and sample loss during the
annealing process, the samples were placed into the multi-user furnace
using a ceramic container and then covered with aluminum foil.
Following the annealing procedure, the specimens were allowed to
reach ambient temperatures slowly. The changes in cooling rate have
been demonstrated to have an impact on the measured trapping pa-
rameters and TL sensitivity in a variety of luminous materials [18].

2.3. Irradiation of sample

Irradiation for gamma was made using a60Co Gammacell-220 facility
(mean energy 1.25 MeV) at the Department of Physics, University of
Malaya, with a dose rate of 0.070 Gy/s at the time of investigation on the
samples. The studied biochar was exposed to a dose range of 2–200 Gy
The samples were positioned at the center of the chamber to ensure a
homogeneous dose distribution at room temperature. The experimental
and irradiation setups are shown in Fig. S1.

2.4. Characterization

2.4.1. Sample readout
The irradiated samples were read out 24 h after the irradiation

employing a Harshaw 3500 TL reader (USA) equipped with WinREMS
support software. This reader contains a sample drawer that can
accommodate a single-element TL dosimeter, a programmable linear
heating system, and a cooled photomultiplier tube that has the essential
electronics to measure the amount of TL light output. TL intensity was
assessed in a slow flow of N2 gas atmosphere in order to mitigate
triboluminescence and oxidation issues. In this work, the reader’s Time-
Temperature Profile (TTP) characteristics were configured by adjusting
the preheat temperature to 50 ◦C and acquiring data at a temperature
ramp rate of 10 ◦C/s up to a maximum of 300 ◦C for 25 s. The maximum
temperature for acquiring data was optimized for biochar. The back-
ground radiation was subtracted automatically within the software as it
was reading the sample.

2.4.2. Elemental analyses by SEM/EDX
Scanning electron microscopy/energy dispersive X-ray spectroscopy

(SEM/EDX) is a useful technique for figuring out the mass influences of
each element in a material. The name and ratio of each contributing
element in the materials under examination are useful to know whether
the material is appropriate to be utilized as a TL dosimeter. This allows
for the calculation of the effective atomic number. Magnified cross-
sectional pictures were taken using a TESCAN VEGA3 SEM apparatus
equipped with the Oxford Instruments EDX system, which is situated at
Sunway University. The elemental composition of the biochar was then
examined.

2.4.3. Structural analysis of biochar

2.4.3.1. Raman spectra analysis. Utilizing Raman spectroscopy, defects
in the material under study were evaluated. The structure of biochar was
investigated using WITec alpha300 RA confocal Raman spectroscopy in
this work. The samples were stimulated using a green laser light (532
nm; energy 2.33 eV) and a 50 × objective lens. The scattered Raman
signal was detected using an optical grating of 300 g mm− 1. It was then
transmitted via an optic multifibre to a spectrometer, where it was
recorded for 10 s. To observe the radiation-induced defect, the peak of
the D band and G band will be examined for biochar samples with 60Co
gamma exposure within the dose range of 2 Gy–200 Gy.
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2.4.3.2. X-ray diffraction (XRD) analysis. An XRD diffractometer (Mal-
vern PANalytical system model Empyrean) fitted with a standard Cu–Kα
radiator and set to operate at 40 kV and 40 mA was used to analyze the
structure of the biochar samples. A copper target of the radiator is used
to generate Cu Kα1 8.04 keV X-ray at room temperature. Using the
Bragg-Brentano geometry diffraction method, XRD measurements were
made for 2 theta values ranging from 5 to 80 at a scanning step time of
148.92 s and a step size of 0.0260◦. The Bragg equation (1) was used to
find the value of the atomic spacing, or d (the prominent line), and the
Scherrer equation (2) was employed to estimate the crystallite size
parallel to the c-direction, or Lc [19]. From the XRD pattern of biochar,
the lattice parameter, unit cell volume, lattice strain and dislocation
density were examined. The following equations are as follows:

Atomic spacing,d=
λ

2 sin θ
(1)

Crystallite size, Lc=
kλ

β cos θ
(2)

where λ is the wavelength of X-ray radiation (λ = 0.154 nm), θ is the
Bragg angle (angle between incident rays and the crystal surface) in
radians, β is the full width at half maximum (FWHM) in radians and k is
Scherrer’s constant (k = 0.94).

Volumeof theunit cell,V=abc
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − cos2 α − cos2 β − cos2 γ − 2cosαcosβcosγ

√

(3)

Dislocation density, δ=
1
Lc2

(4)

Where, Lc is the crystallite size.

Lattice strain, ϵ=
β

4 tan θ
(5)

3. Results

3.1. Elemental analysis and effective atomic number for biochar

Knowledge of the effective atomic number (Zeff) of an absorbing
material is crucial for evaluating the thermoluminescence (TL) proper-
ties of a composite material containing that absorber. The Zeff of the
biochar was determined using the well-known Mayneord equation Eq.
(6a) [20].

Zeff =
(
a1zm1 + a2zm2 + a3zm3 + ……….anzmn

)1/m…………………. (6a)

The fractional weights of each element in the dosimeter are repre-
sented by the values a1, a2, a3, … an. In practical terms, the power de-
pendency of m of 2.94 is thought to be the best fit when accounting for
the photoelectric dominant interaction. Eq. (6b) was used to calculate
the number of electrons per gram (Ne) of samples, as follows:

Ne =
NAZ
Aw

(W) ……………………… (6b)

Where, NA is the Avogadro number, Z is the atomic number of each
element, Aw is the atomic weight, W is the fractional weight of an
element.

To determine the elemental contributions of elements like carbon,
oxygen, potassium, and calcium, SEM–EDX analysis was performed (see
Table 1). Table 1 presents the elemental composition data as well as the
effective atomic number (Zeff ) for the samples. Fig. S2 demonstrates the
SEM image to see the morphological structure of biochar. For the
elemental distribution analysis of biochar, we utilized the point tech-
nique, conducting measurements at a total of 2 spots for 4 aliquots to
obtain the mean average distribution of each element in biochar. This
approach ensures a representative analysis of the elemental composition

across multiple samples. The Zeff value of 7.05 is found for biochar,
which is very close to the Zeff value of human soft tissue. It is advanta-
geous for a dosimeter in clinical dosimetry to have soft tissue equivalent
(Zeff= 7.46) in order to assure response independence based on incident
photon energy.

3.2. Structural analysis by Raman spectroscopy

Raman spectroscopy is a powerful, non-invasive method that may be
used to inspect the carbonaceous crystalline lattice for flaws and faults
[21–23]. It is also quite sensitive when analyzing carbon allotropes [24,
25]. A wide range of information, including doping, thickness, disorder,
grain and edge boundaries, strain, and thermal conductivity, is available
under various physical situations [26]. Table S1 provides more details
on the formation of disorder/defect modes in the carbon media used in
this investigation. Here, five unique peaks-referred to as D, G, D′, G′(2D),
and (D + G) bands, are shown in the analysis of the biochar Raman
spectra. These peaks are located at approximately 1347, 1585, 1954,
2315, and 2945 cm− 1 respectively (Fig. S3(a)). The G band at 1585 cm− 1

is produced by the in-plane stretching of the hexagonal carbon rings or
the stretching vibration of sp2 carbon (E2g symmetry) [27]. The D peak,
a defect mode located at around 1347 cm− 1, represents sp3 electronic
states. These states are connected with the vibration of carbon atoms in
disordered graphite, which includes defects, dangling bonds in plane
terminations, and grain boundaries. These states are thought to be de-
fects in planar sp2 graphitic structure. According to Ref. [12], the
investigated sample’s wave numbers for the D and G bands demonstrate
that it is in agreement with biochar. Another double-resonance Raman
characteristic of disorder and defects is the D′ bands [28]. The D′ peak,
which appears at roughly 1954 cm− 1, is indicative of flawed
graphite-like material and the 2D peak, at 2315 cm− 1, is thought to be an
overtone of the D peak. Table S1 lists the specifics of the vibrational
modes for biochar. From Fig. S3(a) it can be observed that the peak
width of the D band is greater than the G band. The ID/IG ratio of 1.18
obtained from the D band and G band of non-irradiated studied biochar
indicates that the investigated biochar was produced by
low-temperature pyrolysis and has an appropriate degree of defects
[12]. Functional groups from the coconut shell were not destroyed
during pyrolysis [29]. This exploratory work also evaluated the use of
micro-Raman spectroscopy to detect radiation damage in gamma-ray
exposed biochar at different doses ranging from 0 to 160 Gy by
analyzing defect states. Fig. S3(b) represents the raman spectra for
biochar samples irradiated with doses 0–160 Gy. Table S2 gives the
summary of dose-dependent change in the D band for 60Co irradiated
biochar. It can be observed that the intensity, area and FWHM of the D
band are changing with the doses of gamma irradiation, indicating the
structural alteration due to radiation-induced defects. The data indicates
that the full-width half maxima (FWHM) of the D band shows variations
with increasing doses, initially increasing at lower doses and then
decreasing slightly at higher doses, suggesting changes in crystallinity
and defect density. The intensity of the D band fluctuates across the dose
range, with a notable increase at 200 Gy, indicating a rise in defect
density and disorder within the biochar structure. Additionally, the area
under the D band varies, reflecting the extent of radiation-induced

Table 1
Elemental composition from EDX analysis and Effective atomic number for
biochar.

Elements Elemental compositions for Biochar sample

Weight (%) Atomic (%)

C 94.22 96.50
K 1.63 0.51
Ca 0.45 0.14
O 3.70 2.85
Zeff 7.05 ± 0.01
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structural modifications, with significant increases at lower doses and a
marked peak at 200 Gy, suggesting enhanced trapping sites for charge
carriers. These findings confirm that gamma irradiation induces struc-
tural alterations in biochar, providing deeper insights into its thermo-
luminescent properties and their implications for dosimetry
applications.

3.3. Structural analysis with XRD

The structural properties of biochar samples have been examined
using XRD to determine the ordered and disordered carbon structures
[30,31]. The structural changes of biochar samples exposed to gamma
irradiation at doses ranging from 0 to 200 Gy has been analyzed by XRD.
The XRD pattern of biochar shown in Fig. S4 has a broad hump in the
18.84◦–28.15◦ region due to the plane index (002) [25,32]. Because of
the aromatic and partially carbonized lamellae’s parallel and azimuthal
orientation, this (002) plane exists [33]. A sharp peak at 29.5◦ suggests
the presence of minerals like calcium or potassium in biochar [34] with
the space group of P63/mmc, α = 90◦, β = 90◦, and ɤ= 120◦. The lattice
parameters are: a = 2.46, b = 2.46, and c = 6.71. All of these numbers
are obtained from the matched database of ICDD. The volume of the unit
cell, crystallite size, dislocation density, and micro-strain were also
evaluated for the non-irradiated sample as well as for doses up to 200 Gy
for gamma irradiated samples to observe the structural changes caused
by radiation, as shown in Table S3. Fig. S5 depicts the XRD pattern for
biochar irradiated at various doses. It can be confirmed from Table S3
that the Full width at half maxima (FWHM), peak intensity, peak area,
crystallite size (Lc), dislocation density (δ), and lattice strain (ε) change
with the radiation doses. The findings demonstrate that the size of the
crystallites grows in proportion to the radiation exposure and that the
dislocation density varies with the dose. The complex interactions be-
tween radiation energy and the microstructure of the material are
responsible for this phenomenon. Higher radiation doses enhance
atomic mobility, facilitating the coalescence of smaller crystallites into
larger ones, a process known as grain growth. Conversely, the fluctu-
ating dislocation density indicates a dynamic balance between defect
generation and healing. Radiation may cause additional dislocations at
lower doses, increasing the dislocation density. However, as the dose
increases, the energy might encourage processes like recrystallization,
which may heal underlying defects and lower dislocation density. These
fluctuations suggest that the material undergoes structural rearrange-
ments in response to varying radiation levels, reflecting the intricate
interplay of processes governing its microstructural evolution [35–37].
The size of the crystallite has a substantial impact on the diffraction
intensity. The FWHM increases with decreasing crystallite size [38].
Crystallite size and defect density are closely related, with an inverse
relationship between them. As the crystallite size decreases, the defect
density generally increases. This occurs because smaller crystallites have
a higher proportion of atoms located near grain boundaries, where the
crystal structure is more disordered compared to the interior. These
grain boundaries introduce more defects, such as dislocations and va-
cancies, increasing the overall defect density. In contrast, larger crys-
tallites have fewer grain boundaries relative to their volume, resulting in
a more ordered structure and lower defect density. This inverse rela-
tionship is important because defects significantly influence the mate-
rial’s properties, including mechanical strength, thermal stability, and
luminescence behavior. Table S3 shows that the variation in FWHM,
area, crystallite size, dislocation density and microstrain, which con-
firms the creation of defects with the radiation dose.

3.4. TL measurement

3.4.1. Minimum Detectable Dose (MDD)
The minimum detectable dose (MDD) is the smallest amount of

ionizing radiation that a detector is capable to detect. The MDD has been
calculated using the formula MDD = (B+2σB)F; F = 1/m from Ref. [39].

Where, B is the TL background signal derived from non-irradiated but
only annealed samples, σB is the standard deviation for the mean
background; F is the calibration factor = 1/m; (a reciprocal of the
dose-response gradient, expressed in Gy/nC mg− 1), and m = slope from
TL dose response. To ensure accuracy, the background signal was
measured five times for each of the five TL dosimeters, and the results
were documented for analysis. For biochar, the experimentally calcu-
lated MDD (based on the Harshaw TLD™ 3500 reader) for gamma
irradiation has been estimated to be 1.3 Gy.

3.4.2. TL glow curve
A glow curve is the visual representation and the relationship be-

tween the temperature and thermoluminescence intensity. Prior to
conducting the TL measurements reported in this study, the samples
were assessed using various parameters of the TLD reader, with a
particular focus on heating rates, as this significantly affects the glow
curve and TL response. Test measurements were conducted at heating
rates ranging from 2 ◦C/s to 15 ◦C/s on biochar samples subjected to 10
Gy of gamma irradiation at a maximum temperature of 300 ◦C. Fig. S6
shows the changes in glow curves at a constant gamma dose of 10 Gy. At
lower heating rates the peak position is at a lower temperature and with
the increasing heating rate the intensity was also increased and the peak
temperature shifted to a higher temperature till 10 ◦C/s. These varia-
tions are attributed to the absence of a thermal quenching effect, as
described by Ref. [40]. Moreover, the shifted peak position to a higher
temperature positively contributes to the trap depth, kinetic parameters,
stability and fading study [41]. Consistent with the findings of [8] using
graphite material, who explored heating rates ranging from 2 to 15 ◦C/s,
the observed glow curve patterns reinforce this conclusion. Notably, the
glow curves in Fig. S6 indicate that a heating rate of 10 ◦C/s was opti-
mally achieved and was chosen mainly due to the complete capture of
the TL glow curve providing maximum TL yield with a peak maxima at
higher temperature than other heating rates for biochar. Prior to con-
ducting TL measurements, the acquisition temperature was optimized to
300 ◦C for biochar samples, similar to other carbonaceous materials [9,
42]. Deeper traps may not fully depopulate at the acquisition tempera-
ture of 300 ◦C, meaning that as heating continues, trapped carriers are
released at higher temperatures, causing the glow peak to shift. At lower
acquisition temperatures, the system allows more time for charge carrier
re-trapping, which can delay the release of trapped carriers and shift the
glow peak to a higher temperature [18,43]. Higher acquisition tem-
peratures provide sufficient thermal energy to release trapped carriers
earlier in the heating cycle, even from deeper traps. The increased
thermal energy accelerates trap activation, resulting in more traps being
emptied compared to the lower temperatures and causing the glow peak
to appear at a lower temperature. Additionally, thermal quenching at
high temperatures may contribute to an earlier appearance of the glow
peak. At higher acquisition temperatures, the rapid release of trapped
charge carriers reduces the likelihood of re-trapping, which is opposite
to the more carriers recombining at lower temperatures [18,43]. The
thermoluminescence glow curve for the biochar sample, exposed within
the dose range of 2 Gy–200 Gy of gamma irradiation has been shown in
Fig. 1. From the glow curve of Fig. 1 it can be observed that a
well-defined single glow curve is within the temperature of 50–300 ◦C
and the maximum peak occurs well above 170 ◦C. It is also evident from
Fig. 1 that when the irradiation dose rises, the intensity increases
noticeably. Higher temperatures cause the electrons to be freed from
deeper traps, which causes the TL peak to shift upward. Once more,
there is a strong correlation between the number of trapped electrons
and the radiation dose. The area under the peak shows a relationship
between the quantity of radiation energy deposited and the number of
electrons released from traps, where maxima indicates the maximum
amount of electron release [44].

3.4.3. Dose response
In the present work, 60Co gamma rays have been used to investigate
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the linearity of the dose-response over the range of 2–200 Gy. The dose-
response shown in Fig. 2, illustrates the highly linear characteristic of
the TL yield per unit mass with an R2 coefficient of 0.99 for gamma-ray.

3.4.4. Sensitivity and linearity index
Fig. S7 illustrates the sensitivities, that are shown in terms of TL

emission per unit dosage per unit sample mass. Each point represents the
average readings of three samples. The highest sensitivity was found at
the lowest given dosage over the whole dose range mediated by incident
gamma-rays. The sensitivity decreases from 2 Gy to 50 Gy, then in-
creases up to 80 Gy, and fluctuates thereafter. The fluctuations in TL
intensity after 50 Gy may result from several factors, including
radiation-induced defects and partial annealing, which can alter the
availability of trapping sites. As the dose increases, trap saturation may
occur, leading to non-linear TL responses due to recombination pro-
cesses that do not produce light. Additionally, inhomogeneity in the
sample, such as uneven distribution of carbon content or activators, can
cause inconsistencies in the TL output. Self-attenuation effects at higher
doses may further reduce the detected light intensity, contributing to the
observed fluctuations [8,18,45]. The discrepancy in the sample’s
sensitivity at varying dosages could be caused by variations in the op-
tical density, an uneven distribution of the carbon content throughout
the sample, as well as variations in the sample’s mass [46]. Given its
excellent performance at low doses, biochar is well-suited for medical
applications. In clinical settings, irradiation within the range of 1 Gy–10
Gy is commonly utilized for therapeutic interventions, including radia-
tion therapy for conditions such as keloids, benign tumors, and palliative
care aimed at alleviating symptoms in cancer patients [47]. Ensuring

precise dose distribution during treatment planning is essential for
optimizing therapeutic outcomes and maximizing the effectiveness of
the intervention. The linearity index is plotted against various dosages in
Fig. S8 to further illustrate the effects of dose linearity. The resultant
mass and dosage-normalized TL intensity values were divided by the
sensitivity at the lowest dose to determine the linearity index. A TL
material is stated to have linearity, supralinearity, or sublinearity
behavior for linearity index = 1, linearity index >1, or linearity index
<1, respectively [48]. From Fig. S8, it can be observed that the biochar
shows sublinearity after 2 Gy which might occur as a result of full oc-
cupancy at all available trapping or defect sites for electrons released
during irradiation. This indicates that as the radiation dose increases,
the response of the biochar also increases, but at a slower rate than
would be expected in a perfectly linear relationship. Moreover, this
condition may be attributed to the non-uniform spatial ionization den-
sity that occurs following X-ray and gamma-ray irradiation. This phe-
nomenon has been effectively characterized by the Unified Interaction
Model (UNM) [49]. As a result, rigorous calibration of the measurement
device is essential to enhance the TL parameters and optimize the
dosimetric performance of the material. However, this aspect falls
outside the scope of the present investigation. It should be emphasized
that the observed sublinear TL dose response does not constitute a sig-
nificant limitation for the application of this material in TL dosimetry.

3.4.5. Repeatability
The perfect TL material should maintain its properties over cycles

and be reusable multiple times without sensitivity or dose-response
degradation. Five cycles of annealing, irradiation, and readout were
used in the study to evaluate the repeatability of the biochar sample. The
sample was subjected to a 400 ◦C annealing for an hour, followed by a
10 Gy exposure and the readout procedure in each cycle. Every data
point represented the mean of three measurements taken from three
aliquots. Five repetitions of these procedures were carried out in order to
gather data on repeatability. As seen in Fig. S9, the examined sample
demonstrated outstanding repeatability, with a standard deviation (SD)
of less than 3 %. In medical dosimetry, a standard deviation (SD) of less
than 5 % is deemed acceptable [2]. In the succeeding cycles, the
examined sample’s deviations from the first cycle were 1 %, 1.8 %, 2 %
and 3 % respectively.

3.4.6. Fading
Fading is the loss of stored thermoluminescent signal, and it is mostly

caused by the trap depth, storage temperature, and heat treatment used
during annealing and readout [49]. The suggested TL materials must
have a strong capacity to store the absorbed dosage for a prolonged
amount of time, hence it is crucial to assess the fading qualities [50]. In
this instance, the irradiated materials were stored in a darkened cham-
ber following a fixed dosage of 10 Gy of gamma radiation and the TL
signal degradation of biochar was observed during a period of 28 days.
The mass normalized TL response for the biochar sample is depicted
against storage duration (in days) in Fig. 3, with each point representing
the mean of three observations made under the same circumstances.
Fig. S10(a) represents the glow curve for each day. The TL signal loss
was assessed by comparing the intensity with the measurement taken on
the first day. The mass-normalized TL signal for various days showed
losses of 1 %, 9 %, 14 %, and 19 % on the second, seventh, fourteenth,
and twenty-eighth days, respectively, as shown in Fig. S10(b). The total
estimated loss of TL response at 28 days post-exposure was 19 % in a
dark room. Comparatively, previous studies have reported higher fading
rates in other carbon-based materials. For instance Ref. [8], observed a
24 % TL signal loss in polymer pencil lead graphite (PPLG) over 21 days
following gamma irradiation. Similarly [9], reported a 30 % TL signal
loss in graphite sheets after 30 days for a 0.5 mm thick sample. In
contrast, biochar demonstrated significantly lower fading, with the
majority of TL loss occurring within the first 14 days post-irradiation.
Additionally, the fading behavior of biochar is comparable to that of

Fig. 1. TL glow curves for gamma irradiated biochar within the dose ranges
from 2 Gy to 200 Gy.

Fig. 2. The mass-normalized TL yield of biochar exposed 2–200 Gy of gamma
radiation. The dotted lines provide the best fit to the measured data. Note that
there is always less space between the error bars and the data points.
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TLD-400 [51]. These findings suggest that biochar’s fading character-
istics are more stable than those of other carbonaceous materials stud-
ied, making it a promising candidate for dosimetry applications.

3.4.7. Optical bleaching
The residual TL yield of 60Co gamma irradiated biochar at 10 Gy after

exposure to fluorescent lab light throughout a 28-day storage period is
shown in Fig. S11. Fig. S11 (a) demonstrates the mass normalized TL
response over 28 days, while Fig. S11 (b) represents the TL glow curves
for corresponding days. Light-induced fading of post-irradiated biochar
was observed and found that the loss of signal was not too much. For the
first 7 days, the loss of TL signal was only 9 %, and then it was found 17
% for over 28 days of post-irradiation. So, it can be observed that the loss
of TL signal in light conditions doesn’t differ greatly from dark
conditions.

4. Conclusion

This work thoroughly explored the possibilities of utilizing biochar,
an inexpensive and eco-friendly substance, in radiation dosimetry ap-
plications. The elemental, structural, and dosimetric studies were per-
formed to assess the appropriateness of biochar as a radiation dosimeter.
Findings indicate that the sample is suitable for use as TL dosimeters
based on its excellent linearity of response, high sensitivity at lower
doses, soft tissue equivalence effective atomic number, and good
repeatability with a standard deviation of less than 3 %. It has been
observed a low signal loss (~19 %) in the darkroom condition and ~17
% in the ambient conditions over 28 days after irradiation. The effects of
gamma irradiation on the microstructures and defects in carbonaceous
biochar were evaluated using Raman and XRD approaches. The alter-
ations in the microstructures were verified throughout the investigated
dose range of 2–200 Gy, which is indicative of the dosimetric charac-
teristics of the biochar, hence the development of a cost-effective
dosimeter for medical applications.
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