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ABSTRACT

Every year, large quantities of incense and incense sticks are used on various occasions, especially in religious
places, releasing numerous harmful chemicals during combustion and leaving ash behind. The smoke from these sticks
contains organic compounds such as benzene and aldehydes, which are responsible for various respiratory and skin-related
disorders. This study characterizes the chemical, elemental, and morphological properties of incense stick premixes from
two basic types of incense sticks used in India, as well as a flower-based incense stick premix. Their compositions were then
compared with the ashes produced after combustion. All six samples were analyzed using Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), and scanning electron microscopy (SEM) to assess their chemical and
elemental properties in detail. Prominent peaks in the region of 500-1000 cm™! were observed in the FTIR spectrum, attributed
to Si-O-Si bonds. Peaks at 1400 and 1600 cm! were attributed to the carbonyl group and the hydroxyl group, respectively,
and the peaks in the region of 3100-3700 cm™! were attributed to the hydroxyl group. The XRD exhibited major peaks at two
theta values, i.e., 25-32° and smaller peaks near 39-42° in most samples. All the incense stick premixes have a broad hump,
starting near 20° and ending at 24°, and centred near 22-23°, indicating the amorphous phase. Quartz, silicates, calcite, and
magnetite were prominent mineral phases in the incense stick premix and their ashes. The particles of incense stick premixes
and their ashes were irregular in shape and agglomerated, and their sizes varied from 1 to more than 100 microns. There
were no significant morphological changes in the incense stick premixes and the ashes, as shown by SEM. Energy-dispersive
spectroscopy revealed the elemental composition of these stick premixes and their ashes, with all premixes containing C, O,
N, Fe, Si, Al, Mg, and Ca, and some also containing Ti and Zn. Nitrogen increased significantly in the ash, while Zn was
found only in the sawdust of the incense stick premix. Such studies will help to reveal the fundamental changes before and
after burning incense sticks.
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1. INTRODUCTION

Incense and incense sticks (IS) are used in
various sizes and fragrances for different occasions
worldwide (Cheung, 2020; Lee et al 2021). Most
countries have different formulations and components,
which may vary by brand. India, the United States,
China, and Brazil are among the largest producers of
incense and incense sticks. India is one of the leading
manufacturers and consumers of incense sticks, which
play a significant role in Indian traditions, rituals, and
festivals, especially among Hindus (Shrestha, 2020;
Yadav et al. 2022a). The continuous burning of incense
sticks in confined spaces leads to numerous health issues,
including skin irritation, skin cancer, and respiratory
disorders (Visi¢ et al. 2018; Yamamoto ef al. 2021). The
burning of incense sticks releases various harmful

chemicals like benzene (Song et al. 2023b), lead (Visi¢ et
al. 2018; Hung et al. 2021), polycyclic aromatic
hydrocarbons (PAHs)(Tran and Marriott, 2007),
aldehyde (Song et al. 2023a), sulfur, and other gases
(Tran and Marriott, 2007), volatile organic compounds
(VOCs) (Wen et al. 2020), and particulate matter (PM)
(Kuo et al. 2015; Chen et al. 2021; Hung et al. 2021;
Thuy et al. 2022; Chy et al. 2023).

All these components are responsible for
numerous health disorders in human beings. Wen e? al.
(2019) reported the generation of approximately 18
gaseous/chemical compounds during the pyrolysis of
incense sticks, including benzene, toluene, phenol,
styrene, o-xylene, and o-cresol. The gaseous components
released during the pyrolysis of incense sticks were
classified into benzene and its derivatives, and other
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hydrocarbon (oxygen) compounds. Kuo ef al. (2015)
found the presence of various allergens in the PM
released from the incense stick [Hsin Shan (HSIN),
Shang Chen (SC), Shang Lao Shan (SLS), and Lao Shang
Tou (LST)] combustions. The study revealed that the
emission factor of fragrant compounds in smoke PM2.5
ranged from 593.7 to 870.8 mg/g of incense. The incense
type HSIN produced the highest total content of fragrant
compounds in both powder and smoke emissions. Methyl
isoeugenol was the most prevalent compound in PM2.5
emissions, accounting for 48.13%-56.59% of the total
fragrant compounds. Vanillin was the second most
prevalent, up 29.27% to 35.52%. The burning process
caused some transformation of isoeugenol and methyl
isoeugenol into their cis forms, which were present in the
PM2.5 emissions. HSIN incense exhibited the highest
allergenic potential based on its total content of fragrant
compounds in smoke PM2.5, while LST had the lowest.
Vanillin content was highest in the agarwood-type SC
incense and lower in the other three sandalwood-type
incenses. Thus, prolonged exposure to incense smoke in
poorly ventilated environments increases the risk of
respiratory tract allergens. Song et al. (2023a) found that
phenolic compounds from incense smoke contribute the
most to emission factors, accounting for 24.5 £ 6.5%.

Though manufacturers claim to use chemical-
free raw materials to prepare such incense sticks, smoke,
PMs, and other components are produced. In India, two
basic types of incense sticks are prepared: black, charcoal
powder-based, and brown, wood chip-based (Visi¢ ef al.
2018). The black-colored incense sticks use charcoal
powder as a burning agent and other fragrances. In
contrast, brown or woody-colored incense stick premixes
use sawdust (as a burning agent), potassium nitrate, and
fragrances. Charcoal and sawdust both contain harmful
components that are responsible for disorders in humans
(Yadav et al. 2021a). So, replacing these harmful
incense-stick raw materials with non-harmful, eco-
friendly ones is necessary.

Several kinds of literature describe smoke-
related disorders of incense sticks (Wong et al. 2020), but
hardly any research deals with the major changes in the
morphological, chemical, and elemental properties
before and after the burning of incense sticks (Yadav et
al. 2021a). More investigation is needed into the
chemical, elemental, and morphological properties of
these incense stick premixes. Investigating premixes and
burned incense sticks will reveal major chemical
transformations in the premixes.

Incense stick ashes have numerous chemical
substances that are present initially in the premix, or these
chemicals are transformed or produced during the
combustion of incense sticks. So, a detailed investigation
is required in this area where both premixes and their
ashes are characterized. If conventional premixes contain
harmful chemicals, organic incense sticks could reduce
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the toxic components in the premixes and their ashes
(Visi¢ et al. 2018).

Earlier, Yadav et al. (2021b) investigated the
properties of incense stick ash (ISA) in detail and
reported the presence of heavy metals, iron, silica,
alumina, calcium oxides, and large amounts of carbon
(unburnt carbon and soot). Moreover, investigators have
demonstrated the use of these ashes to recover iron
oxides, silica, carbon materials, and calcium oxides. One
of the investigations found less PM emissions from eco-
friendly incense than from conventional ones. Moreover,
environmentally friendly incense generated more group
B2 PAHs and fewer oxygenated PAHs. B2 PAHs refer to
a class of organic compounds made up of multiple phenyl
rings. Over 50% of PAH/oxygenated polycyclic aromatic
hydrocarbons exhibited a moderate/strong correlation
with inflammatory response, whereas 6 of 7 group B2
PAHs exhibited a moderate/strong correlation with
interleukin-6 (Lui ef al. 2016). The investigation of Fiore
et al. (2023) found that benzene emissions (from 10
different incense sticks) range between 11.1-66.5 ug m >,
which was about 2.5 times less than the limit fixed for
non-occupational indoor exposure (160 pug m=). Bu-
Olayan and Thomas, (2021) analyzed the trace metal
concentration in the ash of smouldered incense.
Investigators found that the smouldered perfumed
incense had significantly higher mean trace metal
concentrations (1.98 ug g™ than the non-smouldered and
non-perfumed incense (0.59 pg g'). It highlighted
potential health risks from PM2.5 and trace metals

released during incense burning. PM2.5 from
smouldered incense had elevated trace metal
concentrations (5.88 pg g!) compared to non-

smouldered (3.29 pg g!). A questionnaire of 300
residents linked incense exposure to respiratory
disorders, including asthma and chronic obstructive
pulmonary disease, with more severe effects in poorly
ventilated rooms, highlighting the need for preventive
measures for indoor incense use.

Incense stick premixes and ISA were analyzed
for detailed chemical components and other properties. A
few studies have suggested alternatives to harmful
charcoal and sawdust as burning agents in incense stick
premixes. Investigating incense premix and its ashes
could reveal the percentage of hydrogen, carbon,
nitrogen, sulfur, and oxygen. These elements are among
the key factors in harmful chemicals in incense smoke
and emission factors (Naidu et al. 2021; Goutam et al.
2022). For instance, the hydrogen-to-carbon (H/C) ratio
will determine the formation of hydrocarbons (benzene,
aldehydes, PAHs, etc.), and the O/C ratio will decide the
quantity of oxygenated and non-oxygenated volatile
hydrocarbons. In contrast, the amount of N and S will be
involved in forming NOx and SOx, respectively
(Birdwell and Washburn, 2015; Sun et al. 2019; Conesa
et al. 2020; Moron et al. 2021; Picheau et al. 2022).
Literature has proven that the prolonged use of harmful
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chemical incense may lead to skin and lung cancers,
asthma, allergies, etc. A detailed investigation was
conducted to develop eco-friendly and consumer-
friendly incense sticks without compromising health or
religious beliefs (Qin et al. 2019).

The aim of this research was to identify and
compare the chemical, morphological, and elemental
properties of incense sticks, premixes, and their ash after
burning. The study analyzed black (charcoal-based),
brown (sawdust-based), and flower powder-based
incense premixes using Fourier transform infrared
(FTIR), Scanning Electron Microscopy (SEM), Energy-
Dispersive X-ray Spectroscopy (EDS), and X-ray
Diffraction (XRD). This study aims to characterize black
(charcoal-based), brown (sawdust-based), and alternative
flower-based incense stick premixes (FBISP). It
investigates the chemical and morphological changes in
these premixes and their ashes after combustion under
atmospheric conditions. A comparative analysis of their
morphological, chemical, and elemental properties is
conducted. The study also evaluates the contribution of
these premixes to the emission of hydrocarbons, SOx,
NOx, and alkali metals during and after combustion.
These findings help reduce exposure to harmful
emissions from incense burning and minimize water
pollution caused by the disposal of incense ash.

2. MATERIALS AND METHODS
2.1 Materials

Premixes of black-colored charcoal-based
incense sticks premix (BCCISP), brown-colored sawdust
incense sticks premix (BCSISP) and potassium nitrate
were procured from A-Z incense sticks (Delhi, India),
and flower waste was collected from religious places
(New Delhi, India). Quartz crucibles were purchased
from MxRady Lab Solutions Private Limited, New
Delhi, India.

3. CHARACTERIZATION OF THE DIFFERENT
INCENSE PREMIXES AND THEIR ASHES

3.1 Fourier Transform Infrared Spectroscopy
(FTIR)

Fourier transform infrared spectroscopy helps
identify the functional groups and organic molecules in
the various premixes and their ashes. The IR
measurement was performed using the KBr pellet
technique, in which about 98 mg KBr, 2 mg premix, and
their ashes were prepared separately using a pellet-
making instrument. The samples were measured in the
4000-400 c¢cm’' range using a Perkin Elmer SP-65
(Wellesley, Massachusetts, USA) instrument.

3.2 X-ray Diffraction (XRD)

The phase identification and crystallinity of all
the premixes and their ashes were determined using
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XRD. About 25-30 mg of premixes and ashes were kept
separately on a sample holder and analyzed using an X-
ray diffractometer (Rigaku MiniFlex, 300/600, Japan).
The XRD pattern was recorded over the 26 range 0-80 °,
with wavelength = 1.54059, step size = 0.02, scanning
speed = 0.6, voltage = 30 kV, and current = 10 mA.

4+ KNO,

Combustion of
incense premix in
crucible

e =

‘ Blackicharcoal [ Brown/Saw dust 1 ‘I-‘Inwer-hnxulincnmunlink]

\\ incense stick ash | incense stick wsh | L ash
!;Jharactcrizaﬁnng

‘ (FTiIR| [ XRD | [SEM | [ EDS |

Fig. 1: Schematic diagram showing the incense stick ash
preparation from the respective incense stick premixes

3.3 Wide-field Scanning Electron Microscopy
(W-SEM)

About 0.5 to 1 mg of each of the three incense
stick premixes and their ashes were carefully spread on
the carbon tape using a fine spatula, and the carbon tape
was, in turn, affixed to an aluminium stub. All six powder
samples were placed in the sample holder slot of the
SEM, and images were collected at different resolutions
and scales (10 to 100 microns) using a JEOL JSM-
6010LA (Akishima, Tokyo, Japan) instrument. Elemental
analysis for all six samples was performed using an
Energy-Dispersive X-ray spectroscopy (EDS) analyzer
from Oxford Instruments, including a nano-analysis and
EBSD Oxford Nordlysis detector attached to the W-
SEM.

4. RESULTS AND DISCUSSION

Substantial changes in the morphology and
chemical properties of the premixes occur after burning.
During combustion, there is a possibility of
transformation of the non-harmful compounds into
harmful ones. Once these ISAs are released into water
bodies, they may cause numerous health issues. So, a
detailed study is required to identify changes in shape,
chemical, and elemental properties before and after
burning these premixes. The presence of these harmful
compounds is with the premixes, or it is present after the
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combustion of the incense sticks. Based on the
percentages of C, O, N, S, and P in different incense
premixes and their ashes, this approach could help
determine quantitative and qualitative information on
NOx, SOy, P05, and VOCs.

4.1 Identification of Functional Groups by FTIR

The FTIR spectrum of BCCISP (Fig. 2a, black)
shows peaks at 676, 1024, 1407, 2362, 2748, and 3497
cm!. The peak at 676 cm™! is attributed to the Si-O/Ca-O
vibrations (Ellerbrock et al. 2022) while the other at 1024
cm-1 is due to the Si-O-Si vibrations (ViSi¢ et al. 2018).
The peak at 1407  c¢m’! is due to the C=0 bond (Smidt
et al. 2017; Ellerbrock and Gerke, 2021; John and
Stephan, 2021). The peak at 2362 cm™ might be due to
the sample's adsorption of the atmospheric carbon
dioxide. The peak at 3497 cm™! is attributed to the OH
group and aromatic compounds in the BCCISP.

The FTIR spectrum of BCCISA (Fig. 2a, red)
shows peaks at 676, 1024.2, 1476, 1670, 2364.6, 2941,
and 3273 cm’!. The BCCISP and BCCISA have almost
the same bands, except for a small band at 1670 cm™ in
the BCCISA missing from the BCCISP. Moreover, the
peak at 2748 cm™! in the BCCISP is shifted to 2941 cm’!
in the BCCISA. The peak at 1670 cm™! in the BCCISA is
attributed to carbonyl groups (=C-O), often associated
with ketones, aldehydes, or carboxylic acids, which can
form during the burning of organic materials (Wenfa,
2020). The aromatic compounds may represent the
presence of organic compounds left unburnt in the
BCCISA (Yadav et al. 2020a).

Fig. 2b (black) shows the FTIR peaks of the
BCSISP at 681, 864, 1011, 1414, 2367, 3349, and 3650
cm’!, while BCSISA (red) exhibited peaks at 580, 1524,
1707, 2367, 3224, and 3651 cm™'. The band at 681 cm™!
in the sawdust premix is attributed to Si-O/Ca-O
vibrations (Ellerbrock ef al. 2022). The peaks at 864 cm”
"and 1011 cm™! are attributed to Si-O-Si vibrations (Visi¢
etal 2018). The peak at 1407 cm™' is due to methyl group
bending vibrations, which may indicate the presence of
aliphatic hydrocarbons (Anam et al. 2007). The peak at
2367 cm™! might be due to the atmospheric carbon, while
the peak at 3650 cm™ is attributed to the -OH group from
the alcohols in the sawdust-based incense premix. The
peak at 580 cm™! in the BCSISA is attributed to the Si-O/
Ca-O vibrations. In contrast, the peak at 1524 cm™ is
attributed to aromatic C=C stretching of unburned
organic carbon molecules. The peak at 1707 c¢cm™! is
attributed to carbonyl (C=0) groups, often associated
with ketones, aldehydes, or carboxylic acids, which can
form during the combustion of organic materials (Wenfa,
2020). The peak at 2367 cm™' may be due to atmospheric
carbon adsorbed on the sample surface. The peak at 3651
cm! is attributed to the -OH group of alcohols in the
unburnt carbon of the BCSISA.
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Fig. 2c (black) shows the FTIR spectra of the
FBISP, which have peaks at 554, 1014, 1634, 2748,3110,
and 3567 cm™!, while the flower-based incense sticks ash
(FBISA) (Fig. 2c, red) has peaks at 576, 692, 1003, 1392,
1541,2746,3181, and 3588 cm™' (Amari et al. 2023). The
peaks at 680 cm™! and 1014 cm” in the FBISP are
attributed to the Si-O-Si bond vibrations. The peak at
1634 cm’' might be due to carbonyl (C=0) groups (in
ketones, aldehydes, or carboxylic acids) or -OH groups,
indicating the presence of water molecules in the flower
powder samples. The peaks at 3110 cm™ to 3610 cm™ are
attributed to the -OH group from the alcohols in the
flower-based premix. The FBISA also shows similar
peaks with minor positional variations. For instance, the
Si-O-Si peaks were at 576, 692 and 1003 cm™ in the
FBISA. The minor shift in the Si-O-Si peak position in
the FBISA might be due to the transformation of silicates
after the combustion of floral-based incense premix. The
peak at 1392 c¢cm™ may correspond to the bending
vibration of the methyl (CH3) group, suggesting the
presence of aliphatic hydrocarbons (Anam et al. 2007).
This hydrocarbon might come from the incomplete
combustion of organic molecules in the premix or from
the fragrances used in the final step. The peak at 1541 cm”
' in the FBISA is attributed to the C=O stretching
vibration. Additionally, the OH peak was observed in the
3181-3700 c¢cm™ region, centred at 3588 cm’!, and is
attributed to the alcohol group. The peak at 3181 cm’!
could also be due to the aromatic stretching, and the peak
at 3567 cm’! could also be attributed to the N-H
stretching of aromatic compounds (Amari et al. 2023). In
comparing the FBISP and FBISA samples, the peak at
1014 cm™ in the premix shifted to 1003  cm™!, and the
peak at 1634 cm' shifted to 1541 cm™'. A new peak was
formed in the FBISA at 1392 cm’!, which was absent in
FBISP.

Earlier, Amari et al. (2023) used flower powders
(marigolds and roses) collected from religious sites and
obtained peaks similar to those in both cases, as flower
powder was a major constituent in both. They reported
peaks near 1541 cm™! (C=O0 stretching), 2344 cm™, 3079
cm’!'  (aromatic stretching), and 3659 cm”’ (N-H
stretching of aromatic compounds or -OH groups).

4.2 Phase Identification of the Premix and its
Ashes by XRD

The XRD patterns of all the premixes and their
ashes are shown in Fig. 3a-c. Fig. 3a shows the XRD
patterns of BCCISP and BCCISA, where the BCCISP
showed peaks at 23.2, 26.7, 29.4, 39.3, and 50.0°, while
the BCCISA showed peaks at 26.56, 29.4, 32.8, 39.4, and
50.0°. Both BCCISP and BCCISA exhibit two major
crystalline peaks near 20 values, 26.0° and 29.0°,
attributed to the quartz/silicate and mullite phases (Yadav
etal 2020b; Liet al. 2021). Silica is present in significant
amounts, forming part of the aluminosilicate structure in
BCCISP and BCCISA (Yadav et al. 2021b). In addition,
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the BCCISP and BCCISA peaks at 39.4° and 50.0° may
be attributed to the carbonate/calcite phase (Yang et al.
2006; Nguyen et al. 2022). This is so because the incense
sticks have almost 50-60% oxides of calcium (Yadav et
al. 2021b). The BCCISP has a broad hump starting from
21.0° and ending at 25.0° with a peak centered at 23.2°,
which indicates an amorphous peak of silica missing
from the BCCISA (Deshmukh er al. 2012). After
combustion, a peak developed in the BCCISA at 32.8°,
which was initially absent in the BCCISP, indicating that
the formation of that phase may have occurred during
combustion. This peak might be due to the Fe,Os phase,
which was also reported by Yadav ez al. (2021b) from the
ISA. The BCCISP contains charcoal/coal powder as a
major component, which includes silicates, calcium
oxides, mullites, ferrous oxides, oxides of sulphur, and
other elements (Yadav et al. 2021a). So, after burning,
some of these phases might have attained the temperature
to form new phases, while some amorphous phases, like
silica at 23.2°, disappear after burning. The peak at 50.0°
in the BCCIS A may specify the crystalline phases present
in the ash, which could be due to the calcium-based
minerals (calcium oxide and calcium carbonate) (Yadav
et al. 2022b). The sources of carbon could be
coal/charcoal powder present in the BCCISP. At the same
time, silicates, calcite, magnetite, and quartz might have
been introduced by charcoal/coal powder, as these
minerals are commonly present in coal/charcoal powder
(Yadav et al. 2020a).

Fig. 3b shows the XRD pattern of BCSISP and
BCSISA, where BCSISP showed peaks at 22.6, 29.4,
31.4,39.3, 43.4, and 47.8°, and BCSISA showed peaks
at 28.3,29.4,31.4, 33.9, 39.3, 40.5, 43.3, and 48.3°. The
samples have almost the same peaks, with only minor
variations in peak intensity. A peak at 22.6° for
amorphous silica was present only in BCSISP, but it was
absent in BCSISA. This could be due to the
transformation of the amorphous silica into a quartz
phase after burning. A new peak in the ashes was
observed at 28.3°, possibly due to the quartz phase. Both
samples showed a large intensity peak at 29.4°. A large
intensity peak at 31.4° in the BCSISP was reduced after
burning. Moreover, the peak at 39.4° in the BCSISP
shifted to 40.5° in the BCSISA, and its intensity also
increased, possibly due to the calcite phase in the sample.
The peak at 43.4° in the BCSISA is due to the
MgO/periclase phase, also reported earlier at 20 = 42.9°,
62.3° (Yadav et al. 2021b). This could be due to the
addition of potassium nitrate in the premix as a burning
agent, which may help form a carbonate peak after
burning. The peak at 47.8° in BCSISP and 48.3° in
BCSISA indicate the calcium oxide and calcium
carbonate phases, respectively (Yadav ef al. 2022b).

Fig. 3c shows the XRD pattern of FBISP and
FBISA, where FBISP shows peaks at 21.7° and 26.7°.
The sample FBISP shows a broad hump from 20° to
22.2°, with a peak centred at 21.7°, indicating its

592

amorphous nature. The broad hump might be due to
cellulose, since Si is almost negligible, as revealed by
EDS. Earlier investigators have reported cellulose peak
in the region of 26 19-23° (Kozlowski and Hasani, 2022).

Black incense ash
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Fig. 2: FTIR spectra of (a) black incense sticks premix and
their ash, (b) sawdust incense sticks premix and their ash
and (c) flower-based incense sticks premix and their ash

The FBISA revealed XRD peaks at 17.8 °, 26.7
°,28.3°,30.2° 33.9°,40.5 °, and 50.2°. There was no
peak near 21-23° in the flower-based ISA, indicating the
disappearance of the amorphous phase after the
combustion of FBISP. Additionally, several other peaks
emerged after the combustion of FBISP. The major sharp-
intensity peaks were observed at 17.8°, 28.3°, and 50.2°,
which were absent in FBISP. The peak at 28.3° is due to
the quartz phase (Chisholm, 2005), while the peak at
40.5° is due to the carbonate phase (Zhou et al. 2004),
which might be due to the use of potassium nitrate in the
premix. Besides these, three new small intensity peaks
were observed at 30.2°, 33.9°, and 50.2°, while the peak
at 26.7° remained intact in premix and FBISA. The peaks
at 30.2° and 33.9° may be attributed to iron oxides in the
sample, which may become more prominent after
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combustion (Hirano et al. 2016). Earlier, Amari et al.
(2023) also obtained similar peaks in rose petal powder,
with two prominent peaks at 21.5° and 23.5°, which
might be due to cellulose.
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e
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Fig. 3: XRD pattern of (a) black incense sticks premix and
their ash, (b) sawdust incense sticks premix and their ash,
and (c) flower-based incense sticks premix and their ash

4.3 Morphological and elemental analysis by
SEM

4.3.1 Morphological Changes in Black Incense Sticks
Premix

The SEM micrographs of the BCCISP at
different resolutions and magnifications are shown in
Fig. 4a-f. Fig. 4a and 4b show agglomerated lumps-like
structures that are generally irregular. Fig. 4c and 4d
show irregular lumps of the premix particles. Fig. 4e and
4f show flakes and aggregated rod-like particles. The
brighter color suggests carbon-rich particles in the
premix used to burn the incense sticks. Earlier, Yadav et
al. (2020a) also revealed agglomerated lumps of
fragranced black incense stick powders, with sizes
measured in microns.

The SEM micrographs of the BCCISA at
different resolutions and magnifications are shown in
Fig. 4g”. Fig. 4g to 4j show irregularly shaped particles
agglomerated into lumpy structures, indicating that the
particles exceed 100 microns in size. Fig. 4k and 41 show
fused particles, which are mainly spherical. Besides this,
there are also a few elongated particles. The images show
an agglomeration of the particles fused at higher
temperatures due to burning. The particles are porous due
to the burning of most combustible materials.

4.3.1.1 Elemental Changes Before and After Burning of the
Black Premix

Fig. 5a shows the seven different EDS spots of
BCCISP, with their EDS spectra shown in Fig. 5 (b-h).
The elemental composition is shown in Fig. 5i. The
different EDS spots show varying elemental percentages,
indicating the heterogeneous nature of the black incense
premix. But these EDS spots have Fe, K, O, C, N, Mg,
Al, Si, and Ca. In addition, some of the EDS spots show
peaks for Ti. The peaks for Ca, Fe, Si, Al, and C indicate
the presence of coal powder, mainly in the geological
sample. The average percentage (wt.%) of these elements
was Fe (0.31%), K (18.7%), O (36.66%), C (29.27%), N
(8.69%), Mg (0.7%), Al (0.24%), Si (0.37%), Ca (5.15%)
and Ti (0.13%).
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Fig. 4: SEM micrographs of black color charcoal incense stick premix (a-f) and black color charcoal incense stick ash (g-1)

Fig. 5j to 5n shows the seven different EDS
spectra of the BCCISA, and Fig. 5o shows the EDS spot.
Various areas were selected on the EDS spot to obtain the
EDS spectra. Fig. 5p shows the elemental composition of
black ISA after burning. The different EDS spots show
varying elemental percentages, indicating the
heterogeneous nature of the BCCISP. But these EDS
spots have Fe, K, O, C, N, Mg, Al Si, and Ca. In addition,
some of the EDS spots show peaks for Ti. The presence
of Ca, Fe, Si, Al, and C indicates the use of coal powder
in the BCCISP, which is present after burning. All these
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elements are mainly present in coal powder, being a
geological sample (Nyarko-Appiah et al. 2022; Niu et al.
2022; He et al. 2022). The average percentage (wt.%) of
these elements was Fe (1.55 %), K (30.00%), O
(39.58%), C (19.82%), N (12.27%), Mg (0.62%), Al
(1.12%), Si (6.37%), Ca (1.23%), and Ti (0.05%).

After burning, the percentage of carbon
decreased significantly, as most of the organic carbon
burned completely. Neither P nor S was detectable
initially, but they were present in some EDS spots after
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burning. The percentages of O, Fe, N, Al, and Si
increased in BCCISA. The percentage of Mg, Ti, and Ca
decreased after the combustion of BCCISP.
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Fig. 5: EDS spot (a), elemental spectra (b-h) and elemental
table before burning (i) of black premix; elemental spectra
(j-n), EDS spot (o) and elemental table after burning of black
ISA (p)
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4.3.2 Morphological Investigation of Sawdust Incense
Sticks, Premix, and their Ash by SEM

The sawdust premix mainly consists of sawdust,
with a small percentage of potassium nitrate as a burning
agent. The SEM micrograph of BCSISP (Fig. 6a) shows
large, circular-to-elongated particles measuring 100-300
microns in length and 100 microns in width. The particles
are large aggregates with several smaller, irregularly
shaped particles. Fig. 6b shows irregularly shaped
particles and a large lump. Fig. 6¢ shows a layered, flake-
like structure with aggregation. It has both small and
larger particles of irregular shape. Fig. 6d shows particles
of sawdust premix at 10 microns, which are also irregular
shaped and whose sizes are mainly 1-5 microns. Here, the
particles show aggregation.

The SEM micrographs of BCSISA (Fig. 6¢e to g)
show irregular, spherical, and aggregated particles whose
size varies from 20 to more than 100 microns. Fig. 6h to
j shows aggregated, irregularly shaped spherical
particles. Fig. 6j clearly shows spherical particles
aggregated into a larger particle. The brighter regions
exhibit carbon-rich particles, while the darker regions
exhibit electron-dense elements.

4.3.2.1 Elemental Changes Before and After Burning of
Sawdust Incense Sticks Premix

Fig. 7a shows the six EDS spots of BCSISP, and
their EDS spectra are shown in Fig. 7(b-g). The elemental
composition is shown in Fig. 7h. The different EDS spots
show varying elemental percentages, indicating the
heterogeneous nature of the BCSISP. But these EDS
spots have Fe, K, O, C, N, Mg, Al, Si, and Ca. In addition
to these, some EDS spots show Ti and Zn peaks. The
presence of Fe, Si, Al, and C come from the sawdust, as
these are mainly present in the plant parts. Elements like
N and K mostly come from the burning agent added to
them, i.e., KNOs. In this premix, a binding agent
(jiggat/joss powder) is added. The presence of Zn is also
observed in some of the EDS regions of the sawdust
premix. The average percentage (wt.%) of these elements
was Fe (0.3%), K (0.97%), O (31.32%), C (53.92%), N
(6.34%), Mg (0.43%), Al (0.37%), Si (4.83%), Ca
(1.46%), and Zn (0.19%).

The EDS spectra of BCSISA are shown in Fig.
7i-7p. Fig. 7q shows the EDS spots of BCSISA. The
elemental composition is shown in Fig. 7r. The EDS spots
show varying elemental percentages, indicating the
heterogeneous nature of the BCSISA. But these EDS
spots have Fe, K, O, C, N, Mg, Al, Si, and Ca. Besides
these, some of the EDS spots also show peaks for Ti. The
average percentage (wt.%) of these elements was Fe
(1.09 %), K (1.86%), O (25.43%), C (47.59%), N
(16.21%), Mg (0.97%), Al (1.19%), Si (2.23%), Ca
(3.74%) and Ti (0.2%).
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Fig. 6: SEM micrographs of brown color sawdust incense
stick premix (a-d) and brown color sawdust incense stick
ash (e-j)

Two significant observations were noted in the
BCSISP. Zn was present in the BCSISP but absent in the
BCSISA, while Ti was absent in the initial premix but
appeared in some EDS spots of the BCSISA. After
burning, there was a significant reduction in the
percentages of carbon, silica, and oxygen. The decrease
in carbon might be due to the burning of most of the
organic carbon. Neither P nor S was detectable initially,
but they were present in some EDS spots after burning.
The percentage of Fe, N, Al, Si, Mg, and Ca increased
after burning of the sawdust premix. The P and S
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remained undetected in both the samples before and after
burning.
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Fig. 7: EDS spot (a), elemental spectra (b-g) and elemental
table (h) of brown color sawdust incense stick premix;
elemental spectra (i-p), EDS spot (q) and elemental table (1)
of brown color sawdust incense stick ash
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4.3.3 Morphological Analysis of Flower-based Incense
Premix Before and After Burning by SEM

The SEM micrographs of FBISP with KNO3
(Fig. 8a and b) show large aggregates of the flower
powders obtained after grinding. The powder shows
pores on its surface. The particle is mainly irregularly
shaped, with widths ranging from 5 to 80 microns.

Earlier, Amari et al. (2023) investigated the
flower powders for morphological analysis and found
that the particles were aggregated, irregularly shaped, 20-
70 microns in size, and porous. They were indicative of
carbon-rich particles. An investigation carried out by
Saranya et al. (2020) also revealed the presence of holes
and spots in the flower powders of Tegetes erecta.

Fig. 8 SEM micrographs of flower-based incense sticks
premix (a-b) and flower-based incense sticks ash (c-h)

Fig. 8c and Fig. 8d show SEM micrographs of
FBISA, which have large, irregularly shaped particles
aggregated into lumps, some small, irregularly shaped
particles, and a few elongated particles. Fig. 8e shows a
layered flake-like structure, which might be the flowers'
unburnt or partially burnt carbon particles. Fig. 8f shows
agglomerated particles assumed to be spherical. Fig. 8g

and h show the irregular soot particles left after burning
FBISP.

4.3.3.1 Elemental changes in flower-based incense sticks
premix before and after burning by using EDS

The EDS spectrum of the FBISP (Fig. 9a) shows
peaks for C, N, O, Na, Mg, Al, Si, and S. Fig. 9b shows
the elemental table of the FBISP, which contained O
(36.68%), C (49.25%), N (10.1%), Na (0.8%) Mg
(0.13%), Al (0.07%), and Si (0.24%). The high carbon
content indicates the plant origin of the raw material.

Amari et al. (2023) found that marigold flower
powders contained C, O, P, Na, Mg, Al, and Si in the EDS
spectra, with C and O being the most dominant. The
percentages of carbon and O were 63.5% and 34.46%,
respectively, which together accounted for more than
97%; the remainder was present in trace amounts. The
rose petal powder shows peaks for C, O, Ca, Mg, P, Cl,
and S in the EDS spectra. The percentages of carbon and
O were 55.1% and 39.4%, respectively, accounting for
more than 97% together, with the remainder present in
trace quantities. The elements C, O, N, Si, Al, Na, and
Mg were present in the present study, but P, S, and Ca
were undetected.

Fig. 9f shows the EDS spots, and Fig. 9c-e show
their EDS spectra. The different EDS spots show varying
elemental percentages, indicating that the FBISA is
heterogeneous. The EDS spots show the presence of Fe,
K, O, C, N, Mg, Al, and Ca. In addition to these, some
EDS spots show peaks for Ti and Si. The percentage of
all these elements are given in Fig. 9g, where the average
percentage (wt.%) of Fe was (0.27 %), K (0.96%), O
(35.27%), C (50.74%), N (10.92%), Mg (1.22%), Al
(0.28%), Si (0.11%), Ca (0.31%) and Ti (0.23%). The Si
and Ti were present in only one EDS spot, while Fe was
present in only two EDS spots.

Some elements, such as Fe, K, Ca, and Ti, were
initially absent in FBISP but present in FBISA. These
elements might have come from either potassium nitrate
or a binding agent. The carbon percentage was much
higher and increased only marginally after burning. The
percentage of O, N, Mg, and Al increased slightly, while
the percentage of Si decreased after the combustion of the
FBISP.

Wen et al (2019) performed an ultimate
analysis of the organic components of incense sticks and
found the following results: C (35.63%), H (4.511%), O
(38.62%), N (0.32%), and S (0.023%) and concluded that
the incense sticks had high organic compounds, calorific
value, and thermal reactivity. The higher O/C and lower
H/O ratios suggested that the VOCs hold more oxygen-
containing functional groups. The lower values of the N
and S fractions (far below 0.5%) indicated that there
would be low NOx and SOy emissions from the pyrolysis
of incense sticks. Another investigation concluded that
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the atomic H/C ratio is a key factor affecting PAH
emission factors. Moreover, if the incense and incense
sticks are burned with a lower atomic H/C ratio, then
there could be a minimized production of total PAHs
(Yang et al. 2012). Table 1 presents comparative
information on elements in all three types of premixes
and ashes that may harm humans and the environment.
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Fig. 9: EDS spectra (a) and elemental table (b) of floral
incense sticks premix; elemental spectra (c- €); EDS spot (f)
and elemental table of floral incense sticks ash (g)

From Table 1, it is evident that BCSISP has the
highest carbon content (53.92%), followed by FBISP
(49.25%), and the lowest in BCCISP (29.27%). Among
premixes, O was highest in flower FBISP (36.68%),
followed by BCCISP (36.66%), and lowest in BCSISP
(31.32%). Among the ashes, C was highest in FBISA
(50.74%), followed by BCSISA (47.59%), and lowest in
BCCISA (19.82%). Among the ashes, oxygen was
highest in BCCISA (39.58%), followed by FBISA
(35.27%), and lowest in BCSISA (25.53%).

Among all three types of incense stick premixes,
the O/C ratio was highest in the BCCISP, i.e., 1.25%,
followed by FBISP, i.e., 0.74%, and least in the sawdust-
based incense premix, i.e., 0.58%. Among the ashes, the
highest O/C ratio was in BCCISA (1.99%), followed by
FBISA (0.69%), and the lowest in BCSISA (0.53%). So,

the BCCISP is expected to have the highest VOC
production during combustion and the least by FBISP
(Montero et al. 2018; Zhu et al. 2022; Liang et al. 2023).
Moreover, it could be assumed that the BCCISA contains
the highest levels of unburnt carbon and hydrocarbons,
which may further pollute water bodies upon disposal.
Among the three incense stick ashes, FBISA has the
highest carbon content, which could be a potential raw
material for bioenergy production. Moreover, it could be
used to recover carbon-rich value-added materials such
as soot, carbon nanotubes, and unburned carbon, which
could be further reused as fuel (Patel et al. 2017; Wen et
al. 2021).

Table 1. Comparison of hydrocarbon, SOx, NOx-producing
elements, and alkali metals in all three premixes and their
ashes after combustion

Elem Black Brown- Flower-
ents Charcoal Sawdust based Interpre
(wt. Incense Incense Incense tation
%) Stick Stick Sticks
BCC BCC BCS BCS FBI FBI
ISP ISA ISP ISA SP SA
C 29.2 19.8 539 475  49. 50. Carbon
7 2 2 9 25 74 recovery
o 366 395 313 254  36. 35.
6 8 2 3 68 27
0.7 0.6 Source
o/C 1.25 199 058 0.53 4 9 of VOCs
12.2 16.2 10. 10. Source
N 8.69 7 6.34 1 1 92 of NOy
S - - - - -
P - - - - -
Ca 515 123 146 374 . Addsto
hardness
Adds to
Mg 0.7 0.62 043 097 - hardness
+
CaM 585 185 189 471 . Addsto
g hardness
Source
Zn ND ND 0.19 - - of heavy
metals
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Nitrogen was highest in FBISP (10.1%),
followed by BCCISP (8.69%), and lowest in BCSISP
(6.34%). Among the ashes, N had the highest BCSISA
(16.21%), followed by BCCISA, and the lowest FBISA.
The nitrogen level in all three ISAs increased compared
to their respective premixes. In BCSISA, the N content
increased by more than 2-fold after combustion, possibly
because some components were released and became
more readily detectable. Moreover, this could also be due
to the addition of potassium nitrate in the BCSISP and
FBISP. S and P were not detected in any of the three
incense stick premixes and their respective ashes, as their
quantity might be below the sensitivity level of the EDS.
The nitrogen content in the premix is directly
proportional to the production of NOy during the
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combustion of incense (Khalid et al. 2020; Zhang et al.
2022; Zheng et al. 2023).

Even though coal powder/charcoal contains S in
significant quantities, cleaning and processing of the coal
might have reduced the S content in the final coal. So,
sulphur might not be detected in the BCCISP and
BCCISA. Some studies have claimed that charcoal-based
incense sticks are better than sawdust- or flower-based
ones, as the charcoal is already treated in industry to
reduce toxic components. In contrast, sawdust and flower
powders are used directly without pre-treatment in their
premixes. So, sawdust and flower-based incense sticks
produce more volatile compounds, smoke, and other
toxic components (Lee et al. 2021).

Among alkali metals, Ca and Mg were neither
detected in the FBISP nor FBISA, whereas in the other
two incense stick premixes, Ca was highest in the
BCCISP, i.e., 5.15%, followed by 1.46% in BCSISP.
Among these two incense stick ashes, Ca was the highest
in BCSISA (3.74%), followed by BCCISA (1.23%).
Among these two incense stick premixes, Mg was
highest in BCCISP, i.e., 0.7%, followed by BCSISP, i.e.,
0.43%. In contrast, among these two incense stick ashes,
Mg was highest in BCSISA (0.97%), followed by
BCCISA (0.62%). Both of these elements contribute to
the hardness of water. So, regarding water hardness or the
presence of alkali metals, FBISA is better, as it doesn’t
contain them. Since the ISA in some countries, such as
India, is disposed of in water bodies as a ritual, this may
further increase water hardness. Among incense stick
premixes, the BCCISP is the maximum alkali metal
contributor, i.e., 5.85%, whereas, among incense stick
ashes, BCSISA is the maximum contributor, i.e., 4.71%.
After the disposal of incense stick ashes into the water
bodies, BCSISA will add more alkali metals into the
water in comparison to the BCCISA (Liu et al. 2018;
Mlonka-Medrala ef al. 2020; Smotka-Danielowska and
Jabtonska, 2022; Cao et al. 2023).

Moreover, among the heavy metals, BCCISA
has the highest number due to the presence of
coal/charcoal powder, as already reported (Yadav et al.
2021a). Zn was detected only in the BCSISA at 0.19%,
potentially increasing heavy metal levels in water bodies
after disposal.

5. CONCLUSION

The current study provides valuable insights
into the morphological and elemental changes in
charcoal, sawdust, and floral-based incense stick premix,
as well as their ashes after combustion. Combustion plays
a major role in transforming nonharmful compounds into
potentially hazardous ones in incense stick premixes,
forming soot, unburnt carbon, and new crystalline
phases. The SEM showed irregularly shaped particles,
while after burning, the major particles were soot and
unburnt carbon. The FTIR and XRD confirmed the
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presence of various functional groups and mineral phases
before and after combustion. The changes in the
elemental composition in the respective premix and their
ashes indicate that some new materials are formed during
the burning of the premix. Results reveal clear
associations between incense burning and environmental
and health concerns, particularly due to the release of
volatile organic compounds, particulate matter, and
heavy metals into the atmosphere.

The use of recycled flowers in the manufacture
of incense and incense sticks offers a sustainable
alternative that may help lower production costs and
mitigate environmental impacts. Further studies are
required to optimize incense compositions to minimize
harmful emissions, explore alternative binding agents,
and investigate the recovery of carbon-based materials
from incense stick ashes. Overall, the present study
contributes to a broader understanding of incense
premixes, alterations during combustion, and the
replacement of harmful components with eco-friendly
materials.

FUTURE PROSPECTS

More studies are required on incense stick
premixes, i.e., those with lower levels of carbon,
hydrogen, nitrogen, sulfur, and heavy metals. In addition,
in the future, the smoke/gases released from the burning
of different premixes will be analyzed to investigate the
production of secondary pollutants during the burning of
premixes. Further, the study will involve gas
chromatography-mass  spectrometry and  carbon,
hydrogen, nitrogen, and sulfur analyzer techniques to
determine the exact quantities of these elements and
obtain the H/O ratio. The ash from high-carbon-content
incense sticks offers scope for the recovery of carbon-
based value-added materials and bioenergy production.
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