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Abstract

Gajal soot, a black carbonaceous residue, was prepared by burning sesame oil with the aid
of threaded cotton in a copper oil lamp with the aim of investigating the effect of collecting
substrates’ nature on the properties of the soot. The substrates made of clay, iron, and bronze
were separately used for the collection of the Gajal soot, herein named as GS-CS, GS-IS, and
GS-BS, respectively. The physicochemical properties of the soot particles were characterized
using UV-visible and Raman spectroscopy, X-ray diffraction (XRD) and Scanning Electron
Microscopy (SEM). The disordered structure of each soot particle was revealed by Raman
spectra through the appearance of the D-band and G-band around 1336 cm™' and 1590 cm™?,
respectively. XRD results demonstrated the amorphous nature of soot particles, with crystallite
sizes of 1.40 nm, 1.78 nm, and 1.50 nm for GS-CS, GS-IS, and GS-BS, respectively. The
agglomerated and irreqular-spherical shape of soot particles having a diameter within the range
of 20-40 nm for GS-CS and GS-IS, while 40-80 nm for GS-BS, was observed by SEM image.
The variation in the particle diameter of soot derived from different substrates was attributed
to the collector substrate roughness. The study reveals that the size and optical properties
of soot particles show insignificant variation depending on the type of substrate employed for
soot collection.
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1 Introduction

The incomplete combustion of hydrocarbon fu-
els generates carbonaceous particles called soot,
which is a promising candidate for various scien-
tific applications, including adsorption technology,
electronics, catalysis, environmental science, and
biomedicine [1,2]. It is one of the low-cost sources
of nanostructured carbon materials, and it con-
sists predominantly of elemental carbon but may
also contain varying proportions of inorganic impu-
rities, volatile substances, and organic compounds
[3]. Generally, the carbon content, structure, par-
ticle size, surface area, and other properties of soot
particles depend upon the combustion conditions
and precursor fuel [1-5].

Gajal soot is one of the fine and black carbonaceous
residues produced through the incomplete combus-
tion of hydrocarbon-based fuels [6], which has been
traditionally used as an eye cosmetic [5] and black
pigment since the ancient Bronze Age [7,8]. Dif-
ferent substrates are being used for the collection
of Gajal soot. For instance, substrates (in the
form of a plate or a bowl) made of clay, copper,
bronze, iron or aluminum are used [9,10]. Simi-
lar to other carbonaceous particles, Gajal soot may
contain ultrafine carbon nanoparticles with vary-
ing degrees of graphitization and surface chemistry
[11,12]. Several studies suggested that several fac-
tors, including the substrate, may affect the particle
aggregation process, nucleation mechanism, parti-
cle growth kinetics, tendency of graphitization, and
surface chemistry during soot deposition, thereby
influencing the size, crystallinity, and morphology
of deposited soot particles [13]. Substrates pos-
sessing greater aromatic content are found to con-
tain larger particle aggregates with a higher degree
of graphitization, while those with greater oxygen
content are found to reduce soot formation [14,15].
Therefore, scientific evaluation of Gajal soot forma-
tion using different substrates and its physicochem-
ical characterization may provide a closer under-
standing of the effect of substrate on its structural
and morphological properties. Analytical tech-
niques such as transmission electron microscopy
(TEM), scanning electron microscopy-energy dis-
persive spectroscopy (SEM-EDS), X-ray diffraction
(XRD), Fourier transform infrared (FTIR), and Ra-
man spectroscopy are commonly employed for this
purpose.

While most of the existing studies on soot particles
are primarily focused on industrial and environmen-
tal issues, very little attention has been given to
traditional Gajal soot [16-18]. Even though few
studies on the structural characterization of Ga-
jal soot have been carried out [6,19], the system-
atic investigation on the influence of substrate on

the physicochemical features of Gajal soot remains
scarce. Since Gajal soot is generally applicable for
making Gajal eye cosmetics need to have a small
size so that it would not pierce the eyes on ap-
plication. Therefore, physicochemical characteri-
zation of Gajal soot is essential for having deeper
insights into its structural composition and mor-
phology. Analytical techniques such as TEM, SEM-
EDS, XRD, FTIR, and Raman spectroscopy are
commonly employed for this purpose. Several stud-
ies depict that soot particles possess an amorphous
nature with graphitic layers having particle sizes in
the nanometric range, where the particle size varies
on the basis of substrates employed for soot collec-
tion [9,19, 20].

The soot particles, which can be prepared by vari-
ous sources, using different kinds of substrates, and
oils, are particularly employed as a precursor for
preparing the traditional eye cosmetic Gajal. The
art of Gajal making and using it as an eye cos-
metic has been followed through generations, ad-
hering to traditional beliefs and culture as a part of
Sixteen Sacred Adornment Rituals (Sanskrit: So-
dasha Shringaar) [21,22]. Thus, the study on Gajal
soot obtained by varying substrates would deliver a
deeper understanding of the structural properties of
the soot, thereby better validating their properties
from a scientific viewpoint.

The present study aims to assess the effect of sub-
strate on the particle size and optical properties
of Gajal soot. It seeks to comparatively evalu-
ate Gajal soot samples generated from the same
fuel (sesame oil) but deposited on different sub-
strates (clay, iron, and bronze) using UV-vis, Ra-
man, XRD, and SEM techniques. The findings of
this study are expected to contribute toward a bet-
ter understanding and scientific validation of tradi-
tional carbonaceous materials.

2 Materials and methods

2.1 DMaterials

Sesame oil, three different kinds of substrates (made
up of clay, iron, and bronze), and cotton were pur-
chased from Ashan Tole (local market in Kath-
mandu), Nepal.

2.2 Methods

Five threaded wicks (Nepali: Paanch Sute Batti) of
length 9 cm were made from cotton threads by fol-
lowing the traditional Nepalese twisting process for
a sacred thread. Then five pieces of five-threaded
wicks were dipped in a lamp (Nepali: Diyo) filled
with sesame oil (Figure 1(a)). The wicks were ig-
nited and the substrate made of clay was placed 2
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cm above the lamp. The smoke released from the
flame was deposited on the surface of the clay sub-
strate, leaving behind a black solid residue known
as Gajal soot (Figure 1(b)).

Following the same procedure, Gajal soot was also
collected on the iron substrate (Figure 1(c)) and
bronze substrate (Figure 1(d)) under identical con-

ditions. The resulting soot samples were labelled
as Gajal soot derived from clay substrate (GS-CS)
(Figure 1(e)), Gajal soot derived from iron sub-
strate (GS-IS) (Figure 1(f)), and Gajal soot de-
rived from bronze substrate (GS-BS) (Figure 1(g)),
respectively, for soot collected on clay, iron, and
bronze substrates.

Figure 1: Photograph showing the flame on wick (Nepali: Panch Sute Batti) with aid of sesame oil (a),
substrate (clay, iron, and bronze) held over the flame {clay (b), iron (c), and bronze (d)}, and deposition
of smoke in form of Gajal soot on substrate {clay (e), iron (f), and bronze (g)}.

2.3 Characterization methods

UV-Vis spectroscopy technique was employed to
obtain the absorption spectra in the range of 190-
600 nm by using a UV 1900 Shimadzu (Japan). Ga-
jal soot of 0.05 mg in 50 mL distilled water was
bath sonicated to obtain the dispersion for absorp-
tion measurement.

Raman spectra were obtained using a LabRAM HR
Evolution RAMAN spectrometer, HORIBA Scien-
tific (Japan), to determine the graphitic phase and
disorders in the sample. The excitation wavelength
used for Raman measurements was 532 nm. Spec-
tra were obtained in the wavenumber range of 1200
cm~! to 2700 cm ™.

X-ray diffraction spectra were obtained using a
Rigaku X-ray diffractometer D/teX Ultra 250
(Japan) with Cu-Ka radiation of wavelength 1.541
A. The spectra were recorded from 10° to 90°. The
spectra were analyzed using Gauss’ function. The
crystallite size of the soot was calculated using the
Debye-Scherrer equation (1).

e
" Bcosh

(1)

where,

L, = crystallite size, K = Scherrer constant (0.9), 5
= full width at half maximum (FWHM) in radians,
and A\ = wavelength (0.154 nm).

Field Emission Scanning Electron Microscopy (FE-
SEM) of Zeiss Gemini 500 (Germany), was em-
ployed to study the surface morphology of Gajal
soot. A small amount of sample was sprayed on
a double-sided carbon tape mounted on aluminum
stubs, gold sputtered and loaded on a movable
stage of a microscope. The sample’s surfaces were
scanned at a magnification of 500,000x to obtain
the image. The particle size of the samples was
calculated using ImageJ software.

3 Results and discussion

3.1 Clay substrate-derived Gajal

soot (GS-CS)

Figure 2 shows the UV-vis and Raman spectra,
XRD diffractogram and FESEM micrograph of GS-
CS. The UV-vis spectrum of GS-CS in Figure 2(a)
displayed an absorption spectrum with two peaks
located around 227 nm and 255 nm. The absorption
of UV-vis radiation by carbon materials depends on
the internal structure and electronic transition be-



Deepshikha Karki et al./ BIBECHANA 23 (3) (2026) 126-156

129

tween bonding and anti-bonding orbitals [15]. It is
reported that the peak located in the range of 180-
270 nm is attributed to m—7* transitions associated
with the presence of a C=C double bond [23, 24].
Thus, the UV-vis peak in the present study, located
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around 260 nm, can be attributed to a m#—7* transi-
tion arising from the C=C double bond, indicating
the presence of graphitic carbon in the soot parti-
cles containing sp? hybridized carbon atoms.
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Figure 2: Structural and morphological analysis using UV-vis spectra (a), Raman spectra (b), XRD
pattern (c), and FESEM micrograph along with histogram at the lower left corner indicating the range

of particle size (d) of GS-CS.

Raman spectra provide information on the presence
of defects and on the ordered or disordered struc-
ture of soot particles. The Raman spectrum pre-
sented in Figure 2(b) depicted two peaks positioned
at wavenumbers 1339.48 cm~! and 1591.01 cm ™.
It is known that the peak at 1343 cm ™! corresponds
to the D-band, indicating the presence of sp® hy-
bridized carbon along with the presence of defects
or amorphous structure in the soot particles, while
the peak at 1591 cm ™! corresponds to the G-band,
which indicates the presence of sp? hybridized car-
bon with graphitic structure [25-27]. The proxim-

ity of observed peaks to earlier studies thus sup-
ports the presence of sp? and sp? hybridized car-
bon, as indicated in UV-vis results, and indicates
the presence of a disordered structure of GS-CS.

The X-ray diffractogram of GS-CS in Figure 2(c)
depicts peaks reflected at 260 values of 24.53° and
43.22°, followed by a broad hump. The peak inten-
sity at 24.53° can be attributed to (002) indices in-
dicating a graphitic carbon layer, while the peak at
43.21° is attributed to (100) indices because of in-
plane hexagonal graphitic lattice reflection [1, 28].
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The appearance of a noticeable broad hump is an
indication of the presence of an oxygen-containing
group on the surface of soot particles [29]. The av-
erage crystallite size of soot particles was found to
be 1.40 nm (Table 1). The calculated crystallite size
indicated a lower degree of order and graphitization
for GS-CS [30]. The XRD peak position in GS-CS
is consistent with the reported study [24, 31].

FESEM micrograph of GS-CS in Figure 2(d) dis-
plays the presence of agglomerated particles in the
sample with particle diameters within the range of
20 to 40 nm. The particle size of GS-CS deter-
mined through the FESEM micrograph is consis-

tent with the size of soot particles reported in the
earlier study [12].

In summary, GS-CS contains sp? and sp® hy-
bridized carbon structures with C-C/C=C bonds
as displayed by UV-vis and Raman spectra. The
disordered structure suggested by the Raman spec-
trum holds good on the XRD pattern, from which
an average crystallite size was calculated and was
found to be 1.40 nm, that indicate the presence of
amorphous (partially ordered) carbon in soot par-
ticles. The particle diameter measured from the
FESEM image is from 20 to 40 nm.

Table 1: Crystallite size calculation of GS-CS by using the Debye-Scherrer equation

k A 20 FWHM

B (RAD)

Crystallite size  Average D (nm)

0.94 0.154 24.53
0.94 0.154 43.23
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Figure 3: Structural and morphological analysis using UV-vis spectra (a), Raman spectra (b), XRD
pattern (c), and FESEM micrograph along with histogram at the lower left corner indicating the range

of particle size (d) of GS-IS.
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3.2 Iron substrate-derived soot (GS-
IS)

Figure 3 shows UV-vis and Raman spectra, XRD
diffractogram, and FESEM micrograph of GS-IS.
Similar to the soot obtained onto a clay substrate,
the sample prepared on the iron substrate showed
the absorption peak that was attributed to m — 7*
transition corresponding to the C-C, C=C, and
C=0 bonds [32,33] but revealed a single peak lo-
cated around 308 nm (Figure 3(a)), double Ra-
man peaks located at 1336.93 cm~! and 1586.86
em~! (Figure 3(b)) [18,34]. XRD peaks centered
at 260 values of 24.11° and 44.02° (Figure 3(c))
[16,28,35,36]. This observation implies that GS-
IS has similar structural and optical property as to
the properties to those obtained from GS-CS. The
average crystallite size of GS-IS soot particles was
found to be 1.73 nm (Table 2). The FESEM image
(Figure 3(d)) of GS-IS is identical to that of GS-CS.

However, the UV-vis absorption peak was located

Table 2: Crystallite size calculation of GS-

around 308 nm, which may arise due to oxidation of
graphene basal planes or the presence of micro- to
nano-sized particles [14,17,24,37]. The slight shift-
ing of Raman peak position from 1339.48 cm™! to
1336.93 cm~! and 1591.01 cm~! to 1586.86 cm ™!,
compared to GS-CS, indicated that both disordered
and graphitic structures were simultaneously de-
creased by a few magnitudes in GS-IS.

Such a shifting of the peak position may be due
to the conversion of sp® bonds to sp? bonds
in soot particles because of the metal substrate,
which attained rapid heating during soot deposi-
tion, whereas the clay substrate required a com-
paratively longer time to attain a similar tempera-
ture, despite the flame height and number of wicks
being maintained constant throughout the experi-
ment [38].

The 260 value indicating the amorphous nature of
[39] GS-CS and particle diameter is consistent with
the literature [11, 16,28, 35, 36].

IS by using the Debye-Scherrer equation

Crystallite size  Average D (nm)

k A 20 FWHM 3 (RAD)
0.94 0.154 2441 572 0.09
0.94 0.154 44.02  4.49 0.078

1.48
1.99

1.73

Table 3: Crystallite size calculation of GS-BS by using the Debye-Scherrer equation

Crystallite size  Average D (nm)

k A 20 FWHM 3 (RAD)
0.94 0.154 2457  6.35 0.11
0.94 0154 4337  5.32 0.09

1.33
1.67

1.50

3.3 Bronze substrate-derived Gajal

soot (GS-BS)

Figure 4 shows the structure of GS-BS, employing
UV-vis spectrum (Figure 4(a)), Raman spectrum
(Figure 4(b)), and XRD pattern (Figure 4(c)) is
identical to those of GS-IS. The disordered struc-
ture supporting the presence of sp? and sp® hy-
bridized carbon is consistent with the literature
[14,40-42]. The crystallite size was found to be
1.50 nm (Table 3). The morphology of GS-BS from
FESEM aligned with that of GS-IS, but the calcu-
lated particle diameter range of GS-BS is more than
that of GS-IS and is found to be 40-80 nm (Figure
4(d)). The structure and morphology of the soot
particles are consistent with earlier reported stud-
ies [1,19,43,44].

3.4 Overall discussion and summary

The UV-Vis spectroscopy of the Gajal soot dis-
played an absorption peak in the range of 227 nm
to 308 nm, indicating that the electronic transition
was due to C-C, C=C, or C=0 double bonds and
the presence of carbon nanoparticles in soot parti-
cles. Furthermore, GS-CS showed two absorption
peaks while GS-IS and GS-BS disclosed only one
absorption peak. Raman spectra of the detected
soot particles revealed the disordered structure of
Gajal soot through the appearance of the D-band
and G-band, which supports the UV-vis spectra.

Furthermore, the XRD diffractogram of GS-CS and
GS-IS disclosed one peak reflected around a 26
value of 24° and another peak around 43.3°, fol-
lowed by a noticeable hump around 62°, while GS-
BS shows only two peaks at 24.57° and 43.37°. The
reflected peaks in XRD in the range of 22°-24° and
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42°-45° were attributed to the amorphous nature
of carbon, as the peak appeared to be broad [44].
The present study also revealed the amorphous na-
ture of soot particles, which was further supported
by their crystallite sizes. The crystallite sizes of
GS-CS, GS-IS, and GS-BS were found to be 1.40
nm, 1.73 nm, and 1.50 nm, respectively, which clar-
ified that the soot particles possessed partially or-
dered carbon (lower degree of order and graphiti-
zation as supported by Raman spectra), indicating
the predominantly amorphous nature of soot par-
ticles. The overall particle size of prepared GS-CS
and GS-IS was found in the range of 20-40 nm, while
that of GS-BS was in the range of 40-80 nm, con-
firming the nanoparticulate morphology of the soot
particles.

Although the soot particles derived using three dif-
ferent substrates exhibited a partially ordered na-
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ture, characteristic distinctions between those par-
ticles were observed during spectroscopic and mi-
croscopic analysis. There is only a slight variation
in the position of the absorption peak and Raman
wavenumbers. Similarly, minimal variation in crys-
tallite size and particle size of soot has been inves-
tigated. These differences in particle size and opti-
cal properties are attributed to the substrate’s sur-
face, employed for soot collection, where soot par-
ticles get adsorbed. The surface of clay substrates
was highly rough and porous, while the bronze sub-
strate’s surface was smooth and plain, and the sur-
face of the iron substrate was intermediate between
clay and bronze [45]. The binding of soot molecules
directly to the surface of the substrate may be due
to physical adsorption, depending on the roughness
of the substrates. The earlier study reported the
inverse relationship between adsorption of soot par-
ticles to the rough/smooth substrate [46].
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Figure 4: Structural and morphological analysis using UV-vis spectra (a), Raman spectra (b), XRD
pattern (c), and FESEM micrograph along with histogram at the lower left corner indicating the range
of particle size (d) of GS-BS.
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Although the soot particles derived using three dif-
ferent substrates exhibited a partially ordered na-
ture, characteristic distinctions between those par-
ticles were observed during spectroscopic and mi-
croscopic analysis. There is only a slight variation
in the position of the absorption peak and Raman
wavenumbers. Similarly, minimal variation in crys-
tallite size and particle size of soot has been inves-
tigated. These differences in particle size and opti-
cal properties are attributed to the substrate’s sur-
face, employed for soot collection, where soot par-
ticles get adsorbed. The surface of clay substrates
was highly rough and porous, while the bronze sub-
strate’s surface was smooth and plain, and the sur-
face of the iron substrate was intermediate between
clay and bronze [45]. The binding of soot molecules
directly to the surface of the substrate may be due

to physical adsorption, depending on the roughness
of the substrates. The earlier study reported the
inverse relationship between adsorption of soot par-
ticles to the rough/smooth substrate [46].

Additionally, despite keeping the number of wicks
and amount of oil constant, the heating behavior
of the clay, iron, and bronze substrates may vary.
Since metals get heated and cooled faster than the
clay substrate, the extent of conversion of sp? to
sp? hybridized carbon may take place more imme-
diately in the metal substrate than in the clay sub-
strate [38]. The clay substrate may take some more
time to be heated and cooled in comparison to the
metal substrate; the structure of metal-derived soot,
particles was found to have a comparatively ordered
structure than the clay substrate-derived soot par-
ticles.

Table 4: Comparative analysis of Gajal soot derived from different substrates using sesame oil.

S. N. Substrate UV-vis Raman XRD FESEM Remarks
(nm) (cm™1) (nm)
1. Clay 227.45, 1339.48, 24.53°, 20-40 Present
255.22 1591.01  43.21° study
2. Iron 308.04 1336.93, 24.11°, 20-40 Present
1586.86  44.02° study
3. Bronze 307.66 1336.93, 24.57°, 40-80 Present
1586.86  43.37° study
4. Steel - 1350.00, 25.40°, 50-70 Ref. [47]
1595.00  43.80°
5. Glass - - 20-22°  60-70 Ref. [48]

Further, it has been reported that the soot particles
are externally oxidized by carbon dioxide (CO2),
water (H20) molecules, and hydroxyl (-OH) to
maintain the particle size [49]. During the process,
it may be expected that these CO2, HyO, and -OH
groups, which influence the particle size, agglomer-
ation and surface growth of soot particles [50], may
also play a role in the interaction of soot particles
with porous/rough substrates more readily than
on smooth substrates. Here, iron and bronze are
both metals, but the surface of the iron substrate
was rougher than that of bronze. As a result, the
soot particles derived from substrates with rough
surfaces have particle sizes in the range of 20-40
nm (GS-CS and GS-IS), while those from smooth
surfaces (GS-BS) possess soot particle sizes in the
range of 40-80 nm.

The comparative assessment of substrates’ effect on
particle size and optical properties of Gajal soot

particles derived from different substrates is fur-
ther supported by earlier studies, which disclose
that soot particles derived from steel and glass sub-
strates possess smooth surfaces and have a particle
size in the range of 50-70 nm [47,48]. The com-
parison of the particle size and optical properties
of Gajal soot obtained by varying the substrate is
indexed in Table 4.

The observed insignificant variation in particle size
may be attributed to the substrate, considering that
soot formation occurs through a series of sequential
processes within the flame that comprise precur-
sor formation, nanoparticle formation, primary soot,
formation, and aggregate formation [51], where the
particle size is already maintained. Since the pre-
cursor (sesame oil), wick, distance between lamp
and substrate, and time taken for complete extinc-
tion of flame were constant during soot collection,
the overall particle size range varies insignificantly.
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The study suggests that the degree of agglomera-
tion or the size of particles changes within the flame;
however, there might be less chance where the sub-
strate surface does take part in such changes [52].

4 Conclusion

This study provides detailed information about the
substrate’s effect on particle size and structural
properties of Gajal soot prepared by varying the
substrates. The soot particles possess a very low
degree of order and graphitization, indicating the
amorphous nature of carbon. Additionally, the
minimal variation in the particle size of soot re-
sulted from the smoothness and roughness of the
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fections needs to be further explored to ensure its
safety and efficacy.
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