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a b s t r a c t

Indian incense stick ash (ISA) contains about 4%–8% ferrous iron (Fe2+), the fourth-
highest metal oxide mineral in ISA, as confirmed by X-ray fluorescence spectroscopy
(XRF). The source of ferrous iron fractions in ISA is coal powder, which facilitates the
burning of incense sticks. Ferrous iron is separated by two methods — dry and wet-
slurry magnetic separation. Both are eco-friendly and cost-effective and assume a safe
and rapid one-step process. The wet-slurry magnetic separation method is found to
be more efficient, as its yield is almost twice the separation and purity level of the
dry magnetic separation method. Various techniques have been employed to explore
the chemical, physical, and morphological properties of recovered ferrous iron fractions.
For example, Fourier transform-infrared spectroscopy (FTIR) and X-ray diffraction (XRD)
have elucidated the micro-crystalline nature of the separated particles. Two types of
microscopy techniques – field emission scanning electron microscopy (FESEM) and
transmission electron microscopy (TEM) – have revealed the surface topography and
morphology of the recovered ferrous iron particles, which are spherical and sized
between 40 and 120 nm. Additionally, energy-dispersive X-ray spectroscopy (EDS) has
confirmed that ferrous iron particles were rich in iron content, as the spectra showed
prominent peaks for Fe and O, while the presence of Al, Si, Ca, Na, C, Na, Mg, Mn, and
K indicates impurities associated with the samples.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC
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1. Introduction

In various civilizations, like those of ancient East Asia and the Middle East, incense sticks have been used in religious
laces to infuse the atmosphere with fresh air and eliminate bad energy (Lin et al., 2007). The typical composition of
tandard Indian incense sticks is 90%–95% sawdust, 4%–9% powdered charcoal, 0.1%–1% of an aroma-producing chemical,
nd the rest is a biomass binder enabling the rolling of the soft mass around a support wooden stick (Mukunda et al.,
007; Ramya et al., 2003). Burning incense sticks is a common practice in most South Asian countries, such as India,
akistan, Taiwan, China, and Burma (Li et al., 2012; Bedini, 1963). In India, incense sticks are essential components of
rayer in every house, without which worship is incomplete (Jetter et al., 2002). As a result, India is one of the largest
roducers and exporters and the second-largest consumer of incense sticks (after Taiwan) in the world (Hazarika et al.,
018; Jilla and Kura, 2017).
ISA is among the most uncharacterized by-products in houses and religious places. Every year, a million tons of

ncense sticks are burned around the globe, producing solid waste. In India, due to its holy values, ISA is disposed only
nto rivers (especially the Ganga) and other water bodies, such as lakes and oceans, which pollute India’s natural water
esources. In 1990, the National Council of Applied Economic Research (NCAER) and the National Group of Connected
inancial Exploration (NGCFE) have performed a survey in India, estimating that a total of 147 billion incense stick ash
as produced, with a cost of around 1.131 billion USD. In another study, it was determined that almost 60,000 million
ons/annum of incense sticks were manufactured in India, which has an annual developing rate of 10%. Additionally,
he All-India Agarbathi Manufacturers Association (AIAMA) has estimated the total export of incense sticks from India
Hanumappa, 1996). The report from 1989–90 shows that the total exports have been enhanced by |1.5 to |5 billion in
the domestic market, which is around 266%. The trend continued in 2013, with the domestic market sales increasing to
| 36 billion, while the export to other countries attained | 6 billion in 2013 with a compounded annual growth rate of
15% (AIAMA). Recently, the Indian incense sticks industry has estimated the rise in the sales of incense sticks in India.
According to this estimation, incense sticks marketing increased from approximately |7.98 in 2015 to |9.65 billion in 2018
(Kumar, 2017).

ISA is hazardous and does not have any useful application to date. The typical composition of Indian ISA includes
Ca, Si, Al, Mg, Fe, P, Na, and K (Yang et al., 2006). A similar composition was also reported by Khezri et al. (2015) from
various types of ashes collected from Joss sticks after the Holy Ghost festival in Hungry. All these elements are present in
their oxide form in large quantities. Out of these, Ca and Mg comprise about 50%–55% of the total ISA composition, and
they are responsible for increasing the hardness of freshwater (Yadav et al., 2020). Moreover, both of these alkali metals,
along with Na and K, are responsible for the increase of pH (alkalinity/basicity) in potable water (Kanchan et al., 2015),
making this contaminated water unfit for drinking by altering its taste (Saha et al., 2019). The increased pH also affects
the flora and fauna of impacted aquatic systems and, ultimately, harms the overall ecological system. Further, other alkali
metals in the Indian ISA include Si, Al, and Fe, which are normally not toxic but may harm the aquatic systems in higher
concentrations. Fe is an essential mineral, needed by plants and animals for normal growth and functioning (Gombart
et al., 2020). However, an increase in Fe concentration may alter plants, small animals, and microbial diversity in the
aquatic ecosystem. In addition to these elements, there is a high concentration of S and phosphorus oxides (10%–15%)
(Elsayed et al., 2016), that, after disposal into water bodies, may form an acidic mixture and pose a threat to the living
organisms within the affected aquatic system (Cabral-Pinto et al., 2020; See and Balasubramanian, 2011).

Indian incense sticks use coal powder as a facilitating agent for burning incense sticks. Coal contains various toxic heavy
metals that remain in the ISA even after burning (Cui et al., 2019; Ali et al., 2019; Al-Ghouti et al., 2020; Quina et al., 2018).
ISA is loaded with metals such as Hg, Cd, Mo, Ni, Pb, Cu, Cr, Zn, As, and Co (Frans va, 2009). ISA also comprises a mixture of
various minerals such as calcite, silicates, periclase or magnesia, ferrous iron, and quartz (Lin et al., 2008). These versatile
minerals are utilized in industries and other sectors, such as glass manufacturing, foundries, construction sites (concrete
and masonry treatment), ceramics, and microchips (Jain et al., 2020). Detergent auxiliaries also use silicates in coating and
industrial dyes. Additionally, silicate minerals are applied in the treatment of wastewater as an iron flocculent and alum
coagulant (Sibiya et al., 2021; Tetteh and Rathilal, 2020). As mentioned previously, the disposal of ISA (loaded with toxic
heavy metals) may pollute the water and pose a threat to all living organisms in aquatic systems. Moreover, these metals
may be taken up by fish and lead to bioaccumulation, which may then enter the food chain following consumption by
human beings (Venkateswarlu and Venkatrayulu, 2020). Once these heavy metals enter the human body, they may cause
numerous maladies, such as neurological disorders, renal failure, carcinoma, and skin diseases (Vardhan et al., 2019; Gupta
et al., 2019; Zierold et al., 2020). Therefore, it is necessary to focus on this potential problem and save clean drinking fresh
water and the environment from ISA waste.

Two types of incense sticks are available on the Indian market, a black-coloured one, with coal or charcoal powder as
a facilitating agent for burning, and a masala-based, light coloured one, which contains potassium nitrate as the facilitator
for burning (Lin et al., 2008). It is shown that coal and its respective fly ashes contain ferrous, alumina, and silica with
various toxic heavy metals (Zarenezhad et al., 2021). However, in the case of black-coloured incense sticks, approximately
10%–25% weight of incense sticks is made up of coal or charcoal powder. The average ferrous content in a black-coloured
Indian ISA is about 5%–8%, which is the fourth-highest concentration of an element present in ISA, as confirmed by XRF
(Table 1). The ferrous iron content may vary, based on the percentage of coal powder used for making incense paste (See

and Balasubramanian, 2011), which varies across incense stick brands. It should be understood that Indian coal contains
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Table 1
Elemental analysis of ISA residue obtained from, spot 1, spot 2, and spot 3 by EDS.

Fe K O C Na Mg Al Si Ca

001 0.58 0.74 49.83 11.48 7.50 3.09 0.88 18.93 6.98
002 1.42 0.98 41.52 12.99 7.35 3.25 1.09 25.95 5.43
003 0.63 0.67 46.81 15.39 7.87 2.48 22.36 3.78
Average 0.88 0.80 46.05 13.29 7.57 2.94 0.99 22.41 5.40
SD 0.47 0.16 4.20 1.97 0.27 0.41 0.15 3.51 1.60

high amounts of Si, Al, and Fe in their oxide forms, which is why these are also present in ISA. The ferrous material in coal
is present in the pyrite form, which gets transformed into ferrous oxides upon burning (Smołka-Danielowska et al., 2019).
The temperature achieved during incense sticks burning is over 200 ◦C. At these temperatures, the pyrite transforms into
maghemite form of iron oxide (Mukunda et al., 2007; Gupta et al., 2019). Moreover, the ferrous particles in ISA are
resent, along with impurities such as Al, Si, Na, Ca, Mg, and carbon (Yadav et al., 2020). Such types of ferrous (Fe2+)
anoparticles (Fe2+ NPs) are used as heterogeneous catalysts, adsorbents, and environmental clean-up materials. Further,
Fe2+ NPs) are utilized in ore processing, smelting, and steel production (Montoya-Bautista et al., 2019; Tavker et al.,
021).
The objective of the present research is two-fold: (a) the recovery of ferrous nanominerals (Fe-NMs) from ISA waste,

sing an economically and sustainably viable approach, and (b) the development of safe and sustainable management
echniques for ISA waste. In our previous study, we have reported the synthesis of amorphous iron oxide particles from
he recovered ferrous fractions of ISA. In this study, we have tried to observe the efficiency of the recovery of ferrous
ractions by both dry and wet slurry magnetic separation techniques. The wet slurry-based separation provided more
ield, which could be applied in industries for the recovery of ferrous fractions at an industrial scale. The recovered
errous nanoparticles were thoroughly analysed for their chemical and elemental properties. Additionally, the analysis of
inal non-ferrous residues has revealed the non-separable ferrous present in ISA in a bound form. It is believed that the
ecovery of ferrous iron fractions from ISA will not only minimize the resultant solid waste but also reduce the water
ollution resulting from the disposal of heavy metals and alkali metals from the ISA loaded into rivers. The present study
as conducted in order to recover Fe-NMs from the ISA waste by using a safe, cost-effective, and sustainable method,
hich is also a pioneering one.

. Materials and methods

.1. Sample collection and apparatus

Incense sticks ash was collected from various temples of Gandhinagar, Gujarat, India. Glass beaker of 50–250 ml
apacity (Borosil, India), double distilled water (DDW), Teflon-coated magnetic retriever rods (procured from Axiva, India),
nd circular (5 cm ×2 cm) strong neodymium magnet were procured from A–Z magnet, Chandni Chowk, Delhi, India.

.2. Recovery of ferrous nanoparticle

Two methods of ferrous nanoparticle (Fe2+ NPs) separation that are the simplest, fastest, non-toxic (without using
olvents, acids, or bases), and cost-effective are dry and wet separation methods. These protocols were used to recover
he high-purity Fe-NMs from ISA waste through magnetic separation methods (Valeev et al., 2019; Malav et al., 2019).
he ISA has 5%–8% ferrous content, confirmed by the XRF analysis (Horiba, model no. XGT-2700 X-ray). Ferrous particles
ere present freely and bounded internally with other minerals in the ISA.
The XRF analysis (Horiba, model no. XGT-2700 X-ray) revealed that 5%–8% ferrous was initially present in the ISA,

hich comprises separate ferrous oxide minerals and is internally bound to another mineral. The sample preparation
nd modelling of the instrument have already been reported by Yadav et al. (2021). Freely available ferrous in the form
f ferrous fractions can only respond to an external magnet, which is why only those were recovered. While a small
ercentage of Fe were was internally bound with other minerals and did not respond to the external magnetic field, which
s why it could not be collected, as they were firmly internally attached and weakly magnetized during the application
f an external magnetic field (Lin et al., 2007).

.2.1. Dry separation method
In the dry separation method, approximately 10 g of ISA waste were placed in a beaker. An external circular neodymium

agnet was held in place with a magnetic retriever rod and directly introduced to the incense sticks ash and moved back
nd forth over it for 5–10 min. After the completion of this step, some of the Fe-NMs were adhered to the external surface
f the neodymium magnet and detached manually by swiping with fingers into a glass Petri plate. Again the magnet was
assed over the ISA, in back and forth direction, due to which some of the ferrous particles got adhered on the surface of
agnet. Again, the adhered ferrous were detached manually, by using fingers or spatula. This step was repeated several

imes, till all adhere able ferrous particles were recovered from ISA. Finally, the collected Fe-NMs were weighed on the
eighing balance and the value was noted down (Gupta and Yan, 2016).
3
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Fig. 1. Schematic diagram for extraction of Fe-NMs from ISA.

2.2.2. Wet-slurry separation method
In this method, approximately 10 g of ISA were placed in a beaker and 100 ml of double-distilled water (DDW) was

added to form a slurry. The mixture was kept in a water bath ultrasonicator (Sonar 40 kHz) for 30 min at 50 ± 5 ◦C to
break apart any aggregated particles so that trapped ferrous particles could get released. After 30 min, the neodymium
magnet attached to the magnetic retriever rod (used in the dry separation method) was introduced directly into the slurry
and stirred in clockwise and counter-clockwise directions. This step was repeated 3–4 times to ensure that all Fe-NMs
have been recovered. The Fe-NMs on the surface of the magnet were separated manually by fingers and placed into a
Petri plate. The recovered Fe-NMs were washed with DDW with pressure (from the wash bottle) by placing the magnet
beneath the Fe-NMs. This step eliminated loosely bound non-ferrous fractions and aided the purification of recovered
ferrous nanoparticles. Finally, the purified Fe-NMs were dried in a hot air oven at 50 ± 3 ◦C for 24 h. After drying, the
ecovered ferrous iron fraction was weighed carefully on the weighing balance and their value was noted down. Fig. 1
hows the schematic representation of the recovery of Fe-NMs from the ISA waste, while Fig. 2 exhibits separation of
e-NMs by wet slurry method.

.3. Characterization of recovered Fe-NMs

The Fe-NMs from ISA were analysed using various advanced microscopic and spectroscopic techniques. We applied
ield Emission Scanning Electron Microscopy (FESEM) and High-Resolution Transmission Electron Microscopy (HR-TEM)
o analyse the morphology (size, shape) and the surface topography of the Fe-NMs separated/recovered from the ISA
aste.
The topography and structural properties were revealed through FESEM, NOVA NANOSEM-450, FEI, USA. The purified

e-NMs were spread on a double-sided carbon tape, which was fixed to an aluminium stub. Gold sputtering was conducted
or 10 min to make a charge-conductive particle. The morphology (size, shape) of the Fe-NMs was analysed by HRTEM,
ECNAI 200 kV TEM (FEI, Electron Optics). For TEM analysis, 1 mg of Fe-NMs was added to the 40 ml DDW and dispersed
y an ultrasonicator (Sonar, 40 kHz) for 5–10 min. A drop of dispersion medium was cast on carbon-coated copper grids
nd dried at room temperature before the grid was placed into the TEM.
FTIR analysis by (Perkin Elmer, Germany, SP 65) was conducted in order to identify functional groups on the Fe-NMs’

urfaces. The analysis was performed using the KBr pellet technique, where 3mg of Fe-NMs were mixed with 197 mg
f KBr. The solution was mixed with a mortar and pestle, making a thin pellet by a pellet maker. Scanning was done
n the range of 4000 to 400 cm−1 with a spectral resolution of 1 nm in the transmittance mode. The hydrodynamic and
article size distribution of ferrous iron was carried out by dispersing the Fe-NMs in the DDW, followed by ultrasonication
or 10 min to reach a uniform dispersion. The particle size was measured by a particle size analyzer (PSA) (Malvern
etasizer Nano S90, UK) at 25 ◦C and a detection angle of 90◦. The X-ray diffraction (XRD) analysis helped identify the

◦
hase and crystallinity of the Fe-NMs. The dry powder of Fe-NMs was scanned in the 2θ range of 10–80 on a Bruker,

4
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Fig. 2. Steps involved in the recovery of ferrous iron nanominerals (Fe-NMs) from ISA waste by using wet-slurry separation method (A) Collection
of large amounts of ISA. (B) Preparation of Fe-NMs rich ISA slurry using tap water. (C) The separated-out Fe-NMs from the slurry of ISA waste using
strong external neodymium magnet and washed from tap water to remove other heavy metals. (D) Dried and pure Fe-NMs.

D8 Advance diffractometer using a Cu-Kα radiation source. The elemental analysis was carried out by the Oxford-made
energy-dispersive X-ray spectroscopy (EDS) detector attached to the FESEM instrument. The X-ray fluorescence (XRF)
analysis was carried out using a Horiba model no. XGT-2700 X-ray analytical microscope, fitted with a high-purity silicon
detector (XEROPHY) X-ray tube with Rh target. It was operated at a 40 kV X-ray tube (50 W). A solid pellet was prepared
by mixing 5–8 g of ISA with sodium bromide (NaBr) powder in a mechanical presser machine (Perk Systems).

3. Results and discussion

3.1. Morphological and elemental analysis of ISA and ISA-residue

ISA is rich in Ca and carbon particles (Kao and Wang, 2002), which are highly aggregated together to form a lump as
shown in the FESEM images of ISA in Fig. 3 A. The individual particles are micron-sized, i.e., 0.2–2 µm. Fig. 3B, shows
the EDS spot of ISA, while Fig. 3C shows EDS spectra and elemental table of ISA. The EDS spectra clearly show that peaks
for ISA are a mixture of numerous elements, which is evident from Fig. 3C, which shows peaks for C, Si, O, Ca, Fe, Na, K,
Al, and Fe. Oxygen is present in the highest amount (41.7%), C (22.3%), Si (20%), Ca (5%), Na (4.3%), K (2%), Mg (1.8%), Al
(1.8), and Fe (1.1%). The selected EDS spot was rich in silica, otherwise, Indian ISA have comparatively lesser amount of
Si than the Ca. These elements are present in the form of oxides, as evident from a higher percentage of O in the ISA. Lin
et al. (2007) reported that incense sticks and their ashes have a high content of Ca in the form of oxides and carbonates.
Besides this, it also has a high amount of C and Mg, Na, Fe, Cu, Mn, and Zn, with wood as the source.

They reported a positive correlation between the total metallic content (TMC) and the ash emission factor, as well as
a strongly positive correlation between the TMC and the burning rate. So, the burning rate of incense sticks is greatly
influenced by the TMC. Similarly, Ca, Mg, K, Fe, and Al content have strong positive correlations with the burning rates of
incense sticks, while no correlation was found between the burning rate and Na. Khezri et al. (2015) also reported that
Ca was present in the highest amount, followed by Fe and Al, from the ashes collected from the Joss sticks during the
Holy Ghost festival in Hungary.

Fig. 3D is a FESEM image which depicts 3, different EDS spots of ISA residue after the recovery of Fe-NMs by the wet
separation method. The morphology of the ISA particles is almost intact, even after ferrous particles’ separation. Fig. 3E–G
shows the EDS spectra of different regions of ISA residue, although all elements in the ISA residue were almost the same
as in the ISA, with only their concentration varying from region to region, as evident from EDS spots. Thus, it was found
5
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Fig. 3. (A) FESEM micrographs images of ISA at size scale (magnification) 1 µm (20,000x), (B) EDS spot of ISA (C) EDS spectrum and elemental table
of ISA, (D) FESEM image depicting 3 different EDS spot of ISA residue, and (E, F, G) EDS spectra of ISA residue.

that the ISA and its residues are heterogeneous (Jain et al., 2020). Some of the elements got increased, while some of the
elements got decreased after the recovery of ferrous particles from the ISA which is given in Table 1. The percentage of
Fe, K, C, and Al decreased, while the value of the rest of the elements increased. So, the percentage of Fe decreased in the
6
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Fig. 4. FESEM micrographs of Fe-NMs separated from ISA at different size scales (magnifications), which are (A) 1 µm (100,000x), (B) 500 nm
(200,000x), (C) 200 nm (400,000x), and (D) 100 nm (600,000x).

ISA residue, which confirms the recovery of ferrous particles from the ISA, which was about 15%–25% by applying wet
magnetic separation.

3.2. Assessment of recovered Fe-NMs

Both separation methods were applied to recover Fe-NMs from the ISA and both were effective in separating sufficient
quantities of Fe-NMs. In the dry separation method, around 2 g of Fe-NMs were recovered from 10 g of the ISA waste.
The obtained Fe-NMs had a high level of impurities in the form of numerous non-magnetic fractions shown in Fig. 5B.
However, with the wet separation method, approximately 4 g of Fe-NMs were separated from the same quantity of the
ISA waste (10 g), which is twice the quantity separated with the previous method, with a high degree of purity due to the
small quantity of non-magnetic fractions. Based on the analysis of separation methods, the wet-slurry separation method
was found to be superior to the dry separation method for the recovery of Fe-NMs from the ISA waste. Moreover, the
recovered Fe-NMs had a high level of purity as most of the non-magnetic fractions associated with the magnetic fractions
were eliminated during washing. Therefore, we selected a wet-slurry method for the recovery of ferrous iron fractions
from ISA for further research.
7
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Fig. 5. EDS spot (A) and EDS spectrum and elemental table (B) of recovered Fe-NMs from ISA.

When one gram of ISA was dispersed in 10 ml of DDW, whose initial pH was 7.1, the pH level raised to 8.21. This
ndicates the change brought by the disposal of tonnes of ISA into the fresh river water or other water bodies. Such
lkaline pH is harmful for the consumption and survival of aquatic flora and fauna.

.3. Microscopic analysis

Fig. 4(A–D) depicts the FESEM micrographs of recovered Fe-NMs from the ISA waste at different size scales. The shape
f most of the separated ferrous iron particles is irregular or spherical, and the nanoparticles were highly aggregated.
hapes or iron particles can be irregular due to the presence of unburnt carbon associated with the Fe2+ NPs. As the
emperature during the incense sticks combustion is not very high, the ferrous particles (Fe2+) failed to achieve any
hape. The agglomeration could be due to the presence of a large amount of carbon in ISA, as incense sticks contain a
arge number of sources of carbon, such as bamboo, fragrance, essential oils, and coal powder, or sawdust (Ezhumalai
t al., 2021).
8
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Fig. 6. TEM micrographs of Fe-NMs recovered from ISA waste at different size scales (A) 200 nm (B) 50 nm. (C) 10 nm. (D) SAED pattern of recovered
Fe-NMs.

The EDS spectrum in Fig. 5B of the recovered Fe-NMs indicates the sharp peaks of Fe and O as major elements. There
re other elements such as Al, Si, Mg, Na, Mn, Ca, K, P, Ti, and C, which are present as impurities, as shown in elemental
able, Fig. 5B. The EDS spectrum indicates that Fe and O are always associated with Ca, C, O, and Si.

Carbon is present at about 15.22%, which is due to the organic nature of ISA. Higher compositions of carbon also indicate
he presence of carbonates along with Fe-NMs. The carbon could also be present due to the unburned carbon, soot, chars,
tc. in the separated Fe-NMs. Mn, Mg, and Na are present in traces in the smallest amounts in Fe-NMs. The presence of
a, Si, Al, Mg, and Ti may be due to a higher composition of these elements in ISA. High content of calcium in the ISA
as also reported by Lin et al. (2007), who investigated the emission products and metallic content after incense sticks
urning. They also found a high content of alkali metals (Ca, Mg, Na), arguing that they were mainly used as enhancers
n smoldering (Yeh et al., 1993). Such alkali metals could be applied to incomplete combustion (for example, incense) to
ut down on air pollution.
The TEM images of Fe-NMs separated from ISA at two different size scales are shown in Fig. 6(A and B). Fig. 6(A and

) show the size scale of the micrograph at 200 nm and 50 nm, respectively. These images have dark black colour and
ight particles where the dark black particles are Fe-NPs and the light-coloured particles are electron-deficient particles,
uch as Ca and carbon. The black-coloured particles are mainly spherical and their size varies from 40 to 120 nm. Further,
ig. 6C shows HRTEM images of the ferrous iron-rich particles at the size scale of 10 nm, and Fig. 6D displays the selected
rea electron diffraction (SAED) pattern of the Fe-NMs, which indicates that the Fe-NMs are polycrystalline in nature.
9
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Fig. 7. Digital image of the particle size distribution of separated Fe-NMs from ISA waste.

Table 2
Major FTIR assignments in the Fe-NMs separated from ISA.
Minerals Asymmetric stretching

vibrations of
C–O/Si–O–Si

Symmetric stretching
vibrations of CO3

2−
External plane bending
vibrations of
CO3

2−/Fe–O

Internal plane
bending vibrations of
O–C–O

Stretching
vibrations of Fe–O

Calcium carbonate 1422 1018 872 718 –
Ferrous iron 1422 – 872 718 522
Silicates/quartz – 1018 – – –

3.4. Spectroscopic analysis

Fig. 7 displays the particle size distribution of ISA separated Fe2+-NPs. The particles were dispersed in distilled water
nd sonicated for 10 min in an ultrasonicator before analysis. The sample was run twice to obtain the average size of the
errous iron particles, which was 288.3 nm with a polydispersity index of 0.542.

Two types of particles present in the samples were sized at 251.4 nm and 2.722 µ. The size revealed by PSA is much
reater than the FESEM analyses, which could be because dry samples were used for FESEM analysis while PSA used the
ydrodynamic radius for its analysis in a liquid. Hence, the size analysed by PSA is bigger than the microscopic techniques.
imilar results were also obtained by Yadav et al. (2021), where the iron oxide particles were synthesized from the ferrous
articles recovered from ISA. The size reported by PSA was comparatively bigger than the average size reported by PSA.
Fig. 8 A depicts a typical full range (4000–400 cm−1 on X-axis) FTIR spectrum of Fe-NMs separated from ISA. Fig. 6B

hows the enlarged spectrum of the same at a range from 1600 to 400 cm−1 on the X-axis. The spectrum exhibits several
harp and broad absorption peaks. The absorption peaks at 872, 718, and 522 cm−1 are characteristic signature peaks
f iron oxides, which are attributed to the Fe–O bond (Khan et al., 2021). These bonds occur due to the symmetric,
symmetric, bending, and rocking vibrations of the Fe–O bonds. The peak at 1018 cm−1 is associated with the Si–O–Si
onds of silicates or quartz associated with the Fe-NMs from the coal powder (Khale and Chaudhary, 2007). This indicates
he presence of quartz with ferrous iron particles. The peaks at 872 and 718 cm−1 could also be due to the external plane
ending vibrations of carbonates and the internal plane bending vibrations of O–C–O of carbonates, respectively (Alavi and
orsali, 2010; Biradar et al., 2011; Li et al., 2013; Salavati-Niasari et al., 2015). The band at 1422 cm−1 corresponded to

he asymmetric vibrations of the C—O bond in the carbonate, which confirms the association of calcium carbonates along
ith ferrous iron material as an important impurity, which was further confirmed by other spectroscopic techniques, such
s EDS and XRD. Besides this, there are no impurities associated with Fe-NMs. Table 2 shows the absorption peaks and
heir relevant functional groups observed in the separated Fe-NMs from ISA.

A typical XRD diffractogram of ISA and ferrous iron particles is shown in Fig. 8(C and D). Fig. 8C exhibits a typical
ull-range XRD diffractogram, while Fig. 8D shows an enlarged diffractogram of the same. The XRD peaks indicate major
ineral phases and crystallinity of the ISA. The XRD pattern reveals strong intensity peaks at 38.46◦ and 44.49◦, which
10
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T

Fig. 8. FT-IR spectrum (A) Full spectrum at the range between 4000 and 400 cm−1 . (B) Enlarged spectrum of the same at the range of 1600–400 cm−1 .
Powder-X-ray diffraction spectrum (C) Full-range diffractogram at the range between 10 and 80◦ (D) Enlarged diffractogram of the recovered Fe-NMs
from ISA waste.

Table 3
Chemical composition of ISA analysed by XRF.
Elements SiO2 Al2O3 CaO Fe2O3 MgO K2O P2O5

Weight % 20.36 4.77 49.6 4.28 3.9 8.24 3.94

are formed due to the hematite and calcite phases in the ferrous particle samples (Dwivedi et al., 2012; Ilic et al., 2003;
Sarkar et al., 2012). There are two small intensity peaks at 35.59◦ and 36.49◦, due to the magnetite phases in the Fe-NMs.
here is a reflection peak of magnetite at 77.5◦. Additionally, there are two intermediate intensity peaks at 26.85◦ and

29.56◦ due to the quartz form and amorphous silica associated with the ferrous iron particles. Besides this, no other peaks
were observed in the XRD spectrum.

The Fe2+-NPs/Fe-NMs come from the coal powder, which constitutes 5%–8% of ISA. ISA contains around 50% calcium
oxides by weight as confirmed by the analysis by XRF. Since it is ferrous iron, the alumina, silica, and Ca are present in the
form of a complex mixture of calcium–ferro–aluminosilicate similar to coal fly ash. The average composition of calcium,
silica, and ferrous iron material in the ISA is around 75%–77%. The total composition of the calcium–ferro–aluminosilicate
complex is ∼80%, of which ferrous iron, alumina, silica, and calcium oxides are approximately 4.28%, 4.77%, 20.36%, and
49.6%, respectively, which was confirmed by the XRF analysis. Besides this, oxides of Mg, K, and P are also present, and
their weight percentages are given in Table 3.
11
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3.5. Practical applicability and future applications

The recovered ferrous fraction is impure due to the presence of trace elements, which is why it has to be further
rocessed for the synthesis of highly pure ferrous particles. The recovered ferrous fraction could be directly used in
anoceramics (Fan and Kotov, 2020), as heterogeneous catalysts in petroleum industries, and for metallurgy purposes like
n coke in steel manufacturing industries. Besides, it could be applied as an adsorbent for the remediation of wastewater
reatment (Mushtaq et al., 2019; Prasad et al., 2021). A basic advantage of the ferrous particle is that it could be easily
anipulated by an external magnetic field, which is why it could be recovered and reused after the completion of the
xperiment. It will act as an alternative source of ferrous materials and minimize the burden on the current iron-based
ndustries.

. Conclusions

Although incense sticks represent the most widely used material, the ashes generated from them do not have scientific
pplications. It has been one of the most overlooked by-products generated at temples and homes, especially in South-East
sian countries. High content of calcium, carbon, silica, alumina, and ferrous oxides has drawn the attention of ISA for
ecycling. The wet magnetic separation method was found efficient, recovering 15%–25% ferrous from ISA. The presence
f quartz and calcium oxides by FTIR has confirmed the transformation of organic contents from coal powder used in ISA.
he low temperature during incense sticks combustion favoured irregular to the spherical shape of ferrous, as confirmed
y microscopy. Microscopy and DLS also confirmed the aggregation of numerous 20-nm ferrous particles to form large
articles. The association of Fe with C, Si, Mn, Mg, Ca, Na, and Ti indicates the impurities which come from the coal powder.
he high carbon in the ISA indicates unburnt carbon due to burning at low temperatures. The high carbon content and
mpurities can make a potential candidate for the recovery of carbon or fuel and heterocatalyst in petroleum industries.
he current approach has suggested an alternative source of ferrous material for the industries, using economical and
co-friendly resource material.

bbreviations
Fe-NMs: Iron nanominerals, XRD: X-ray diffraction, FTIR: Fourier’s transform infrared spectroscopy, ISA: Incense stick

sh, EDS: Energy-dispersive X-ray spectroscopy, FESEM: Field emission scanning electron microscope, TEM: Transmission
lectron microscope, XRF: X-ray Fluorescence.
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