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a b s t r a c t

Background: Since ancient times, the essential element sulphur has played an important role in different
medical fields. It is one of the main materials used in herbo-mineral pharmaceutics in Ayurveda.
However, for Ayurvedic pharmaceutical preparations, the purity of sulphur is crucial in avoiding any
harmful reactions and to enhance the medicinal quality. Therefore, it is subjected to a process called
‘gandhaka shodhana’ using cow's milk, ghee or occasionally plant extracts. The plant, Eclipta alba (L.)
Hassak, containing many bioactive compounds, is one of the extracts known to be used in the ‘shodhana’
process of sulphur. However, in comparison to the laboratory purification method of sulphur neither the
effect of this ‘shodhana’ process in removing impurities from sulphur nor its effect on the structure and
morphology of sulphur has been evaluated.
Objectives: This study identifies physical, morphological, and structural changes that occur in sulphur
when it is subjected to the ‘shodhana’ process compared to the changes that occur in sulphur obtained
after simple laboratory purification.
Methodology: Both samples were characterized using Scanning Electron Microscopy, Energy Dispersive
X-ray Spectroscopy, X-ray Diffraction, Differential Scanning Calorimetry, Thermogravimetric Analysis,
Fourier Transform Infrared spectroscopy, and Raman spectroscopy. Observed physical changes such as
colour, allotropic form, odour, hardness, transparency, and lustre of the samples were also determined
using recommended techniques.
Results: Although the laboratory purification method separates the sulphur from physical and chemical
impurities, Ayurveda ‘shodhana’ process with E. alba converts the sulphur into a more pharmaceutically
suitable form by making it more nebulous and introducing higher brittleness, FT-IR data shows removal
of chemical impurities from sulphur during ‘shodhana’ process in contrast to laboratory purified sample.
© 2023 The Authors. Published by Elsevier B.V. on behalf of Institute of Transdisciplinary Health Sciences
and Technology and World Ayurveda Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Sulphur was used as a pharmaceutical material by ancient
people around the world, owing to its wide spectrum of chemical
and biological properties. In iatrochemistry (rasashastra) of the
Ayurveda medical system, sulphur has been described as gandhaka
and it has been classified as the second most useable material for
l.com, nirashag@kln.ac.lk
(P.K. Prajapati), kmnd@chem.
.R.M. de Silva).
ary University, Bangalore.

B.V. on behalf of Institute of Transd
e (http://creativecommons.org/lice
preparing rasa medicines as it is considered the main material
under uparasa in rasashastra classification [1]. However, in order to
eliminate impurities from sulphur that are harmful to humans, it is
important to cleanse it or subject it to preparations. In this regard,
in Ayurveda, before pharmaceutical preparations, sulphur is
exposed to a ‘shodhana’ procedure [2] and there are multiple
methods of ‘shodhana’ as described in different classics [3]. The
‘shodhana’ process described in Ayurveda is not merely a purifica-
tion step, but also a mechanism of transforming the physical
structure of a material into a drug by aiding it to adsorb organic and
inorganic substances [4]. In the Indian context,
the ‘shodhana’ process with ghee and cow's milk is the most
common method performed for sulphur. In the Sri Lankan context,
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there are several methods adopted by the herbo-mineral pharma-
ceutical manufacturers for the ‘shodhana’ process of sulphur [5].
Apart from that bringaraja in Sanskrit (false daisy and keekirindiya
in Sinhala) or Eclipta alba (L.) Hassak [6] of the Asteraceae family [7]
(Synonym: Eclipta prostrata Linn.) [8] is also used for the ‘shodhana’
process of sulphur [5]. In addition, some steps of the ‘shodhana’
process have been modified with the knowledge of Sri Lankan
traditional medical system known as desheeya cikitsa [9]. For
instance, the ‘shodhana’ process of sulphur with fresh E. alba plant
extract. During this process, the Sri Lankan method uses sweda-
niyantra [10] or vashpaswedana yantra instead of dolayantra for the
completion of the second step of the process [9]. This is a modified
stepwhich is mergedwith the term ‘swedana’, and the process used
to perform ‘swedana’ known as ‘kadapimme tembima’. When
comparing with dolayantramethod, this modified step can perform
the ‘swedana’ process for bulk amounts of sulphur time and cost
effectively. This could be the main reasons for using this merged
step of Ayurveda and Sri Lankan traditional medical systems in Sri
Lankan Ayurveda pharmaceutical industry. Nonetheless, there are
no reported studies that have been carried out to identify the
physical, morphological, structural characteristics of this ‘shodhana’
method. Moreover, laboratory purification of sulphur has been the
focal point of sulphur research for many years [11] and no work has
been carried out to compare laboratory sulphur purification with
‘gandhaka shodhana’. Hence, this study was carried out to identify
and evaluate the physical, morphological, and structural changes of
sulphur when subjected to the ‘shodhana’ process in Ayurveda with
fresh E. alba plant extract [5], as performed in Sri Lankan Ayurveda
pharmaceutical industry by replacing the dolayantramethod in the
second step. At the same time these changes were compared with
purified sulphur obtained using a laboratory purification method.
For this purpose, sulphur was dissolved in xylene [12], as this
medium was identified as less toxic and appropriate compared to
other organic solvents [13]. The findings are useful to Sri Lankan
manufactures for optimization or alteration of their ‘gandhaka
shodhana’ processes. The outcomes of this study will be beneficial
to the international Ayurveda community to compare their findings
and carry out further research.

2. Materials and methods

Amalasara gandhaka which is available in yellow crystal form is
considered suitable for medicinal purposes [3]. Since gandhaka and
most of the other rasa materials are not available in Sri Lanka, they
are imported mainly from India. Hence, after careful market survey,
crude sulphur (amalasara gandhaka) was bought from a local Ay-
urveda material supplier, Karunarathna and Company in Muller-
iyawa Fresh E. alba plants were collected from a non-polluted area
in Gampaha district of Western province. This plant was authen-
ticated by the National Herbarium, Royal Botanical Gardensin Per-
adeniya, Sri Lanka. Xylene AR (99.5%, Research Lab-India) was
purchased from Organic Trading (Pvt) Ltd, Sri Lanka. Experiments
were carried out according to the reference Ayurveda and labora-
tory methods [12]. Ayurveda ‘gandhaka shodhana’ concept was
adopted from the ‘shodhana’ processes mentioned in Rasa Jala Nidhi
textbook (volume II) of rasashastra literature under the sulphur
section (second process) [5] as it has been used by Sri Lankan Ay-
urveda rasa medicine manufacturers [9]. The adopted method
consists of three steps: dhalana as the first step, swedana as the
second step and once again dhalana as the final step. According to
the Rasa Jala Nidhi, second step should be carried out in dolayantra
[5] for a moment, but in Sri Lankan context this step is performed
[9] in swedaniyantra [14] or vashpaswedana yantra [15]. Therefore,
in this research swedaniyantrawas used instead of dolayantra. Mild
flame was also provided for a time period of 3h(one yama) to an
2

appropriate environment inside the steamer and increase the re-
action rate of E. albawith sulphur. In addition, ghee was not added.
Generally, ghee is used in most of the sulphur ‘shodhana’ proced-
ures to avoid the overheating while melting and it also smeared on
cloth to facilitate filteration without adhering to the cloth. As this
was not mentioned in the Rasa Jala Nidhi Sanskrit verse [5], it was
not done in the first and final steps. Further, in order to determine
the accuracy of the procedure, total sulphur amount taken in each
step was divided into equal portions such as 10 portions in the first
step, 2 portions in the second step and 8 portions in the final step
and the same procedure was carried out for all the samples to
obtain purified sulphur. Although the division of the samples in
each step was not uniform, uniform conditions were maintained at
every step. Each step was completed on the same day as that of
collection of E.alba plant material and preparation of extract ac-
cording to the concept of swarasa [16]. Themechanical extraction of
each batch of E. alba extract (1kg) with support of industrial bench
top was done by adding 50.00 mL of distilled water for blending.
Each of this sample was characterised to see if they had any simi-
larities. After completion of each step, the samples were labelled
and stored in airtight polypropylene containers. Additionally, lab-
oratory purification of sulphur was also performed using xylene as
the solvent. Sample containers were kept at the university labora-
tory until further analyses.

2.1. ‘Gandhaka shodhana’

Initially, fresh E. alba plants were collected, physical impurities
removed and washed thoroughly with water followed by washing
with distilled water two times (5 L x 2). Cleaned E. alba plants were
cut into small pieces and blended using an industrial bench top
blender (10,000 rpm). The extract was squeezed through a clean
cotton cloth into a stainless-steel vessel (Fig. 1). For this mechanical
extraction, 1.00 kg of cleaned E. alba were blended for 5 min with
50.00 mL of distilled water and 749.00 mL of E. alba extract was
obtained. Crude sulphur (5 kg) was crushed using an ironmortar and
pestle and divided into portionsweighing 500.00 g each. E. alba plant
extract (1 L of extract for each vessel) was placed in ten separate
stainless-steel vessels (vessel diameter- 12 inches and depth- 10
inches) and mouth of each vessel was closed with a clean cotton
cloth and tied using a twine thread. Afterwards, each 500.00 g
samples of powdered sulphur were heated under mild flame (using
separate stainless-steel vessel) with continuous stirring until the
sulphur completely melted. The molten sulphur sample was then
poured through the cotton cloth into the vessel containing 1 L of
plant extract. This was cooled for 10 min. The solidified sulphur was
washed three times using 1.5 L of distilled water (room temperature)
and then dried in a dryer at 27 �C (Fig. 2). Same procedure was
repeated for the remaining nine sulphur portions.

The second step, ‘shodhana’ using the steam of the plant extract,
was carried out for the sulphur obtained from the previous step. For
this purpose, 3 L of fresh E. alba extract was placed in a stainless-
steel steamer (10 L capacity). Then the mouth of the steamer was
covered with a cotton cloth and tied to keep it in place. A second
steamer pot was also prepared in the same manner. Dried sulphur
(2.28 kg for each pot) obtained from the first stepwas placed on top
of the cotton cloth and covered with a lid. This was subjected to
steam under mild flame for 3 h followed by cooling down to room
temperature (Fig. 3). Finally, steamed sulphur solids were dried in a
dryer at 27 �C (Fig. 4). The final step of the ‘gandhaka shodhana’was
performed in the same way as the first step. For this purpose, 1 L of
E. alba extract was used for each 564.5 ± 0.00 g of steamed sulphur
portion. After the completion of final step, solidified sulphur
granules werewashed and dried in the dryer at 27 �C. This was then
cooled down for 10 mins.



Fig. 1. Preparation of E. alba extract (a) cleaned plant (b) extract of E.alba (c) vessel with extract.

Fig. 2. First step of ‘gandhaka shodhana’ (a) crude sulphur (b) melted sulphur powder (c) melted sulphur poured into the prepared vessel.

Fig. 3. Second step of ‘gandhaka shodhana’ (a) preparation of the vessels with sulphur obtained after first step (b) sulphur placed in steamer for 3 h (c) steamed sulphur.

Fig. 4. Final step of ‘gandhaka shodhana’ (a) sulphur obtained after second step melted (b) melted sulphur poured into prepared vessel
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2.2. Laboratory sulphur purification

Recrystallization of the crude sulphur was adopted for the
traditional laboratory purificationmethod [12]. A 40.00 g portion of
crude powdered sulphur was heated with 400 mL xylene under
continuous stirring until the sulphur was completely dissolved. The
mixture was then filtered through a clean cotton cloth and cooled
slowly to room temperature allowing the formation of crystals. The
resultant crystals were separated using filtration and dried at 27 �C
(Fig. 5).

2.3. Characterization methods of sulphur

Sulphur samples, obtained from ‘gandhaka shodhana’ procedure
and laboratory recrystallization procedure along with un-purified
crude sulphur, were analysed initially by observing physical
3

parameters such as, colour, phase, allotropic form, odour, solubility,
hardness, transparency, and lustre. The detailed surface
morphology of sulphur samples was characterised under different
magnification using Scanning Electron Microscopy (SEM, Hitachi
SU6600). The relative chemical abundance was analysed using
energy-dispersive X-ray spectroscopy (EDS, Hitachi SU6600 SEM).
Internal structures of prepared sulphur samples were analysed
using X-ray diffraction patterns (XRD) on Rigaku SmartLab SE X-ray
powder diffractometer supplied with Cu Ka radiation (¼0.154 nm)
over a 2 theta range of 0e80, with a step size of 0.02 and a step time
of 1s. Thermal degradation was determined using Differential
Scanning Calorimetry (DSC) analysis for each sample using a
Netzsch DSC 204F1 Phoenix instrument. Samples (12e15 mg) were
loaded into Alumina crucibles with pierced lid and heated from 30
�C to 300 �C at 10 �C/min under a flow of nitrogen (60 mL/min).
Thermogravimetric studies (TGA) were performed in PerkinElmer



Fig. 5. Sulphur laboratory purification (a) crude sulphur dissolved in xylene (b) filtered solution (c) recrystallization of sulphur (d) dried purified sulphur.
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Thermal Analysis. Samples (7e10 mg) were scanned from 30 �C to
300 �C at a heating rate of 10 �C/min in nitrogen environment.
Infrared spectra of the samples were recorded by Attenuated Total
Reflection Fourier Transformed Spectroscopy technique (ATR-FTIR),
using a Spectrum Two between 4500 cme1 and 500 cme1 range.
Raman spectra were recorded on a Bruker Senterra Raman micro-
scope spectrophotometer under the magnification 10x and laser of
wavelength 532 nm was used as the excitation source with an
average power of 10 mW.

2.4. Analysis of data

Origin software was used for the relevant areas and Mean ± SD
was calculated at each step in ‘gandhaka shodhana’ with multiple
portions (10 portions in first step, 2 portions in second step and 8
Table 1
Summary of the ‘gandhaka shodhana’ process with one portion of sulphur taken for each

Step Av. weight of sulphur taken
in each step (initial) (g)

Temp. (�C) inside
the vessel

Temp. (�C) of the

Before Afte

First 500.00 ± 0.00 115.3 ± 0.6 28 60.7
Second 2280.00 ± 0.00 e 28 90.0
Final 564.50 ± 0.00 117.4 ± 0.6 28 60.5

* values were expressed as mean ± SD (first step n-10, second step n-2 and third step n

Fig. 6. Appearances of sulphur samples (a) crude sulphur (b) sulphur obtained after 1st ste
sulphur obtained fater purification by xylene.

4

portions in final step) to maintain uniform conditions within the
each step.

3. Results and discussion

3.1. Sample preparation

The first step of the ‘gandhaka shodhana’ method is known as
the melting and pouring (dhalana) [17] process in which liquefied
sulphur was poured into a fresh herbal extract through a clean
cloth. During the melting, mild heat was used, resulting in the
complete melting of each sulphur sample within 5 mins. The
freshly prepared E. alba extract was dark bluish green at the
beginning and the colour changed to dark brownish green after
the process. During the drying, there was a colour transformation
step.

media Av. weight of sulphur (final) in each step

r (mean) Av. weight after the step completed (g) Analysis amount (g)

± 2.64 483.30 ± 0.90 50.0
± 0.00 2270.0 ± 0.03 50.0
± 0.64 520.50 ± 0.70 50.0

-8).

p (c) sulphur obtained after 2nd step (d) sulphur obtained after shodhana process (e)



Table 2
Summary of the single purification process of sulphur with xylene.

Description Information related
to description

Weight of crude sulphur taken for the process 40.00 g
Volume of Xylene taken for the process 400 mL
Inside temperature at the beginning 27 �C
Time taken for total dissolving procedure 75 min
Inside temperature at the end 88 �C
Time taken for recrystallization 120 min
Inside temperature at the end of recrystallization 27 �C
Final volume of xylene after separating

the recrystallized xylene
396 mL

Weight of the recrystallized sulphur 30.27 g
Weight loss of sulphur during the process 9.73 g
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in the samples from dark yellow to light yellow. The average
yield of sulphur portions taken from the first step was
483.3 ± 0.9 g and average wastage was 16.7 ± 0.9 g. Physical
impurities were visible on the filter cloth i.e. stones after pouring
into the vessel. Further, there was an orange-black glue-like
residue on the melting vessel that gets converted to a rubber like
structure (plastic sulphur). There was a very small amount of this
residue in the concave stainless-steel vessel, despite the tem-
perature remaining at 115.3 �C. This could have been caused by
the bottom of the vessel being in contact with the controlled
flame. This portion was not collected. The second step was a
steaming (swedana) process with the E. alba extract. At the end of
this step ,the colour of the sulphur samples changed slightly to
Table 3
Physical changes in sulphur samples.

Physical characteristics Crude sulphur ‘Gandhaka shodhana’ metho

1st step sulphur 2

Colour Lemon yellow Greenish yellow B
Phase Solid Solid S
Allotropic form Crystalline lumps Granular aggregates G
Odour Typical sulphur odour Characteristic C
Solubility in water Not soluble Not soluble N
Hardness Brittle þ Brittle þþ B
Transparency Translucent Opaque O
Lustre Resinous Pearly D

Fig. 7. SEM images of sulphur samples related to ‘gandhaka shodhana’ with E. alba and labo
sulphur obtained after 2nd step (d) ‘sulphur obtained after 'shodhana' process (e) sulphur

5

brownish yellow. The temperature inside the steamer could not
be monitored as the process occurred in a closed system, but the
external temperature varied between 88 �C and 90 �C. The
average yield obtained was 2.27 ± 0.03 kg and the average
wastage was found to be 0.01 ± 0 g. During this step there was no
considerable change in the average yield of sulphur compared to
the first step as this stage does not involve any transferring steps.
Additionally, this steaming procedure converts dried sulphur
samples to a moist texture, as a result, some of the sulphur
particles adhere to the cloth. The final step was a melting and
solidification step similar to the first step and the time taken for
melting of 564.5 g was 7 min. The average yield in this step was
520.5 ± 0.70 g and the average wastage was 44 ± 0.70 g. Overall
observations in each step of the procedure are tabulated in
Table 1, 3.

The reduction in the weight of sulphur (Table 1) was mainly due
towastages during heating, liquefying and pouring procedures. The
yield of sulphur from the first, second and third steps were 92.32%,
99.64% and 92.55% respectively. It is clear that the main loss of the
weight occurred at the first step. This was mainly due to the sep-
aration of sulphur from the physical impurities such as sand, stones
[5] and mud as shown in Fig. 2c along with the elimination of other
bonded volatile, impurities from sulphur samples [18]. When
comparing the wastage of first step with the wastage of final step,
slightly higher wastage was observed in the final step. During the
separation of resolidified sample from the E. alba extract, fine
sulphur particles remained within the extract and they were
observed again during the washing and drying of sulphur obtained
d Laboratory method

nd step sulphur Final step sulphur

rownish yellow Brown-green mixed yellow Bright lemon yellow
olid Solid Solid
ranular aggregates Granular aggregates Crystalline particles
haracteristic Characteristic Xylene odour
ot soluble Not soluble Not soluble
rittle þþ Brittle þþþ Brittle þþþ
paque Opaque Translucent
ull Pearly Vitreous

ratory purification with xylene (a) crude sulphur (b) sulphur obtained after 1st step(c)
obtained after purification by xylene.



Fig. 8. EDS of sulphur samples (a) crude sulphur (b) sulphur obtained after 'shodhana
process' (c) purified sulphur by xylene.

Fig. 9. XRD patterns of sulphur samples.

T.A.N.R. Gunaratna, P.K. Prajapati, K.M.N. de Silva et al. Journal of Ayurveda and Integrative Medicine 14 (2023) 100751
after ‘shodhana’ process. This is mainly due to the enhancement of
sulphur fragility with the ‘shodhana’ process [19]. Enrichment of the
sulphur sample with plant materials was evident from the
brownish colour patch on the cotton cloth after filtration and this is
supposed to be beneficial for further processes [20].

On the other hand, in the laboratory purification of sulphur with
xylene, sulphur was deposited on the bed of the beaker at the
beginning and with increasing temperature, sulphur started to
dissolve in xylene as shown in Fig. 5b. After the sulphur completely
dissolveed the colour of the xylene turns slightly yellow. When the
mixture is filtered through a clean cotton cloth, dark coloured solid
particles with some residual sulphur were observed over the cotton
filter cloth. The recrystallization of sulphur started at the the base of
the beaker, and it spread upwards. Recrystallized sulphur appeared
as shiny crystals. Despite the low level of impurities on the filter
cloth, 9.73 g of waste was generated. This is likely due to some
sulphur remaining in the xylene used for the procedure.The
6

evidence for this was found in the colour of the used xylene and in
the occurrence of sulphur crystals over time. Observations are
tabulated in Table 2, 3.

3.2. Physical analysis

The physical changes such as colour, allotropic form, odour,
hardness, transparency and lustre of the crude sulphur, first step
completed sulphur, second step completed sulphur, third step
completed sulphur by E. alba and laboratory purified sulphur with
xylene are given in Table 3 and Fig. 6.

The initial lemon colour of sulphur was converted to a greenish
yellow hue during the first step due to the stable bluish green dye of
the E. alba plant extract. This colour further changed into a
brownish yellow and a brown-green mixed yellow after second and
third stages of ‘gandhaka shodhana’ respectively. This implies that
there are physical and chemical interactions between sulphur and
functional groups present in E. alba plant extract which caused the
sulphur to obtain a more suitable texture as a pharmaceutical
material. In the laboratory sulphur purification method, there was
no visual colour change as the xylene only acts as a solvent to
dissolve sulphur and there is no other interaction. Mohs hardness
range of crude sulphur is 1.5e2.5 [21] and therefore hardness of
each sample was tested using fingernail and found that brittleness
of samples increased with the ‘shodhana’ steps. This could be due to
the dhalana procedure during the ‘shodhana’. Also, crude sulphur's
lustre became pearly with the first step of the ‘shodhana’ process,
but then became dull with the ‘swedana’ stage. However, upon



Fig. 10. DSC thermograms of sulphur samples.

Fig. 11. TGA curves of sulphur samples.
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completion of the ‘shodhana’ process, sulphur regained its pearly
appearance as the final step also engaged with the dhalana process.
On the other hand, laboratory purified sulphur showed vitreous
lustre with its recrystallization process. As a simple molecular
structure, sulphur atoms combine with covalent bonds to form
molecules which are held together by intermolecular bonds [22] to
form crystalline sulphur that consists of puckered S8 rings in the
shape of crowns [23]. During the heating process in the first step of
Ayurveda method, crude sulphur melts at 115.3 ± 0.62 �C breaking
down the intermolecular bonds and to form a mobile, amber liquid
7

containing S8 rings. Usually this liquid contains S8 orthorhombic
and monoclinic [24] sulphur forms. During this process sulphur
comes in contact with plant extract and, the physical and chemical
interactions with the natural products in the plant extract, cause
the sulphur to distort from its original forms by forming aggregated
granules as shown in Fig. 6 (b, c and d). After the completion of this
step, sulphur was dried under room temperature and this process
changes the amorphous sulphur to orthorhombic form (supported
by XRD data) and during this transition, the solid sulphur dries into
amore brittle nature by the formation of many cracks [24]. All other
characteristic physical changes such as transparency and lustre
exhibited by sulphur samples can also be attributed to this Ayur-
veda ‘shodhana’ method of sulphur. On the other hand, in the lab-
oratory purification method, crude sulphur was dissolved in xylene
at 88 �C and the recrystallization of sulphur occurs at room tem-
perature under gradual cooling. During this process, the stable
rhombic form is formed below 96 �C [25] with better transparency
and lustre of pure crystalline sulphur [26]. The differences of
physical allotropic form, size, and shape of the samples in ‘shod-
hana’ process steps and recrystalized sulphur are mainly due to the
differences in the steps. There were different sizes and shapes of
granular sulphur particles in the samples of ‘shodhana’ process
steps and this was due to the filtration through the fabric during the
first and final step of ‘shodhana’ process. This was further
augmented with the conjugation of melted sulphur with resolidi-
fied sulphur. On the other hand, size, and shape of the recrystallized
sulphur during the laboratory purification also varied as that
recrystallization formed chained sulphur crystals.

3.3. Scanning Electron Microscopy (SEM) with energy-dispersive
X-ray spectroscopy (EDS) analysis

SEM images obtained for different stages give morphological
information during the ‘shodhana’ and laboratory purification
processes (Fig. 7). Samples showed an irregular surface. The porous
structure of the sulphur was observed to have increased with the
thermal changes during the steps involved in Ayurveda procedure.
The porosity of laboratory purified sulphur had also increased
giving regularly arranged small pores with good crystallinity even
after a single step. Nevertheless, careful observation of SEM images
of obtained sulphur through Ayurveda ‘shodhana’ process clearly
reveal its increased porous nature going from first step (Fig. 7b) to
the second step (Fig. 7c) and to the third step (Fig. 7d) compared to
the crude sulphur sample (Fig. 7a). According to the images,
sulphur obtained after the third step shows very large inter-
connected pores [27] this can be credited to its high brittleness as
observed in Table 3 [28]. This brittleness and porosity is very
important to enhance its suitability as a pharmaceutical material
[29]. Further, EDS of each sample showed the presence of sulphur
as the only significant or major chemical element (100 wt%) within
the ppm level (minimum ismass fraction of C¼ 0.0001 or 100 ppm)
[30] according to the mass concentration (Fig. 8). Despite the fact
that the other elements could have been present in the crude
sulphur or in the ‘shodhana’ process involved and in laboratory
purified sulphur samples, their detectability was far below the
practical limit for EDS of bulk specimens [30]. Hence, the EDS
related to the sulphur samples showed only sulphur (100 wt%) as
the major element.

3.4. X-ray diffraction (XRD) analysis

The powder XRD data indicates the nature of the internal
structure (crystal character) of a substance. All sulphur samples
were subjected to XRD studies and XRD patterns obtained are given
in Fig. 9. The orthorhombic form (alpha sulphur) was present in all
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samples by the typical characteristic diffraction peaks at 2q ¼ 23.1�,
25.9�, 27.8� and 28.6� and it is in agreement with the international
centre for diffraction data, mineral database and previous sulphur
diffraction data [27,31]. There were peaks related to the monoclinic
form [28] (beta sulphur) (between 2q, 20�e40�) as well. This can be
attributed to the rapid heat changes in the Ayurveda procedure and
the lower intensity of these peaks are related to their instability at
room temperature [28]. The most important observation of this
study is the change of crystalline nature from crude sulphur to
‘shodhana’ process completed sulphur. As the ‘shodhana’ steps
proceed, sulphur turns more nebulous agreeing with both SEM and
brittleness observations. This nebulous nature of sulphur is more
suitable for pharmaceutical preparations as it can easily blended
and homogenized with other ingredients. In contrast, laboratory
purified sulphur clearly highlights a diffraction peak at 2q ¼ 19.77�

when comparing with the ‘shodhana’ process steps. This could be
due to the recrystallization process using xylene as it induces high
Fig. 12. (a) FT-IR of sulphur samples taken after the completion of each step i
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crystallinity of sulphur. With this highly crystalline nature (high
rigidity) and extremely sharp peaks, it shows that laboratory pu-
rified sulphur is inappropriate for pharmaceutics.
3.5. Differential Scanning Calorimetry (DSC) analysis

All sulphur samples shows three transitions. As given in Fig. 10,
at the beginning sulphur undergoes solidesolid transition from
orthorombic crystal to monoclinic crystal observed at at 107.1 �C in
crude sulphur which decreased to 104.5 �C in the final purified
sampleafter undergoing three ‘shodhana’ steps. However, in the
laboratory purified sulphur the temperature increased to 113.0 �C.
With further heating, all the suphur samples undergoes melting at
~120.9 �C. Third endothermic step happened at 182.7 �C for crude
sulphur and it slightly dropped to ~178.1 �C for sulphur samples
after ‘shodhana’ process and increased to 186.1 �C for laboratory
purified sulphur sample. In general sulphur undergoes ring
n ‘gandhaka shodhana’ and laboratory method (b) FT-IR of E. alba extract.
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opening polymerization with the heating as discussed in the pre-
vious reports [32]. According to Jena et al., elemental sulphur ex-
hibits rich allotropy: S2, S3, S4 ….Sx and most stable form is eight
membered ring which is known as cyclooctasulphur or S8. This
type forms orthorhombic or alpha sulphur at room temperature
and pressure. When it is heated, it undergoes several transitions;
first solid to solid transition from orthorhombic to monoclinic or
beta sulphur at ~95 �C and secondly, with further heating, solid
liquid transition at ~115 �C upon further heating, sulphur un-
dergoes free radical ring opening at ~159 �C and above. This poly-
meric form of sulphur is not stable at room temperature and
pressure, therefore it reverts to S8 form [33]. During the ‘shodhana’
and purification procedures of this research, the temperature did
not exceed ~120 �C and therefore DSC was only limited to 0e300 �C
temperature range (Fig. 10).

3.6. Thermo-gravimetric analysis (TGA) analysis

Thermo-gravimetric analysis was used to determine thermal
stability of sulphur and fractions of its volatile components with
each ‘shodhana’ step in the Ayurveda method and the laboratory
purification process with xylene compared to the crude sulphur
(Fig. 11). According to the results, all sulphur samples start their
degradation around ~180 �C. Major weight loss in all sulphur
samples starts at ~286.4 �C. However, all samples do not show the
same reduction at this temperature. This is likely due to combina-
tion with other compounds during the ‘shodhana’ process. Overall,
all the sulphur samples decompose thermally in the range of 100
�Ce500 �C and this is in agreement with previous studies.

3.7. Fourier transformed infrared spectroscopy (FT-IR) analysis

IR spectra of sulphur samples are shown in Fig. 12a. Crude
sulphur shows aweak broad band at 3365.68 cm�1 which is related
to eOH stretching and later with the ‘shodhana’ steps from Ayur-
vedamethod, this band becomesmuchmore prominent. This broad
band is missing in the laboratory purified sulphur sample and eCH
stretching vibrations at 2972 cm�1, 2919.63 cm�1 and 2870 cm�1

[28] are prominent in this sample. Stretching vibration of eC¼O at
1651 cm�1 appears in all the samples except in laboratory purified
Fig. 13. Raman spectra o
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sulphur sample. The most prominent observation is the absence of
eNO2 stretching band at 1516.61 cm�1 for sulphur samples after
the Ayurveda ‘shodhana’ process. This could be due to the chelation
process [34] caused by the elements such as Fe, Zn available in the
E. alba extract [35] supported by the removal of nitro compounds.
Considering the toxicity issues of nitro compounds in medicines
[36], this removal enhances the medicinal quality of the ‘shodhana’
process completed gandhaka. This band is clearly present for crude
and laboratory synthesized sulphur samples. Bands at 1396 cm�1

and 1456 cm�1 in laboratory purified sulphur can be related toeCH
bending vibration [37]. Absorption bands at 1284 cm�1 and
1052 cm�1 could be assigned to eCO stretching vibrations [37].

Plants produce a wide diversity of secondary metabolites which
serve them as defence or signal compounds and therefore they
exhibit a wide array of biological and pharmacological properties
[38]. Thiswork used E. albawhich is known to be rich in phenolic and
flavonoid [39] compounds and which reflects its ability to act as a
detoxifying [40] and chelating agent [34]. Comparison of IR bands of
sulphur samples obtained after completion of 'shodhana process' are
given in Fig. 12b No differences were seen between the samples
confirming the presence of active principles which such as coume-
stans, alkaloids, flavonoids, glycosides, polyacetylenes, triterpenoids
of E. alba [41] within the sulphur samples. Additionally, it is also
confirmed that the ‘shodhana’ process with E. alba extract did not
facilitate the inclusion of functional groups during the process but did
enhance the medicinal properties by modulating the sulphur nature.
3.8. Raman analysis

Raman spectroscopy was used to examine low frequency
vibrational modes and homo-nuclear molecular bonds of the
sulphur samples. Elemental sulphur could be easily identified by
the typical Raman bands at 84 cm�1, 115 cm�1, 150 cm�1, 184 cm�1,
219 cm�1, 245 cm�1, 435 cm�1 and 472 cm�1 [33]. As presented in
Fig. 13, research samples clearly show the Raman bands at 82 cm�1,
152 cm�1, 217 cm�1, 245 cm�1, 435cm�1 , and 471 cm�1 within the
spectral range 100 cm�1e600 cm�1. These bands represent homo-
nuclear sulphur bonds (SeS and SeSeS) [42], but no bands are
present within the 500 cm�1e1500 cm�1 range in agreement with
reports in the literature [33].
f sulphur samples.
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4. Conclusions

This research focuses on the physical, morphological, and
structural changes in sulphur when subjected to ‘gandhaka shod-
hana’ and laboratory purification processes. This was confirmed by
the SEM, EDS, XRD, DSC, TGA, FT-IR and Raman analyses. SEM
showed that the porous structure of the sulphur increases during
the gandhaka shodhana’ steps. Large interconnected pores were
visible in the ‘gandhaka shodhana’ processed samples using E. alba
extract in comparison to laboratory purified sulphur. This increased
porosity was correlated to the brittleness, and this can be consid-
ered beneficial as sulphur can be mixed more efficiently with other
ingredients during Ayurveda pharmaceutical preparations. Addi-
tionally, XRD data further supported the nebulous nature of Ayur-
veda processed sulphur compared to sulphur purified using xylene.
The FT-IR spectra indicated the removal of nitro compound even
after the first step in the ‘gandhaka shodhana’ method. Further,
when comparing the change in E. alba extract with the change in
sulphur samples after the 'shodhana' process, it was shown that
active principles in plant extracts are not always absorbed or
adsorbable, but that the overall process aids in disintegrating the
samples. As a result, it is evident that the concept of 'shodhana' has
a strong scientific basis in Ayurveda. On the other hand, DSC, TGA,
Raman, and EDX data also indicate sulphur is retained as it is, as
evidenced by the presence of S-S and other sulphur-related bonds
after gandhaka shodhana'. Although the laboratory purification
method separates the sulphur from chemical impurities, the Ay-
urveda ‘shodhana’ process converts the sulphur into a state where it
is more suitable as a pharmaceutical material by enhancing
porosity, fragility as these qualities support to disintegration and
blend with other materials during the pharmaceutical
manufacturing processes. Therefore, mixing with herbal extract,
E. alba, enhances the utility of sulphur as a therapeutic while per-
forming detoxification as well.
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