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Abstract
Geological sequestration of CO, in porous sedimentary medium filled with saline water

requires a clear view of the gas behavior as a function of topology of the hosting pores, linked
to capillary phenomena. The sedimentary medium is modeled as a random packing of equal
spheres giving rise to 3D network of pore bodies and throats. The injected CO, pushes the
water from pores of the reservoir. The scenario is simulated by the increase of the curvature
of the liquid/CO; interface. Eventually a critical state is reached where the liquid is drained
from pores. When the liquid counteracts this first drainage step (imbibition), there is a
progressive decrease of the interfaces curvature until they merge together, eliminating the
CO; from pores. This pore-scale investigation of the mechanisms possibly occurring after a
gas injection is studied.

Keywords: Drainage, imbibition, surface evolver, capillary pressure, porous media

Introduction

In recent decades, the CO, concentration in the atmosphere has rapidly increased® with a
wondering correlation with global climate changes®. As a consequence, increasing efforts
have been directed towards finding solutions to mitigate the CO, concentration in the
atmosphere. One of the most serious solutions is offered by the CO, injection directly inside
deep geological formations. The formations are potentially capable to store many thousands
of gigatones of gas, possibly over several thousand years. Meanwhile, large sedimentary
basins with easy access (depth around 800 m) are widely distributed worldwide, having
tremendous pore volume, capped by impermeable rocks, and containing saline water of no
use®. The injected CO, invades the porous space leading to non-saturated state and the system

converges towards a quasi-equilibrium state, wherein major portion of initial CO, is

Pradeep Kumar,
J. Isas., 1(3), 1-14, 2023
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persisting as disseminated air pockets, part is dissolved inside the contacting solution, and
part is mineralized by turning into carbonates.

The CO; sequestration in geological formation is the outcome of two key processes: drainage
and imbibition. Drainage process occurs during the period of CO, injection, the CO, bubble
disperses inside the pore spaces because the gas-liquid interface advances against the liquid
(drainage). Depending on the topology of the pores network, the initially continuous bubble
can penetrate the whole network (splitting of bubble sticky CO, plume), turning into a series
of smaller bubbles, or just slides inside the media depending on the minimization of the
interface mean energy (slippery CO, plume®). In the post injection period, imbibition process
initiates. The gas-liquid interfaces recede inside the pore spaces due to the increasing liquid
pressure related to the drainage event (imbibition). In the drainage process, different
pathways are possible depending on the pore's topology inside the sedimentary reservoir. As
a consequence, the drainage and imbibition processes are governed by the capillary pressure
at the two fluids which determines the partitioning between liquid and CO, saturation in the
reservoir, under the final conditions.

We are using below the basic laws of capillarity to understand which processes at the pore
scale determine the gas trapping or the out gassing. The interface (meniscus) between the
non wetting and wetting phases is curved expressing the capillary pressure between the two
contacting phases (Young Laplace equation). The associated surface area and volume of the
liquid and gas which share the pore space provide a quantitative estimate of the gas/liquid
trapping state of the pores network. These calculations as well as the building of the model

pores network is performed through the Surface Evolver software.

Surface Evolver Software
The Surface Evolver software was developed by Brakke® to study the soap film surface shape

and minimize it's energy according to different constraints, like surface tension, geometry,
gravity effects, all parameters related to the stability of one interface under a certain degree
of curvature (capillary interface). These characteristics make it a suitable tool to study the
effect of these parameters in the CO; sequestration strategies, when the injected gas(CO.)
meets the resident aqueous solution (in general, a long-time resident brine). The software
requires as inputs the initial surface location, different characteristics of the surface, and the
surface dependent energy function. Actually, it operates on surfaces which consist of
geometric elements plus auxiliary data such as constraints, boundaries and forces. The basic

elements used to represent a surface are vertices (points in Euclidean 3D-space), edges, facets
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and bodies. The coordinates of the vertices are the parameters that determine the location of
the surface, and are changed according to the minimization procedure. The surface is
implemented as union of flat triangles, so that the smoothness of a sphere depends on the
number of triangles (Fig. 1). The total surface energy quantity results from the surface tension
and other terms like gravitational energy. Then, the software makes the surface to change
under these given constraints to obtain the equilibrium configuration (minimum energy).
Finally, the shape of interface under equilibrium conditions is displayed and corresponding
surface area and volume can be obtained. One of the interesting feature of this software is
that the minimization is done without directly applying Young Laplace equation, though it is
inherently satisfied. Thus, it can be applied to complex geometries which are difficult to

model through a direct use of the Young Laplace relation.
Pore-scale Model of Sedimentary Media

To model the physical processes occurring during the CO, sequestration such as
drainage/imbibition, an adequate knowledge of the pore space geometry is essential. Natural
media have complicated pore space geometries, which are also heterogeneous from place to
place. Many models, even sophisticated, are unable to satisfactorily describe the behavior of
two immiscible fluids in three-dimensional pore space®®. To concentrate ourselves on the
physical laws without geometrical complexities, we used a model of random packing of equal
spheres®. The random packing of equal spheres gives rise to a network of pore bodies, the
largest pore spaces, connected by throats, the thinnest pore spaces, which coexist
permanently and host a continuous liquid or a liquid-gas biphase mixture (Fig. 1). The pores
could be described in terms of tetrahedral sub units, centers of four spheres lying on the
vertices of a tetrahedron. The void space inside the tetrahedron corresponds to a pore body
while the cross section of each face corresponds to a pore throat. An interface located at the
pore throat can accept capillary conditions which makes it to collapse if hosted in the pore
body. It becomes obvious that the way the whole reservoir drains or imbibes, meaning that
the way each pore empties or fills, will influence the stability of liquid/gas trapped in the pore
bodies or pore throats. Our aim is to clearly decipher the main steps and mechanisms in these
processes, and renew the basics of the real systems modeling.

This configuration where thin spaces directly coexist with larger spaces is very often called
the ink-bottle arrangement by the soil scientists. It makes possible the coexistence of gas and
liquid at equilibrium even under pressure, owing to the cohesion of the liquid capillary
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bridges which can take place either across the thinnest (high capillary conditions) or across
the largest (low capillary conditions) pore spaces. A direct first conclusion is that the throats
can host more capillarized liquid than the bodies, while coexisting with gas filled pore body.
In other words, we can say that once the pore bodies have been emptied, a re-emptying stage
requires a significant change of the local conditions. As a consequence, during a succession
of drainage-imbibition events, naturally there is a range of conditions along which a bubble

can be trapped in the bodies while the contacting throats are imbibed under varying pressure.

Capillary Pressure

The capillary properties of the pores and throats determine the drainage/imbibition.
According to the Young Laplace law, the capillary pressure is the pressure difference (P)
across a curved interface between the wetting and the non-wetting phases. It is directly
proportional to the surface tension between the two phases, and inversely proportional to the

size of the bridge.

1 1
AP =Py -Ry =71y X(_"'_j @

1 b

Where Pnw and Py are the pressures of, respectively, the non-wetting (CO,) and the wetting
(aqueous solution) phases. LV is the surface tension between the two phases. r; and r; are the
main radii of curvature of the meniscus, and for spherical meniscus: r; = r,. The two radii are
connected to the radius of the hosting pore, through the contact angle made by the meniscus
on the solid wall (noted 6.), rpore = 'meniscus/cos (0), and it is also connected to the curvature
of the interface (noted C) by: C = 1/rpoRe.

The CO; is injected in the sedimentary media deeper than 800m, at pressure higher than
10MPa while the temperature ranges over 35-60°C.The critical pressure of CO; is 7.39 MPa
and the critical temperature is 31.1°C, hence, the CO, penetrates the reservoirs as
supercritical fluid. Along these P, T conditions, the interfacial tension between CO, and brine
remains almost constant close to 26 mN/m'* and this value was used in all simulations.
Moreover, the wetting phase was assumed to completely wet the solid spheres, i.e. the
meniscus sticks to the solid wall with a nil contact angle. That means the solid is hydrophilic
enough for the liquid to slip on it without energy cost. In physical chemistry terms, that
translates in the following Young Dupré relation:

Yov = YL = 7LV-COS€ (2)

where the subscript defines between which phases the surface tension is considered. When
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the liquid-to-vapor surface tension (y.,) is equal to the difference between the two other
surface tension (solid-to-vapor vysy, and solid-to-liquid vys), the contact angle is zero. This is
the case of the perfect wetting, characteristic of the surfaces with high ysy owing to their
large cohesion energy (glasses, metals, oxides). On the contrary, the low ys, solids will have a
very high contact angle (organic solids, like Teflon, for instance).

Eventually, the capillary pressure appears entirely governed by the configuration of pore or
throat. The smaller the pore, the larger the capillary pressure, and therefore, the most
stabilized can be the liquid by the capillary effects. With the presently used ink bottle
geometry, it appears that the liquid should persist at the pore throat while the CO; should
more easily invade the pore body. Our primary objective is to illustrate how such basic
heterogeneity controls drastically the evolution and the amount of the gas trapped inside the

media, all together with the local (P, T) conditions.
Building Diversely-filled Pores Network

As discussed above, the knowledge of the geometrical distribution of the two immiscible
fluids within the pores is of the utmost importance to predict the capillary pressure saturation
relationships of the porous media, and therefore, play the primary role in the key processes of
drainage, imbibition, and dissolution. First, the exact size of the wall-to-wall distance where a
liquid-gas interface takes place also controls the limiting curvature which interface might
attain during the varying capillary pressure. Each time the interface curvature exceeds the
limit, obeying the Young Laplace relation (equation (1)), the interface collapses and moves to
another more favorable place. We assume the Young Laplace equilibrium throughout in our
simulation, though it is experimentally known that it can be trespassed**™®.Second, spatial
characteristic, of consequence in our reasoning, is the surface area of the interface between
wetting and non-wetting phase i. e. between the brine solution and the CO, phase: it is termed
hereafter the bridge area or interface area and is of primary importance while considering the
other storage process i.e. gas dissolution in brine solution. On the practical side, the gas or
liquid volume present in the pores network are expressed relative to the pore volume itself:
this is termed as saturation ratio, a common way to express the liquid/gas partitioning in the
usable volume. To do such calculations, and also to evaluate the corresponding capillary
pressure, we need to choose a peculiar grain size. In simulation, the spherical grains are

considered of diameter of 10 micron, a choice which corresponds to pore diameters around 2
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pum. Also, the hydraulic connectivity is assumed to be everywhere, meaning that a change in
the pressure conditions make the whole reservoir to react: hydraulic gradient is everywhere

active on the transport processes and capillary pressure adjustments.
Liquid Bridge between Two Equal Spheres: Pendular Ring

Let us begin with the simplest situation where a liquid volume is held between two equal
spherical grains against the gravity (suspended water) forming a capillary liquid bridge. The
bridge is characterized by a constant mean curvature having pendular shape (Fig. 2).

Some part of the spherical grain comes in contact with the wetting phase of the pendular
ring. However, in the remaining part of the grain, the liquid spreads over the grain surface in
the form of a thin adsorption film. This thin film provides the hydraulic connectivity of the
liquid phase throughout the whole packing of spheres. Negligible liquid volume is contained
inside the thin film in comparison to the pendular ring. However, in addition to liquid bridge,
the film realizes a liquid-CO, interface necessarily required for gas dissolution. Hence, the
total interface area is taken as the sum of the water thin film area and the ring area, and is
expressed (Fig. 3) relative to the area covered by a water monolayer over the two grains. As
for the liquid bridge, the two key parameters (Fig. 3) are the curvature of the interface
(depending on the capillary pressure, namely the pressure difference across the interface), and
the associated volume delimited by the interface, which characterizes the liquid amount
wherein any dissolved solutes (like agueous CO, or any weathering products) can settle in.

Investigating the pore scale from these two sides, area and volume, allows to get a
simultaneous view of the surface/volume ratio, which is directly connected to the
trapping/dissolution behaviors.

The amount of liquid held in pendular ring is expressed relative to the liquid volume
contained between the two spheres at nil capillary pressure. With increasing capillary
pressure, the curvature of the pendular ring goes on increasing, thereby decreasing the liquid
amount while the total interface area increases. At this stage, do notice that we normalized
the interface area to the area occupied by a monolayer of water (assumed 0.3 nm thick)
covering all the solid surfaces. Otherwise, when the value of the normalized interface area
comes closer to 1, the water is only present as adsorption films, while a decreasing value
points to an increasing amount of water trapped as capillary bridge. The curves (Fig.3 left)
can be subdivided into three parts according to the local slope of the characteristic curves. In
the first region the slope is very steep indicating that liquid is loosely held and can be carried
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away by compensating small capillary traction, while the removal of liquid increases the
interface area (Fig.3 right).

In the second region, the local slope gradually varies with capillary pressure: the liquid is
more strongly bounded by capillary force, but keeps significant volume trapped as capillary
bridges. Yet, the relative total interface area gradually increases with increasing capillary
pressure.

In the third region, the slope remains almost constant: the liquid volume is almost zero and
the relative interface area close to one. In this domain, the contact between the two fluids is
maximal, but the amount inside which one may trap dissolved gas is reduced to one
monolayer of water molecules (0.3 nm).

In terms of drainage/imbibition processes, the two-spheres scheme illustrates that it is not
possible to dry completely the grain packing, due to the special stability of adsorption films.
On complete drainage, the system is left as network of pendular rings trapping a continuous
CO; bubble. Thus, the liquid remaining in pendular rings contributes towards the residual
liquid saturation of the sedimentary systems.

One interesting point, though it is not developed below, is that in the first and the second
region, the CO is interacting with water experiencing a certain capillary pressure. And the in

gassing effect of the capillarized water at high suction is well-referenced'®%.
Liquid Bridge Adhering to Three Spheres: Drainage and Imbibition in Pore Throat

A situation where liquid phase adheres to three spheres allows coming closer to three
dimensional pores network. Three sphere configuration corresponds to the faces of a
tetrahedral subunit, at the location termed above the pore throat (Fig. 4), opposite to the pore
body (center part of the tetrahedron).

The pore throat provides entrance for the liquid-gas interface inside the pore body, so the
dimensions of the pore throat determine the capillary retention (imbibition) or the hydraulic
movement (drainage) of the interface. Initially, liquid in the form of a continuous phase
adhering to three spheres in contact with CO, from all sides. The increasing capillary
pressure causes the interface to become more curved. On reaching the “critical curvature” the
interface splits into three interfaces (Fig. 4). Simulation was carried by successively
increasing the capillary pressure expressing the progressive invasion of CO, (Fig. 5). At
critical curvature, the CO; is able to penetrate the central cavity of the throat, which traps
therefore a gas bubble in an equilibrium state. Before reaching the corresponding capillary

conditions, the liquid phase occupies most of the throat volume, filled after this threshold by
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CO; (VCO; = 0.49). Do notice that the liquid phase is initially continuous, and the gas
bubble is concentrated in the exterior medium, while after the CO, invasion, it turns into a
biphasic mixture of two immiscible fluids (CO, brine) coexisting in the throat spaces.

In drainage, CO; invades from one face. At the critical curvature, CO, passes through
triangular hole, and gets connected to the reservoir. In imbibition, on decreasing capillary
pressure, pendular rings start growing and finally merge together spontaneously, eliminating
CO; from triangular hole so that the CO, phase gets disconnected.

After drainage, the (small) liquid volume remains in the pendular rings even with increasing
capillary pressure, meaning that the amount of trapped CO, negligibly changes (Fig. 6).
These pendular rings contribute towards what is called the residual water saturation, namely
the water amount always persisting in natural media.

The imbibition process defines the stage where after a drainage period (normally, up to the
critical curvature), the capillary pressure starts decreasing, and the liquid-gas interface
recedes towards the pore. In a real medium, this stage is afforded when the liquid pressure
has sufficiently increased due to the drainage step, to reverse the driving force. At
imbibition, the pendular rings start growing up to special capillary conditions at which the
rings merge with each other forming a single liquid bridge adhering to the three spheres: the
cavity is filled with liquid throwing out the CO, from the central portion, and the CO, phase
now gets discontinuous (Fig. 6). On further decreasing the capillary pressure, the CO, amount
decreases in a gradual fashion with the gradual decreasing curvature of the liquid gas
interface.

The drainage and imbibition processes obviously follow different paths (Fig. 6), and the CO,
amount trapped at a particular capillary pressure depends on the pathway. During imbibition
process, and before attaining the critical curvature, there is a capillary pressure range along
which the CO, trapped as stable bubbles is drastically larger than that present along the
drainage process (Fig. 6; Vcoz~ 0.6).

The Four Spheres Case: Pore Body Drainage and Imbibition

A truly 3-dimensional pore network can be sketched by dealing with the liquid bridge(s)
adhering to four spheres tetrahedrally arranged. In this case, each series of three grains
displays a pore throat and wedge-shaped contacts (Fig. 7). The CO, can enter in the pore
body through any the four throats.
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Conclusion
In the present work we have carried out pore-scale investigation for CO, sequestration in

deep saline aquifer media through capillary equilibria integrating the capillarity laws to
understand the CO,-brine interface behavior along the different steps of the post injection
period, pressure associated to the drainage process, and its related equilibria towards the gas
pressure, these mutual changes controlling the behavior of the global bubble.

The heterogeneity which is well-known to exist in real reservoirs is simply assumed through
the equal-size of the constituting spheres, and varying sphere-to-sphere distance. It would be
straightforward to introduce a certain degree of varying sphere size, the combination of
possibilities becoming infinite of course.

In the present study, we used the “Surface Evolver” software, avoiding the direct
implementation of the Young-Laplace law though it is being inherently satisfied. As a
consequence, the present strategy and calculations could be extended to complex geometries,
as those defined through the packing of grains having varying and complex individual shapes.
Study was started with the simplest situation where a liquid volume is held between two
equal spherical grains against the gravity (suspended water) forming a capillary liquid bridge
of pendular shape characterized by a constant mean curvature. With increasing capillary
pressure, the curvature of the pendular ring goes on increasing, thereby decreasing the liquid
amount held.

The graph between liquid volume in pores versus capillary pressure can be subdivided into
three parts according to slope of the curve. In the first region of very steep slope indicates that
liquid is loosely held which can be removed by capillary pressure. The removal of liquid
increases the interface area. In the second region is characterized by gradually varying slope
indicating more strongly bounded liquid requiring more capillary force, significant volume
remains trapped. The relative total interface area gradually increases with increasing capillary
pressure. In the third region, the slope remains almost constant, large capillary pressure is
needed to remove the liquid volume. In terms of drainage/imbibition processes, the two-
sphere scheme illustrates that it is not possible to dry completely the grain packing. On
complete drainage, the system is left as network of pendular rings trapping a continuous CO,
bubble. Thus, the liquid remaining in pendular rings contributes towards the residual liquid

saturation of the sedimentary systems.
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The pore throat provides entrance for the liquid-gas interface inside the pore body. With the
increasing capillary pressure the interface becomes more & more curved and at the “critical
curvature” splits into three interfaces casing CO, penetration in the central cavity thereby
casing CO, trapping. The system becomes a biphasic mixture of two immiscible fluids (CO,-
brine) coexisting in the throat spaces. During the imbibition process the capillary pressure
starts decreasing, the pendular rings start growing eventually rings merge with each other
forming a single liquid bridge adhering to the three spheres. The cavity gets filled with
liquid throwing out the CO, from the central portion, and the CO, phase now gets
discontinuous. Simulation of the situation where liquid phase adheres to three spheres. The
drainage and imbibition processes follow different paths. The CO, amount trapped at a
particular capillary pressure is pathway dependent. During imbibition process, before
attaining the critical curvature, for certain capillary pressure range during which the CO,
trapped as stable bubbles is drastically larger than that present during the drainage process.

Figures:

PORE
THROAT

PORE

PORE
THROAT BODY

(@) (b) (©)

Figure 1. Left, four spheres tetrahedrally arranged, delimiting pore bodies. 'b*, pore
throat formed by three spheres. 'c', 2D schematic representation of pore body and pore
throat.
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Fig 2. A simulated pendular ring between two equal spheres (left) and the sectional view
(right).
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Figure 3. Pendular ring between two spheres. ‘a’ liquid volume in pores with capillary
pressure. 'b" gas-liquid interface area relative to the monolayer area (see text) with

capillary pressure.
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Figure 4. A typical simulated liquid bridge adhering to three equal spheres; before drainage
(a) and after drainage (b).
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Figure 6. Comparison of volume of CO, trapped during drainage and imbibition processes in
the pore throat formed by three equal spheres.

Figure 7. Liquid bridge adhering to four spheres arranged in a tetrahedral configuration.
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ABSTRACT

Natural resources like medicinal plants have been used traditionally to treat or manage
various diseases and disorders. Cleome species possess to have major bioactive compounds
with clinical significance. The present study was carried out to exploit the Cleome
rutidosperma for its phytoconstituents and to isolate major bioactive compounds and their
efficacy as cytotoxic agent against MCF-7 breast cancer cells. The isolated compound was
characterized with GC-MS spectroscopy and the structure was elucidated using spectral data
analysis which revealed the presence of a cardiac glycosides derivative that was isolated for
the first time from Cleome rutidosperma namely Acetic acid 3, 14-dihydroxy-10,13-
dimethyl-17-(6-0xo0-6H-pyran-3-yl)-hexadecahydro-cyclopenta[ o]Jphenanthren-16-yl ester
(Bufotalin). The crude and isolated Bufotalin possess to have potential anticancer activity
with an ICsg value of 22.86 pug/ml and 3.895ug/ml respectively, against the breast cancer cell
lines. The plant-mediated isolated cardiac glycoside bufotalin will be a potential agent for the

control of the proliferation of cancer cells.

Keywords: Bufotalin, GC-MS, FTIR, NMR, MCF-7, Cleome rutidosperma.
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Introduction

Nature is the best integrative chemist that is of great aid to humankind in many ways. The
most abundant healthy natural resources of life are plants'. Medicinal plants play a crucial
role in the discovery of drugs. The origin of modern medicines is highly dependent on
traditional medicines®. Ayurveda is a restorative framework fundamentally honored in India
that has been existent for 5000 years *. The world health organization has estimated that more
than 80% of the global population relies on medicinal plants for their primary healthcare®.
These plants have the natural ability to produce a plant metabolite to balance and survive the
harshening environmental conditions and microbial attacks®. In recent years, plant species
have been scientifically evaluated for their possible medicinal applications. Herbal medicines
are a rich source of bioactive compounds that are safe and environmentally friendly®.

Plants are the natural reservoirs of bioactive secondary metabolites. Alkaloids, tannins,
flavonoids, and phenolics are the most important bioactive constituents present in medicinal
plants’. The chemical constituents and pharmacological properties of the vast wealth of
endangered species were not completely explored. Identification and evaluation of the
presence of active principles in these plants is the need of the hour. Every year more than 8
lakh cancer patients were diagnosed in India, while the breast cancer and cervical cancer
were found to occur in majority of women across the world8. Breast cancer is the most
prevalent leading cause of cancer-related death in women®. There were about 1,45,000 new
cases in India in 2012 and about 70,218 patients died due to breast cancer during this period.
It is estimated that the number of cases will increase by 70% in 2035'°. The incidence of
breast cancer is higher in urban p which can be probably due to the change in lifestyle and
environmental factors. Traditional medicinal plants are the conventional sources for the
separation and isolation of phytoconstituents for the treatment of cancer-related disorders™
12 Novel therapeutics with potential anticancer activity must be developed to prevent cancer-
related deaths, since chemotherapy, and radiation treatments lead to severe side effects. The
United States National Cancer Institute has recognized the potential of natural products of
plant material as chemo-protective material*®.

Cleome rutidosperma, commonly known as “Fringed Spider Flower” which belongs to the
family Cleomaceae, is a small herb that grows up to 70 cm in height with trifoliate leaves,
and small violet-blue flowers. This plant is native to West Africa and has now become
naturalized in the tropical and temperate regions of Southeast Asia and other parts of the
World'. The medicinal properties of C. rutidosperma has been reported as antimicrobial

activity, antioxidant and free radical scavenging activities'®; anti-diabetic effect'®; anti-
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hyperglycemic effect'”; antifungal activity'®; and anti-inflammatory effect'®. Cleome
rutidosperma belonging to the family Cleomaceae comprises 14 genera with two hundred
species and most of the species present in the genus were reported to possess bioactive
compounds with anticancer potential®® ?°. Despite their clinical significance, most of the
species belonging to the cleome family were not exploited for their specific chemical
constituents. Thus, the earlier studies have established the significant biological activities of
Cleome rutidosperma on crude preparations. In the present study, an attempt has been made
to isolate and elucidate the structure of the isolated compound and to evaluate its efficacy

against human cancer cells.

METHODS

Chemicals and media

Chemicals for extraction and column chromatography (analytical grade), methanol was
purchased from Hi-Media, Mumbai, India. Silica gel (60-120 mesh) was used for column
chromatography and pre-coated silica gel 60 GF254 plates were used for Thin Layer
Chromatography (TLC) from Merck Limited, Germany.

Plant material

The whole plant Cleome rutidosperma was collected and a voucher specimen was preserved
for verification in the Plant Biology and Biotechnology Department, Presidency College,
Chennai, Tamil Nadu, India. The disease-free leaves were separated and washed thoroughly
with tap water followed by rinsing in double-distilled water and shade dried for fifteen days.

Preparation of extract

Cleome rutidosperma dried powder was used for the hot extraction process with Soxhlet
apparatus where methanol is the solvent, the process was continued for eight hours and the
collected extracts were concentrated using a vacuum evaporator.

Isolation of bioactive compound Activated silica gel (60-120 mesh) was packed into a glass
column (120x30 mm) with n-hexane as solvent was used for the column chromatography®.
3grams of methanol extract was loaded on silica gel for the separation of components by the
wet slurry method. The column was eluted with the mixtures of hexane and ethyl acetate and
finally with 100ml of 100% methanol. The separated fraction was evaluated with TLC using

hexane: ethyl acetate: methanol (1.2: 0.5: 0.3).
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Spectroscopic analyses of bioactive compound

Gas Chromatography and Mass Spectrogram (GC-MS)

The separated active compound was subjected to gas chromatography-mass spectrometry
(GC-MS) analysis which was conducted in JEOL GC mate equipped with Elite- 1 capillary
column (30m x 0.25mm) coupled with turbo mass. The column temperature was 110 °C
initially held for 2 min, then programmed to 280 °C at a rate of 5 °C/min in the split mode.
Helium was used as a carrier gas with a flow rate of 1ml/min. The injector temperature was at
250 °C. The Mass spectrum observed was referred to by the library National Institute of
Standards and Technology (NIST).

Fourier Transform Infrared Spectroscopy (FTIR)

50 mg of the column-separated compound was dissolved in 25 ml of deuterated methanol.
The sample was dispersed in KBr pellets and loaded in the sample holder of the Perkin Elmer
spectrum FT-IR instrument and operated in the range of 450-4000 cm™. The functional
groups were detected from the obtained spectral data.

Nuclear Magnetic Resonance (NMR) Spectroscopy

20mg of the isolated compound was analyzed by NMR (*H and **C) by dissolving the
compound in 0.5 ml of deuterated methanol and the spectral data was recorded on a Bruker
AVANCE Il 500 MHz for 6 h at room temperature. 5 mm PABBO-BB probe was used.
Methanol-d (Me OD) was used as a solvent. The chemical shifts (8) were expressed in ppm.
The region for *H NMR from 0 to 10 ppm and 0 to 200 ppm for *C NMR was applied for

scanning.

IN VITRO ANTICANCER STUDIES

CYTOTOXICITY ASSAY

Cytotoxic efficacy of methanol mediated crude leaf extract of Cleome rutidosperma and the
derived compound of the extracts were evaluated with 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) assay. The cells were seeded in 96 well microtiter
plates with Dulbecco’s Modified Eagle Medium (DMEM) and 10 % Fetal bovine serum
(FBS) and incubated till the confluency of 90 to 95% was achieved. After the period of
incubation, the wells were loaded with serum-free media and incubated for 60 minutes.
Further, the wells were treated with different concentrations of crude methanol extract and
the isolated compound Bufotalin and incubated for 24 hours at 37 °C, after the period of

incubation of 20 microliters of 5mg/ml (Working solution), MTT was added and further
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incubated for 4 hours. At the end of incubation, the medium was removed carefully, and
Formazan crystals formed were solubilized using 100 microliters of Dimethyl sulfoxide
(DMSO). After 5 minutes the optical density was measured with a microplate reader at
570nm. The growth inhibition (ICsp) was determined from the percentage of cell survival
which was calculated as per the below equation:

Cell Viability (%) = Absorbance of Control X Absorbance of Test X 100

MCEF -7 cells were treated with an isolated compound using 4’-6-Diamidino 2-phenylindole
(DAPI) nuclear staining to observe the apoptotic morphology of the cells. The cells were
treated with ICsp concentration of Bufotalin for 24 hours and the cells were washed with
phosphate buffer saline (PBS) and stained with 5pl of DAPI. The Nuclear morphology was
examined under fluorescent microscopy. The apoptotic morphology of the cells was studied
by staining the cells with Acridine

orange and Ethidium bromide and the cells were observed under fluorescence microscopy.
Statistical analysis

Data were expressed in Mean * Standard Error (S. E). Statistical analysis was done using a

statistical package for social sciences (SPSS) software.

RESULTS

Medicinal plants are the source of bioactive compounds and the qualitative phytochemical
findings of the methanol solvent-mediated crude leaf extract of Cleome rutidosperma reveal
the presence of alkaloids, flavonoids, cardiac glycosides, phenols, steroids, etc., Compounds
were isolated from the methanol solvent extract of the plant and the extracts were subjected
to column chromatography for the separation of the bioactive compound using n-hexane and
ethyl acetate as solvents. Six fractions like fraction A (65:35), fraction B (60:40), fraction C
(30:70), fraction D (20:80), fraction E (10:90), and fraction F (5:95) were observed in the
eluted column of which fraction F showed prominent antimicrobial activity when compared
to other fractions. Further purification of this selected fraction has shown a single spot-on
TLC (Fig. 1). The GC of the isolated bioactive compound presented in Figures 2 shows the
retention time in the column and the detected peaks. The mass spectrometer analysis reveals
the presence of a compound 3, 9 a; 14, 15-Diepoxypregn-16-en-20-one, 3, 11 &, 18-
triacetoxy- (Fig. 2).
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FT-IR spectrum of the purified compound is shown in table 3. It exhibited absorption at
3418, 2053, 1637, 1384, 1323, 1145, 1101 and 621 cm™. The peak at 3418 cm™ shows the O-
H stretch which may be due to the presence of alcohol. The band at 2053 cm™ represents the
C=C group. The peak at 1637 cm ™ corresponds to C=0 stretch, confirming the presence of
the unsaturated carbonyl group/ aliphatic group. The bands at 1384 and 1323 cm™ represent
the out of plane C-H def -vibration. The peaks at 1145 and 1101 cm™ show C-O stretch
which indicates the presence of 3° alcohols and 2° alcohols respectively. In addition, the peak
at 621 cm™ indicates a C-H bend which may be due to the presence of an alkene group or
methylene rocking.

The column eluted purified compound the yellow crystal, C,sH306, molecular weight (MW)
444.56.) H NMR (500 MHz, MeOD):0.80 (s, 3H), & 1.21(t,2H),1.21 (t,2H),1.51 (t,1 H),1.51
(9,2H),1.61(q,2H),1.97 (q,1H),2.05 (m,1H),2.06 (t,2H),2.15 (q,2H),2.23 (d,2H),2.68 (d,
1H),4.26 (m,1 H),4.51 (broad,s) and 5.24 (q, 1H) were considered as tetra cyclic hydrocarbon
ring. Pyran ring were observed at 2.35 (s, 3H), 5.69 (d, 1H),7.53 (s, 1H) and 7.62 (d, 1H) as
acetyl group (Fig.3).

13C NMR was performed to observe the presence of bufotalin and the characteristic proton
signal were observed at (125 MHz, MeOD):6 9.88 (C-19),9.90 (C-18),22.32 (C-27),22.35 (C-
11),24.62 (C-7),29.30 (C-6),47.09 (C-2),47.26 (C-1), 47.43 (C-12),47.50 (C-15),47.55 (C-
4),47.57 (C-10),47.73 (C-5), 47.73 (C-8),47.74 (C-13),47.77 (C-9),47.77(C-17), 47.90 (C-
16), 47.94 (C-3), 48.11 (C-14),102.24 (C-5'),105.55 (C-2'),110.24 (C-3%),110.42 (C-
41,171.63 (6 (C=0) ) (Table 2 and Fig.4).

The structure of the isolated compound was elucidated using *H NMR and**C NMR and the
molecular formula was found to be CyH3sO. The m/z value of the isolated compound,
according to MS data was 429.18 (M*-CHa3), 401.06 (M*-COCHa), 355.10 (M*- COCHa-
CO2-Hy), 281.07 (M*-C7H1504), 221.11 (C15H240") 182.76 (C12H220"), 147.05 (C1oH110%),
73.05 (C4Hg0"). Based on 'H and *C NMR, this compound contains 19 Tetracyclic
Hydrocarbon rings, five pyran rings, and two acetyl groups which were named Bufotalin
(Acetic acid 3, 14-dihydroxy-10, 13-dimethyl-17-(6-ox0-6H-pyran-3-yl)-hexadecahydro-
cyclopenta[a] phenanthren-16-ylester) (fig.5).

Cytotoxic activity of methanol crude extract and isolated compound Bufotalin
Methanol extract of Cleome rutidosperma was tested against MCF-7 breast carcinoma cell

line with varying concentrations of 25ug/ml, 50ug/ml, 75ug/ml, 100ug/ml, and 125ug/ml.
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the methanol extract exhibits significant activity against the breast cancer cell line with an
ICs value at 22.86ug/ml after 48hrs (Table3). The Cytotoxicity of the isolated compound
was evaluated against MCF-7 breast cancer cell lines using an MTT assay and the cells were
treated with different doses of isolated compound bufotalin ranging from 0.0044pum/L to
0.0179uM/L. The results reveal the potential of the Bufotalin against the breast cancer cell
lines with an ICsy value of 2.68ug/ml. Further, the apoptosis in the anticancer activity of
Bufotalin was observed using DAPI and Acridine orange and Ethidium bromide staining to
observe the nuclear and cell morphology. The DAPI results reveal that the impact of
Bufotalin over the MCF cells results in the chromatin condensation resulting in the bright
blue colour of the apoptotic cell nuclei and the live cells were light blue. The apoptotic cell
percentage increases with increasing concentration and confirms the anticancer efficacy of

the Bufotalin isolated from the crude methanol leaf extract of Cleome rutidosperma.

The data presented in Table 4 represents the cell viability assay using the MTT assay to check
the efficacy of the isolated compound Bufotalin from the methanol leaf extract of Cleome
rutidosperma against MCF-7 breast carcinoma cell line with the concentration ranging from
2ug/ml, 4pg/ml, 6pg/ml, 8ug/ml and 10pg/ml. The cell lines were maintained in the
structural environment, and the cytotoxic activity was observed at 24hrs and 48hrs after the
exposure as that of crude extracts. The potential compound Bufotalin shows a potential
anticancer efficacy against the MCF-7 cell line with an ICs value of 12.84 after 24hrs and
3.895ug/ml after 48hrs.

The enlargement of cells with membrane blebbing was apparent in the cells. The
morphological observation (Figure 6b and d) reveals the structural alterations in the shape of
the cells, apoptotic cells with vacuolation are evidenced and the cells were detached from the

monolayer culture suggesting cell death.

DISCUSSION

Plants produce a diverse range of bioactive molecules making them a rich source of different
types of medicines. The natural extracts of plants are an important source for the
identification of new biologically active compounds with possible applications in the
pharmaceutical field. Phytotherapy embraces the isolation from herbs, of compounds with
unique chemical structures, which are pharmacologically active?®. The bioactive compounds

were characterized using chromatographic methods and crude methanol leaf extract of C.
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rutidosperma was purified by silica gel column chromatography. Six fractions were collected
from the column of which fraction F shows prominent antimicrobial activity. To identify the
nature and structure of the compound, it was further subjected to FTIR, *H NMR, and **C
NMR. *H NMR and **C NMR and observations reveal the presence of the carbonyl group,

alcohols, and aliphatic groups.

NMR spectral analysis of the isolated compound confirms the structural configuration and the
compound materials have been identified as Bufotalin. Bufotalin represents the class of
compounds that belongs to cardiac glycosides. The presence of bufadienolides was recorded
from plant and animal sources®. The bufadienolides were characterized by six membrane
lactone rings with 2 double bonds attached in 17 beta position at the positive Hexa hydro

cyclo Penta phenanthrene skeleton.

In Chinese medicine, bufadienolides were commonly used to treat various disorders,
especially in cancer patients in China®*. Bufotalin exhibits many pharmacological and
biological activities in addition to antitumor and cardiotonic activity”. Anti-cancer agents
induce apoptosis to arrest the tumor cell proliferation and progression®. Bufalin is shown to
induce cell differentiation and apoptosis were interlinked and regulated by distinct protein
kinase C isoenzyme?’. Cardiac glycosides like bufotalin act as potent inhibitors over cancer
cell growth®®. Cardiac glycosides inhibit cancer cell proliferation even in minimal
concentrations®®. Bufotalin was used in traditional Chinese medicine to inhibit the growth of
the proliferation of human hepatocarcinoma cells Hep-G2%°. Bufotalin is a potential candidate
for the treatment of pancreatic cancer when administered along with gemcitabine a standard

anticancer drug®’.

Two alkaloids aspara doxonine and para doxenoline were isolated from the chloroform
fraction of methanol extract of C.paradoxa®. A steroid derivative 17-(4-hydroxy-1, 5-
dimethylhexyl)-2, 3, 7-(acetyloxy) gona-1, 3, 5(10)-trien-15-ol was isolated and identified
from the phenolic extract of C.arabicais and named as Clive-92°*3*. Ten compounds were
identified by 35 Jordheim et al. (2009) from the flowers of C.hassleriana. Palmitic acid,
Cleomaldeic acid, glucocapparin, glucocleomin were isolated and identified from

%37 In the present investigation a cardiac glycosides derivative was primarily

C.viscosa
isolated from Cleome rutidosperma namely Acetic acid3,14-dihydroxy-10,13-dimethyl-17-

(6-0x0-6H-pyran-3-yl)-hexadecahydro-cyclopenta[ o ]Jphenanthren-16-yl ester.
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Alkaloids, polyphenols phenylpropanoids, and terpenoids were said to possess anticancer
properties.®®*°. NCI- United States of America has set the limit for the activity for crude
extracts with the 1Csy value i.e., 50% of inhibition of proliferation with less than 30ug/ml
after the exposure to 72 hrs. of exposure*’. The crude extract with the 1Cs value of less than
20ug/ml is highly cytotoxic in nature*’. The results observed in the present study show the
potent cytotoxic effect on MCF-7cells with methanol and aqueous extract of Cleome
rutidosperma. The 1Cspvalue was 108.260ug/ml concerning 24hrs and 22.86pug/ml after 48hrs
of exposure. The 1Cs value was much lower than the recommendation of NCI, the USA for

the characterization of a pure compound as the anti-carcinogenic agent.

The anti-cancer sensitivity of E. guineermisis is due to the presence of flavonoids®,
phytocompounds alkaloids, and flavonoids of Onobis hirta are responsible for the superior
anti-cancer activity against cancer cells*. Polyphenols and flavonoids are known to have
antioxidant and anticancer activity**. As the prevalence of cancer cases is on the rise, it is
necessary to screen and search the naturally available bioactive compounds with the potential
to act against the cancer cells. Many compounds have been analyzed for their anticancer
potential. Out of 974 small molecules screened from 1981 to 2006, 12% are designed from
natural products inhibitor of the target of interest, and inhibition of active sites of the
endogenous substrates such as ATP*.

Bufadienolides are an important group of polyhydroxy C-24 steroids and their glycosides.
Bufadienolides were derived both from animal and plant sources. The plant families
Crassulaceae and Hyacinthaceae are abundant sources of bufadienolides, a type of cardiac
glycoside traditionally used for the treatment of cardiac dysfunction and show some toxic
effects*®. The structural modifications of these compounds may make them a productive area
of research and to design of a new lead compound. The compound that has the potential to
kill the cancer cells with a specific concentration while not affecting the non-malignant cells
was therapeutically useful. The cardiovascular side effect of these compounds pronounced
restriction in the application of Bufotalin for the treatment of cancer in the form of
chemotherapeutic drugs.

In the present study, it is evident that the nontoxic compound bufotalin was isolated from the
methanol leaf extract of Cleome rutidosperma. Many researchers are in the search of novel
compounds with specific anticancer potential. The ethnomedicine importance of bufotalin
intended to study the cytotoxic efficacy of the plant-mediated compound isolated from
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Cleome against the MCF-7 cell line. The result presented in the table reveals the cytotoxic
effects of bufotalin on breast cancer cell lines. With the 1Cso value 12.840ug/ml after 24hrs
and 3.893ug/ml with reference to 48hrs, the results suggest the cytotoxicity of bufotalin on

cancer cell lines.

The cytotoxic effect of bufotalin based on the time and dosage has been reported against Hep
3b, HT-29, and MCF-7 cells*’. It is evident from the results that bufotalin has time-dependent
activity concerning MCF-7 cell lines, further the anticancer potential of bufotalin on a nude
mouse model suggesting that the bufotalin inhibits the cancer growth by the activation of p53
signaling®®. The growth inhibitors activities of the drugs utilized to treat cancer cells were
achieved by the induction of apoptosis*. The present study reveals a dose-dependent increase
in the percentage of apoptosis which amounts to 69.65% proved to 10ug/ml concentration

when compared to control.

Bufadienolides were considered a potent cytotoxic agent against different cancer cells®.
Chemically modified bufadienolides can kill the malignant cells without damaging the
normal non-malignant cells®. Biotransformation is a process by which the nature of the
substances was altered by the secreting metabolites; structural diversity plays a major role in
the mechanism of action against the Cancer cells. The biotransformation of the structural
configuration of the cardiac glycoside compound bufadienolides isolated from Cleome
rutidosperma possesses to have cytotoxic activity against the breast cancer cells. The
compound bufotalin isolated from the Cleome rutidosperma methanol mediated extract was
bio-transformed by the metabolites of the plant. The structural elucidation reveals the bio-
transformed compound with potential cytotoxic activity. The isolated compound obtained
was studied against the MCF-7 breast cancer cells for their cytotoxic nature. Bufotalin
isolated from the leaf extracts shows potential cytotoxic activity against tested cells with an
ICso value of 0.0039 umol/ml, it is essential to evaluate the potential of the compound in

Vivo.

CONCLUSION

The leaf methanol extract of Cleome rutidosperma and the isolated compound Bufotalin has
potential cytotoxic activity against MCF-7 breast cancer cells. The activity of the isolated
compound is much higher when compared with the crude extract of the tested plant. The
inhibition of cancer cell proliferation and loss of cell viability is varying with the time and
dose dependent manner with crude and isolated compound. Further studies may throw light
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on the clinical application of plant derived bufotalin and the mechanism behind the biological

act

ion against the cancer cells.

Figures:

Figure: 1 TLC profiling of isolated compound from methanol leaf extract of Cleome

rutidosperma
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Fig. 5: Chemical structure of compound

Muclear staining Using DAPT of breast cancer celllines (WMCF-7) (a) untraated, (k) MCF-7
cellz treated with Bufotalin izolated from Cleome rutidosperma methanol leaf extract

Staining with Acridine orange of Human Breast Cancer celle MCFE-T () Untreated (d)

MCFE-T cells treated with Bufetalin izolated from Cleome rutidosperma methanol leaf
extract

Figure 6: Invitro studies on the cytotoxic activity of Bufotalin isolated from the Cleome
rutidosperma leaf extract.
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Tables:

Table 1: FT-IR spectrum data of isolated compound

Functional group  Type of vibration Region (cm™)

O-H O-H str 3418
Cc=C C=C str 2053
C=0 a, PB-Unsaturated carbonyl group (Six 1637
membered) / aliphatic C=0 str
C-H C-H def 1384
C-H C-H def 1323
C-0/C-0O-H C-O str/ C-O str (3° alcohol) 1145
C=C-O-C/C-O-H  C-Ostr/C-Ostr (2" alcohol) 1101
C-H bend Mono substituted alkene / Methylene rocking 621
Table 2: *H- and *C- NMR data of Bufadienolide
Bufadienolide (Bufotalin)
Position “CNMR L . “CNMR
H NMR (ppm) Position No. H NMR (ppm)
No. (ppm) (ppm)
Tetracyclic Hydrocarbon ring Tetracyclic Hydrocarbon ring
1 1.21 (t, 2H) 47.26 16 5.24 (g, 1H) 47.90
2 2.15 (g, 2H) 47.09 17 2.68 (d, 1H) 47.77
3 4.26 (m, 1H) 47.94 18 0.80 (s, 3H) 9.90
4 2.06 (t, 2H) 47.55 19 0.80 (s, 3H 9.88
5 2.05 (m, 1H) 47.73 3- & 14-(OH)  4.51(broad, s)
6 1.61 (g, 2H) 29.30 Pyran ring
7 1.61 (q, 2H) 24.62 1
8 1.97 (g, 1H) 47.73 2 7.53 (s, 1H) 105.55
9 1.51 (t, 1H) 47.77 3 110.24
10 47.57 4 7.62 (d, 1H) 110.42
11 1.51 (g, 2H) 22.35 5 5.69 (d, 1H) 102.24
12 1.21 (t, 2H) 47.43 6(C=0) 171.63
13 47.74 Acetyl group
14 48.11 1(C=0) 172.61
15 2.23 (d, 2H) 47.60 2 2.35 (s, 3H) 22.32

ppm-parts per million, *H-one proton,™C-carbon thirteen
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Table 3: Cytotoxicity effects of isolated compound of Cleome rutidosperma against

MCEF-7 breast cancer cell line by MTT assay

Concentration 24hrs treatment 48hrs treatment
(Hg/ml)
Cell Viability | Cell Death (%) | Cell Viability | Cell Death (%0)
(%) (%)
2 87.29+0.883 12.71 59.57+1.595 40.43
4 84.31+1.365 15.69 49.47+1.139 50.53
6 77.80+0.831 22.20 40.65+1.826 59.35
8 68.15+1.403 31.85 33.42+1.758 66.58
10 61.06+1.318 38.94 30.35+1.125 69.65
Control 100+0.00 0.00 100+0.00 0.00
1Csg 12.840 3.895
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Table 4: Cytotoxicity effects of methanol leaf extract of Cleome rutidosperma against

MCEF-7 breast cancer cell line by MTT assay

Concentration

24hrs treatment

48hrs treatment

(Hg/ml)
Cell Viability | Cell Death (%) | Cell Viability | Cell Death (%)
(%) (%)

25 65.98+0.510 34.02 52.32+0.708 54.68

50 62.30+0.380 37.70 46.46+0.653 59.54

75 57.54+0.490 42.46 40.28+0.596 63.72

100 52.02+0.580 47.98 33.97+0.848 66.03
125 45.91+0.470 54.09 28.37+0.284 71.63

Control 100+0.00 0.00 100+0.00 0.00

1Cso 108.260 22.860

ABBREVIATIONS

FTIR: Fourier Transform Infrared Spectroscopy
GC-MS: Gas Chromatography-Mass Spectrometry
NMR: Nuclear Magnetic Resonance

TLC: Thin Layer Chromatography

MTT:

DMEM: Dulbecco’s modified Eagle medium

FBS: Fetal bovine serum
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DMSO: Dimethyl sulfoxide

NIST: National Institute of Standards and Technology
DAPI: 4-6-Diamidino 2-phenylindole

PBS: Phosphate Buffer Saline

SPSS: Statistical Package for Social Sciences
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ABSTRACT

Textile, paper, plastic and paint industries discharge large amount of waste water containing
dyes. Dyes are stable to light, non-biodegradable and difficult to degenerate hence they
should be removed before discharging the effluents into the environment to diminish health
damage and demolition of the environment. The existing work establishes the use of acid
treated Clitoria ternatea leaves powder (ATCTLP) for the removal of methylene blue (M.B.)
dye from its aqueous solution. For this purpose, batch adsorption process was used. The study
revealed that maximum removal of the M.B. dye (5 mg L™), was found to be 90.86 % at pH
7, contact time 60 min, adsorbent dose 0.02 g and particle size 105um. The adsorbent was
characterized using FESEM, EDX, FTIR, X-RD techniques before and after adsorption
which clearly indicates effective adsorption of dye on it. The studied adsorbent is cost
effective and can be applied for effluent treatment from dye industry.

Key word: Methylene blue, Clitoria ternatea, Adsorption, Dye removal

1. Introduction

A Huge quantity of waste water containing dyes is produced by textile industries. About
60,000 tons of dyes are discharged in to the environment, 80% of which are azo dyes'. Trace
quantity of dyes also affects plant and animal life?. The dyes are carcinogenic and genotoxic®
Chemical precipitation, solvent extraction, flocculation, coagulation, membrane filtration,
chemical oxidation, ion-exchange, reverse osmosis and adsorption are some methods used for
waste water treatment. However, most of these methods are neither environmentally friendly
nor economically feasible. Amongst all these methods, more effective and superior technique
is Adsorption®; in terms of efficiency and cost effectiveness. It is a sludge free clean
operation with maximum removal of dye even from very dilute solutions. Several
investigators have reported variety of agricultural waste as adsorbents; in view point of their

good adsorption capacity such as almond gum®, rice biomass®, neem sawdust’, rice husk®, and
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wheat shell®. Removal of different dyes using various adsorbents was reported from our
laboratory*®*2. Natural low-cost adsorbents are one of the best applicants for the removal of
dye from wastewater. Natural adsorbents were basically composed lignocellulose material

such as lignin cellulose and hemicellulose® **

, Which improve adsorption capacity. In the
present work, Clitoria ternatea Leaves (local name: Gokarn) were used as an adsorbent after

chemical treatment.

2. Experimental

2.1. Materials

Fresh leaves of Clitoria ternatea were collected from home garden. The Methylene Blue
(Amax= 661nm) dye used in this study was obtained from Fisher Scientific (Qualigens fine
chemicals).

2.2. Preparation of adsorbent

The garden-fresh leaves of Clitoria ternatea were thoroughly washed with water, dried under
sunlight and soaked with 1:1 ortho-phosporic acid for 24 hours and were then filtered through
Whatman filter paper no. 42. The soaked leaves were boiled and washed with distilled water
until free from organic components. It was then dried in an oven and sieved through mesh
(size 105- 710um) to get uniform particle size. It was stored in air tight glass container until
further use.

2.3. Preparation of dye solution:

A stock solution was prepared and diluted further as per the requirements. For absorbance
measurement a UV-Visible double beam spectrophotometer (Shimadzu) was used. The
concentration of dye was determined, before (C,) and after (C,) batch adsorption process, at
661nm.

2.4. Batch Adsorption process

Batch Adsorption process was used to study the maximum removal of dyes under optimized
conditions. Various parameters viz. pH, contact time, adsorbent dose, particle size,
concentration and temperature were optimized to obtain maximum removal of dye. Each
adsorption experiment was carried out with 25 mL dye solution in 100 mL round bottom
flask.

2.5. Characterization of adsorbent

The various physico-chemical techniques were used to characterize (before and after
adsorption) chemically treated Clitoria ternatea adsorbent. FTIR spectrophotometer

(Shimadzu 8400) was used to study IR spectrum (wave length 4000-400cm™) of adsorbent,
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using KBr disk for reference. Field Emission Scanning Electron Microscopy (FET Nova
nanoSEM-450) was used to study surface morphology of adsorbent. Presence of different
elements was determined with the help of energy dispersive X-ray spectrum (Brouker
SLASH-6130) detector

3. Experimental procedure

3.1. Adsorption of Dye:

25 ml of desired concentration of MB was stirred for different time intervals by adding the
desired quantity of adsorbent. pH of the solution was adjusted by means of 0.1N HCI and
0.1N NaOH. The solution was stirred using magnetic stirrer at constant speed (1100 rpm) for
various time interval. After centrifugation (3000 rpm) for 10 minutes, supernatant solution
was filtered through Whatman filter paper No. 42 and filtrate was analyzed with UV-Visible

spectrophotometer. The following equation was used to calculate extent of dye removal

% dye removal = % X 100 e (1)

o

Where, C,= Initial concentration of dye solution (mg L™),
Ce= Concentration of dye solution (mg L™) after adsorption.
At a time only one parameter was varied keeping others constant.
3.2. Recovery of Dye: Dye was recovered at optimum condition of adsorption by using 25
ml of water, 0.1N NaCl, 0.1 N NaOH and 0.1 N HCI solutions and contact time 40 min.
Recovery of dye was determined by measuring the absorbance with UV- Visible
spectrophotometer and following equation

% recovery of dye was calculated using the equation given below,
% Recovery = (z—d) X 100 e (2)

Where: Cq is amount of dye desorbed (mg L™) and C, is amount of dye adsorbed (mg L™).

4. RESULTS AND DISCUSSION:

The effect of various parameters on removal of dye is discussed below

4.1. Effect of pH:- Fig.1 shows % removal of dye as a function of pH

As can be seen from above Fig. the extent of adsorption of dye increases with increase in
pH and remains almost constant after pH 7 indicating maximum removal at this pH. Similar
results are also reported by Rajurkar et.al.*?, At lower pH adsorption of MB was lower due to
H* ions competing with the MB cationic group at absorption site which decreases the dye
adsorption. H. Dargo et. al.*>and Reddy et. al.’®.
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4.2. Effect of contact time:- The % removal of dye as a function of contact time is presented
in Fig.2

Fig.2, indicates a rapid increase in % removal up to 60 min. and then a gradual decrease in it.
Similar results were reported by Rajurkar et. al,*2. Around 82.4 % of MB was removed within
60 min, due to strong attractive forces between the adsorbate and adsorbent’. Initially,
adsorption increases with increase in contact time. At optimum contact time, surface area of
adsorbent, gets completely adsorbed by dye. At this point, adsorbed and desorbed dyes are in
equilibrium with an adsorbent. After optimum contact time, further no adsorption takes place.
4.3. Effect of adsorbent dosage: - Fig.3 presents effect of adsorbent dose on dye removal.
An examination of Fig.3 shows that after certain amount of dose, % removal decreases and
the optimum dose is 0.02 g.

Adsorbent dose plays important role in the removal of dye. Initially adsorption sites are
not saturated and are available for adsorption. After equilibrium, with increasing adsorbent
dose, the amount of adsorbent adsorbed per unit mass of adsorbate decreases due to
saturation of adsorption sites due to aggregation of adsorbate and decreases the total surface
area of adsorbent. Thus, in turn, increases diffusion path length which decreases percentage
removal'® °. The equilibrium state was found to be at 0.02 g adsorbent dose.

4.4. Effect of particle size on adsorbent: -

Fig.4 depicts effect of adsorbent particle size on the removal of dye.

It is seen from Fig.4, that % removal of dye decreases with increasing particle size, the
maximum dye removal being at 105um particle size of adsorbent. It is attributed to decrease
in surface area and less availability of adsorption sites for adsorption with particle size
increase™.

4.5. Effect of concentration on adsorbent: - Effect of initial concentration on % removal is
shown in Fig.5

The experiments were carried out using various initial concentrations of adsorbate (MB dye).
The study of Fig.5 indicates that, removal of adsorbate decreased from 90.86% to 79.5% (30
mg L ™). Adsorption is more predominant at 5 mg L™, due to strong driving forces of
concentration gradient. Similar results are reported by earlier researchers®® %,

4.6. Effect of Temperature on adsorbent: -Effect of temperature (298 °K to 318 °K), on %
removal is shown in Fig.6

To study the effect of temperature on the adsorption of MB on adsorbent, adsorption
experiments are carried out over temperature range 25°C to 45°C. An examination of Fig.6,

reveals that the amount of dye adsorbed decreases with increase in temperature as the
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solubility of MB increases at high temperature. Optimum adsorption temperature was
observed at 25°C. (93.83% removal)

5. Application of the developed method to actual industrial sample:

The developed method was applied for removal of MB dye from textile industrial effluent.
For this purpose, sample was collected from Akkalkot M. I. D. C. area, Solapur district,
before and after Effluent Treatment Process (ETP).

Sample collected from textile industry before effluent treatment procedure for MB was found
to have MB concentration 5.2 mg L™ while after ETP it was 1 mg L™ indicating 80.55%
removal.

Removal of MB from collected sample before ETP was carried out by using developed
method under optimized conditions which showed 93.15% removal.

Thus, our developed method is found to be more effective than that used in the industry.

6) Adsorption Isotherms studies: -To study the adsorption isotherms, optimized conditions
were used in adsorption experiments.
6.1. Freundlich isotherm: The linearized form of equation is given by following equation,
logge =log Ket+l/nlogCe  -m-m-mmmmmmmmmmmmm oo (3)

Where:-g. = Amount of MB adsorbed at equilibrium,

C. = equilibrium concentration of MB in solution,
Kt & n = Constant indicates the adsorption capacity and intensity of adsorption respectively.
The graph logge verses logCe is shown in Fig.7. The adsorption of dye obeys Freundlich
adsorption isotherm (Ky = 12.11). The Ky value which is a measure of the amount of dye
absorbed per unit weight of adsorbent, indicates favorable adsorption process?. The ‘n’ is the
adsorption intensity (1/n = 0.81) found in the range of 1<1/n<10. The values of R?=0.991, K;
=12.11, 1/n=0.81 are shown in Table 1
6.2. Langmuir Isotherm: Langmuir equation is given below,

1/qe =1/ab % 1/Ce +1/b--------m-mmmmmmmmm oo 4)

Where:-g. = Amount of dye adsorbed at equilibrium,

C. = Equilibrium dye concentration,

a = Langmuir constant (K),

b = The maximum adsorption capacity, gm, (mg/g)
As can be seen from Graph of 1/qe verses 1/C.. R?=1 and hence adsorption of MB on studied

adsorbent does follow Langmuir isotherm.

37



JOURNAL OF ISAS VOLUME 1. ISSUE 3. JANUARY 2023

6.3. Temkin isotherm: Temkin isotherm is expressed by the following equation
ge=BInA+BInCe -—m——mmmmmmmmemmmee e (5)
Where: B=RT/b,

A and B are the Temkin isotherm constants, b is the constant related to heat of adsorption,

R is the gas constant (8.314 J/mol k),

T is the absolute temperature (K),

ge is the amount of dye adsorbed at equilibrium (g/g),

Ce is the equilibrium concentration of the dye (gL™).

Linear graph (R?= 0.913) indicates the adsorption process obeys Temkin isotherm. The
values of A =3.23 and B=12.42 are shown in Table 1

6.4. Dubinin-Radushkevich (D-R) isotherm: D-R model decides whether adsorption
process is either physical or chemical adsorption process®®. D-R isotherm equation is as

follows:

Inge =InQpr - KE?  —orreemeeeemmmm e (6)
Where ge = the amount of dye adsorbed (g/g), Qpr is the maximum adsorption capacity of

dye (g/g), K is the Dubinin-Radushkevich constant (kJ*/mole) and € is Polanyi potential
given by the equation

E=RT In (1+1/Ce)  =mmmmmmmmmmmmmm oo (7)
Where R is the gas constant in J /mol K. T is the temperature in kelvin and Ce is equilibrium

concentration of dye solution (gL™).
A graph of Inge verses € (Fig.10) gives a straight line (R?=0.895) with a slope of K (0.21) and
an intercept (3.3) of Qpr Biosorption mean free energy E(kJ/mol) is calculated from D-R

constant K and is calculated by following equation

E=IW=2k = = s (8)

Where: E is the biosorption mean free energy (kJ/mol) and K is the D-R constant.

The transfer of one mole of solute from solution to the surface of adsorbent is due to the
biosorption mean free energy (E) which describes the adsorption performance of the system.
Value of E < 8 indicates physical adsorption and E > 8 indicates chemical adsorption
process™. The value of the mean free energy of MB dye was calculated (1.55 kJ/mol) and
indicates physical adsorption process.

Study of Table 1 reveals that adsorption of MB on the ATCTLP obeys Freundlich (n < 1),
Temkin and Dubinin-Radushkevich (D-R) isotherm (E < 8).

7. Adsorption Kinetic studies: Adsorption mechanism and adsorption characteristics of
adsorption were studied by using various kinetic models.
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Adsorption kinetic of MB onto the adsorbent is express by following equation,
log(ge—ar) =1logge —K1/(2.303)t  ----mmmmmmmmeeeemeeee e 9)
Where:- g and g are amount of dye adsorbed (mg g™)on adsorbent at equilibrium at time t
respectively, Kj is rate constant of pseudo —first order adsorption (min™).
A plot of log (ge—) verses time (R* = 0.23) was used to determine pseudo-first order rate
constant (k;= 4.9 x 10°® min™, ge = -6g/g) which indicates that it does not follow pseudo-first
order kinetics (R #1).
Adsorption capacity on the solid phase is determined by Lagergren pseudo-second order
equation. It is given by following expression as®*,
t /0 = 1/( KoQe?) +t/Qe  =--mmmmmmmmmmmmmmmmmeeeeeee e (10)
Where, K is rate constant of second order adsorption (g mg™ min™).
Second order rate constant is determined from Fig.11. The value of rate constant K,= 0.23, ge
= 5.88 and R? =1 shows good linearity of plot and better fit to Lagergren pseudo —second
order kinetic model.
7.1. Intraparticle diffusion model:
Diffusion of the adsorbate from the outer surface into the pores of the adsorbent was studied
on examination of plot qt verses t? (fig.12), The slope (kig =0.03) and the intercept value
(5.53) indicate that the line does not pass through origin which indicates, there are some other
factors affecting the adsorption. The sorption process has a tendency to be followed by two
phases. The two phases in this plot suggest that the sorption process proceeds by surface

sorption and intraparticle diffusion. The intraparticle diffusion equation is given by

Where: kig=Particle diffusion rate constant in mg/g/min®>; and C is intercept.

A plot of gt verses t*° gives values of kiq (slope) and C (intercept) from the equation.

The value of kig and C is found to be 0.03 and 5.53 respectively.

7.2. Thermodynamic studies:

Thermodynamic parameters such as change in free energy (AG°) kJ/mol, enthalpy (AH®)

kJ/mol, and entropy (AS°) kJ/mol K, were calculated by using following equations.

AGO= AHO —T ASP--mrmmmmmmmemmmm oo (12)

e o 1 (13)
K= e (14)

InK =2 (15)

R RT
Where: K is equilibrium constant, R is gas constant, T is temperature in K.
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AGP° is calculated from equation (12) while AH® and AS° values were obtained from the slope
and intercept of plot InK verses 1/T, the negative value of AG° indicates the adsorption is
spontaneous and thermodynamically favorable for adsorption of MB. The negative value of
AHC indicates physisorption and endothermic nature of adsorption. The negative value of AS°
indicates change in surface morphology and increase in randomness at liquid solid
interface®.

A plot of In K verses 1/T is shown in Fig. 13

The thermodynamic parameters obtained from above plots are recorded in following Table.2
Above data reveals that, the AG° values are negative representing the spontaneous nature and
thermodynamically favorable adsorption for MB®. The negative value of AH° shows
exothermic process®*. The negative value of AS° designates decreased disorder at liquid solid
interface®.

The distribution coefficient K values for adsorption process of MB on ATCTLP at different
temperatures were calculated and it is reflected in following table

Table 3 reveals that, maximum adsorption was observed at temperature 298 °K due to
maximum distribution coefficient value (20.52).

8. Recovery of Dye:

Recovery of dye was carried out by using various eluents (25 ml); water, 0.1N NaCl, 0.1 N
NaOH and 0.1 N HCI solutions. The results are shown in Figure 14.

An examination of Fig. 14 shows that, HCI was found to be most efficient solvent for
recovery of adsorbed dye. It was further used to recover a dye (5 mg L-1) from loaded
adsorbent at optimized conditions using various volumes of HCI (0.1N). A study of Fig.15
shows that, 50.22 % MB dye was recovered using 25 ml of 0.1N HCI. The result shows that
the adsorbed dye can be effectively recovered. Thus, bio adsorbent can be regenerated and

reused for further removal.

9. Characterization studies

9.1. FTIR Studies:

FTIR spectrum of virgin adsorbent (a) shows a peak at 3410 cm™ which indicates the
presence of H-bonded —OH stretching vibration in phenolic compound present in cellulose of
adsorbents. In spectrum (b), Strong broad band at 3437 cm™ due to -OH stretching vibration.

There are two inflections observed in Fig. (a) and (b). in figure (a) band at about 2851-2916
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due to medium —CH stretching and In figure (b), the absorption bands at 2853 and 2918 cm™
can be assigned to symmetric and asymmetric vibrations of the C-Hjz; bonds in the
dimethylene groups of MB molecules®®. An examination of Fig.16 shows considerable
change in the peak intensity indicating adsorption of MB on the adsorbent

9.2. FESEM Studies: The morphological characteristics of adsorbent were studied with
FESEM and corresponding micrograph is shown in Fig.17.

An observation of Fig. 17a shows, SEM micrograph of virgin adsorbent possess irregular
plate like long narrow shallow depression and highly porous rough surface structure indicates
better opportunity for adsorption. The appearance of a dark molecular cloud over the
superficial layer of the dye loaded adsorbent (Fig.17b) confirms the adsorption of dye on to
the surface of adsorbent. There are no empty porous spaces left on the surface of adsorbent
because 90.86 % dye adsorb on to the surface of adsorbent.

9.3. EDX studies: The EDX spectrum of ATCTLP and MB loaded ATCTLP is shown in the
Fig. 18a & 18b respectively

Energy dispersive spectrum of adsorbent (18a) shows the elements Ca, C and O. While
Energy dispersive spectrum of adsorbent loaded with MB (18 b), confirms presence of ‘N’ in
the dye.

CONCLUSIONS:

The present study shows the effectiveness of ATCTLP in the removal of methylene blue dye
from aqueous solutions. The maximum dye removal (90.86 %) of MB (5 mg L™) was
observed at pH 7, contact time 60 min, adsorbent dose of 0.020 g, particle size of 105 um.
The adsorption isotherm study indicates that, adsorption of MB on ATCTLP is physical
adsorption process. It follows Freundlich, Dubinin-Radushkevich and Temkin isotherms. The
adsorption Kkinetic study shows adsorption of MB follows pseudo—second order kinetics and
Intraparticle diffusion model. Thermodynamic studies revealed that adsorption is spontaneous
and endothermic process. ATCTLP is efficient adsorbent for removal of MB dye. The

adsorbed dye can be effectively recovered using 0.1 N HCI solutions as an eluent.
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Fig.4. Effect of particle size of adsorbent on removal of MB
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Fig.7. Freundlich isotherm plot for adsorption of MB on ATCTLP under optimized condition.
2.1 -
216 -
E
=1.1 -
k=)
0-6 T T T T T T T 1

-0.6 -0.4 -0.2 0 Iogoge /g LQ.4 0.6 0.8 1 1.2 1.4

Fig.8. Langmuir isotherm plot for adsorption of MB on ATCTLP under optimized condition.
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Fig.9. Temkin isotherm plot for adsorption of MB dye on ATCTLP under optimized condition.
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Fig.11. Pseudo —second order plot for adsorption of MB dye on ATCTLP under optimized condition.
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Fig.12.Intraparticle diffusion plot for adsorption of MB dye on ATCTLP under optimized condition.
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Fig.13. Plot of In K verses 1 /T for adsorption of MB dye on ATCTLP under optimized condition.
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Fig. 16. FTIR Spectrum of ATCTLP (a) and MB loaded ATCTLP (b).
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Fig.17a, SEM micrograph of Virgin ATCTLP Fig.17b, ATCTLP loaded with MB.
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Fig. 18b, EDS of ATCTLP loaded with MB
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Tables:
Table: 1. Isotherm constants for absorption of MB dye on ATCTLP adsorbents.
Adsorption Isotherm Constants Values
R’ 0.989
Freundlich Isotherm Ks 12.11
1/n 0.81
R’ 1
Langmuir Isotherm A 0.19
B 78.92
R 0.912
Temkin Isotherm A 3.23
B 12.42
R? 0.895
D-R Isotherm Qor (9/9) 27.19
K(kJ/mol) 0.21
E (kJ/mol) 1.55

Table:2. Thermodynamic parameter for MB sorption by ATCTLP adsorbents.

Sr. No. | Temp. (°K) AG°(kJ/mol ) AH°(kJ/mol) AS°(kJ/mol k)
1. 298 —7.81
2. 303 —-7.13
3. 308 —6.46 —48.17 -0.12
4, 313 —5.78
5. 318 -5.10

Table:3. Variation of K with temperature for adsorption on MB dye on ATCTLP adsorbents.

Temp. (°K) 298 303 308 313 318
K/Lmg” 20.52 17.96 16.40 758 6.81
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Abstract

The present work provides a proof of concept for a new hybrid process, cavigulation, by
combining cavitation and coagulation and its application to dye wastewater treatment. Both
acoustic and hydrodynamic cavitations were evaluated. Removal of a commonly used dyes
such as Congo red was investigated by cavigulation in the concentration range of 50 to 500
ppm. A broad spectrum of coagulants including two inorganic coagulants; poly aluminium
chloride, iron (111) chloride, and natural biocoagulants derived from Moringa oleifera, Cicer
arietinum and Acanthocereus tetragonus were employed to substantiate the concept of
cavigulation. A vortex diode device employing vortex flow for cavitation, was used for the
hydrodynamic cavitation (HC) -based cavigulation. Cavigulation in the form of acoustic
cavitation + coagulation, showed significant improvement over individual processes; acoustic
cavitation alone was largely ineffective for dye removal. Increase over conventional
coagulation to the extent of 24% and 48% was observed for the two inorganic coagulants-
Iron (111) chloride and PAC SAB 18, while for Moringa oleifera, Acanthocereus tetragonus,
and Cicer arietinum the increase was 27%, 33%, and 29% respectively. The pH has a large
impact on the cavigulation process, similar to coagulation and the coagulant dose could be
reduced by more than half by adjusting pH to 3. Auramine O dye removal was effective using
hydrodynamic cavitation compared to coagulation. The developed cavigulation process,
especially using biocoagulants, could be an effective alternative to the conventional chemical
coagulation in the form of a green process in dye wastewater treatment.

Krati Sharma et al.,
1. Isas., 1(3), 49-76, 2023 49
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1. Introduction

The industry sectors such as textile industry, dye industry, or industries using dyes for
different applications produce large volumes of wastewater that need to be treated
appropriately to remove both biodegradable and non-biodegradable dyes prior to the
discharge. The effluent is colored with complex characteristics of high chemical oxygen
demand, dissolved and suspended impurities, heavy metals, etc'. The nature of dyes varies
greatly in terms of properties such as molecular weight, complex structures; but most
importantly, in terms of biodegradability. In recent years, use of refractory dyes, that are non-
biodegradable, has increased significantly® posing serious limitations to not only discharge of
waters but also to the conventional biological treatment processes®. The refractory pollutants
can have undesirable effects even at very low concentrations, can pose health hazards apart
from impacting the photosynthetic activity of flora and also the other aquatic life adversely®.

Many conventional techniques for dye wastewater treatment that are not only well
researched, but are also in commercial practice include both physical and chemical processes
such as coagulation/flocculation, membrane filtration, adsorption, chemical oxidation, ion
exchange, apart from biological processes®® The biological treatment processes are largely
ineffective for removing colour from the wastewaters’. In recent years, due to a large number
of refractory dyes that are difficult to degrade, many of these conventional methods have
severe limitations in effectively treating the wastewater or incur higher costs apart from

generating secondary waste®.

To overcome the limitations of conventional techniques, many advanced processes need to be
applied at higher costs e.g. electro-coagulation, advanced oxidation processes of the type
electro-oxidation, newer materials of the type of chemically modified adsorbents or
nanocomposites, etc. Process integration of the type of ultrasound-assisted adsorption has
also been reported to enhance dye removal®. In view of the pollution control norms which are
getting stricter with time, there is a major challenge in not just treating these wastewaters
effectively, but also techno-economically to achieve degradation of complex and recalcitrant
pollutants. The present work is an attempt to devise and develop one hybrid process by

effectively combining the conventional coagulation process with newer cavitation process.
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In recent years, the use of acoustic and hydrodynamic cavitation for the treatment of
industrial wastewaters has been shown to be effective and some newer forms of cavitating
devices have been reported >***!, The cavitation process has a major advantage in terms of
ease of operation, scalability, low cost of operation, and most importantly, no secondary
waste generation since the organic pollutants largely get mineralized into water and carbon
dioxide ™. The cavitation process, an advanced oxidation process, involves generation,
growth and collapse of the cavities through physical means. The collapse of the cavity or
bubble is termed as implosion, opposite to explosion, and generates extreme conditions of
temperature (~5000- 10000K) and pressure (~1000- 5000 atm) at the localized point of
implosion. As a consequence, water splits and generates hydroxyl radicals which
subsequently oxidize the organic pollutants. From industrial wastewater treatment point of
view, only acoustic and hydrodynamic cavitation are most promising™. In the case of
acoustic cavitation, cavities get generated by inducing ultrasound waves in the liquid medium
(> 16 kHz), while in hydrodynamic cavitation, it is achieved by devising conditions of
sudden pressure drop using constriction (cavitating devices) in the flowing fluid. Although
significant work has been reported in the area of sonochemical reactors and its application in
wastewater treatment, its implementation for actual industrial practice is still negligible due
to the reasons of high cost of treatment and operational difficulties, especially in power
dissipation. The impact of cavitation processes can be dramatically increased by combining it

with other oxidation process employing catalysts or additives®’.

The conventional effluent treatment invariably employs coagulation processes for reducing
part load of pollutants from the effluents Coagulation, in itself, is rarely a complete process
and therefore requires subsequent treatment methods such as adsorption, oxidation to meet
the desired pollution control norms. There are a number of coagulants commercially available
in both inorganic and organic class ranging from low cost alum, ferric chloride to more
expensive polymeric coagulants and organic coagulants. The effectiveness of the coagulation
process can be significantly improved by the appropriate physical or chemical combination of
one or more different coagulants to increase the floc size, improved settling, reduced sludge
generation and to reduce the cost. Further improvements in this process can also be obtained

by using natural bio-coagulants or their formulations™.
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Biocoagulants are emerging as a safe and economic option over chemical coagulants.
Moringa oleifera is a naturally occurring tree found in India, South Saharan Africa and
South-America. *°. Acanthocereus tetragonus (also called barbed wire cactus, sword pear,
dildo cactus, night blooming cereus, triangle cactus) belongs to Cactaceae family. Cicer
arietinum commonly known as chickpea belongs to Fabaceae family and subfamily

Faboideae. All three of them are reported as coagulants in water/wastewater treatment *°.

Though, extensive investigations on cavitation and coagulation have been reported for
removal of different pollutants, hybrid technology using in-situ coupling of cavitation with
coagulation is not reported so far. The present study is an attempt to provide proof of concept
for a new cavigulation process in this regard that investigates combination of acoustic and
hydrodynamic cavitation with coagulation for dye removal. Removal of one commonly used
model dye, Congo red- an acidic dye, was investigated in detail. Use of inorganic coagulants,
PAC SAB 18 and iron (I11) chloride was compared to evaluate the effect of the new process.
Three different natural biocoagulants namely, Acanthocereus tetragonus, Moringa oleifera
and Cicer arietinum were also evaluated in this regard. Further, dye removal was compared
with hydrodynamic cavitation by using the concept of cavigulation, for a cavitating device
employing vortex flow- vortex diode. The present study is the first of its kind exploring and
developing a suitable combination of cavitation and coagulation in the form of cavigulation;

acoustic cavitation+coagulation and hydrodynamic cavitation+coagulation.

2. Materials and Methods

2.1 Materials

Congo red is an anionic di-azo dye with molecular formula Cs;H2,NgNayOgS,. This is
benzidine based dye with two azo groups and has an aromatic structure. Auramine O is a
cationic dye containing amino and imino groups with molecular formula C;7H2CINs. It is
also combined with hydrochloric acid. This is a basic dye classified under Diarylmethane
class. Orange G is an anionic azo dye with molecular formula C,6H10N2Na,0O7S,. Congo red
(CR), auramine O (AO), and orange G (OG) dyes were purchased from Loba Chemie. The
physiochemical properties of the dyes are given in Table 1. Chemical coagulants PAC SAB
18, polyDADMAC, Iron (I1I) chloride hexahydrate, and Iron (I11) Chloride were procured

from Sigma Aldrich. All the chemicals and reagents used in this study were of analytical
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grade. All the solutions were prepared using distilled water. The pH of the solution was
adjusted using 0.1 M HCI and 0.1 M NaOH. The plant pads of biocoagulant, Acanthocereus
tetragonus were collected from campus of National Chemical Laboratory (NCL), Pune, India.
Moringa oleifera and Cicer arietinum biocoagulants were purchased from local market of

Pune, India.

2.2  Preparation of bio-coagulants

Moringa oleifera seeds were de-shelled, and dried at ambient temperatures (40 + 5° C) for
one day before milling. The whole kernels were milled into a fine powder using a food
blender. Moringa oleifera seed solution was made by dissolving 5 g of powder with 100 ml
of distilled water and solution was stirred for 30 min to extract the active coagulant part and
the extracted solution was used for the treatment of the synthetic dye wastewater. The

detailed method has been reported in our previous work.*?

Acanthocereus tetragonus pads were collected and washed thoroughly with tap water, and
manually chopped into small pieces after removing the spines. The external skin as well as
the inner off-white portion of the cactus pieces were ground with a food processor and
extracted with water in equal weight by volume ratio. It was then filtered to remove the
fibrous part. Fresh extracts were prepared for each batch run.

Cicer arietinum seeds were collected, and ground to make it into powdered form. The powder

was used as coagulant and stored under refrigeration.

2.3  Experimental

The dye solutions of concentrations 50 mg/L, 100 mg/L, and 500 mg/L were prepared by
using distilled water. The coagulation experiments were performed using jar test apparatus
(Stuart SW6, UK) consisting six paddles and six beakers. The effect of concentration,
coagulant dose was studied by using a rapid mixing at 200 rpm for 2 min followed by slow
mixing at 40 rpm for 20Min.. A settling time of 30 minute was provided after which the
supernatant was collected and filtered before each analysis. The acoustic cavitation and
cavigulation (acoustic cavitation+coagulation) experiments were performed using UCB-100

Sonicator at 40 kHz and 250 W power for 15 minute. Hydrodynamic cavitation and
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cavigulation (hydrodynamic cavitation+coagulation) were performed with hydrodynamic
cavitation pilot plant designed at CSIR-NCL, Pune. The details of pilot plant and
experimental are well discussed in our earlier work **?*%?, The setup consists of holding tank
of 50 litre capacity and a multistage centrifugal pump of rating 2.2 kW. The pressure drop
was adjusted using the control valve connected to the bypass line. Flow rate transmitter,
pressure transmitter, and thermocouple are provided for the measurement of the flow rate,
pressure, and temperature of the solution respectively. The temperature of the solution was
kept constant using the coolant which is circulated in coils in the holding tank. The samples

for the analysis were collected at predetermined time intervals.

Cavigulation experiments were performed adopting three different schemes as given below,

while running the respective cavitation process:

Acoustic cavitation (Sonication)+ Coagulation

Scheme 1: Addition of coagulant with 2 min rapid mixing in jar test apparatus followed by 15
min of Cavigulation.

Scheme 2: Addition of coagulant (no mixing provided separately) followed by 15 min of
Cavigulation.

Scheme 3: First 10 min only cavitation followed by addition of coagulant (no mixing

provided after addition) and next 5 min Cavigulation.

Hydrodynamic Cavitation using vortex diode + Coagulation

Scheme 1: Addition of coagulant with 15 min mixing in Cavitation setup through bypass at
low flow rate, followed by 2 h of Cavigulation.

Scheme 2: Addition of coagulant (no mixing provided separately) followed by 2 h of
Cavigulation.

Scheme 3: First 1 h Hydrodynamic Cavitation followed by addition of coagulant (15 min
mixing provided after addition through bypass at low flow rate), followed by 1 h

Cavigulation.
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2.4  Dye removal studies

The sample solution was filtered after each cavigulation and coagulation experiment using
Whatman. 41 filter paper. The dye concentration was calculated on the basis of the
absorbance values obtained using spectrophotometer (spectroquant pharo-100 ) at Anax Value
of 498 nm, 475nm and 433 nm for CR, OG and AO dyes respectively. The percentage dye
removal was evaluated taking difference in initial and final dye concentration using the

formula:

Co—Ce
Co

X100

Percentage dye removal =

Where, Co is initial dye concentration (mg/L) and Ce is Final dye concentration (mg/L)

3. Results and discussion
3.1 Coagulation

3.1.1 Effect of coagulant dose

Coagulant dosage is one of the most important parameters affecting the efficiency of
coagulation. A coagulant dose lesser than the required may lead to insufficient floc formation
while over-dosing of coagulants leads to the re-stabilization of the colloidal particles. This
also determines the techno-economic viability of the process. The dye removal efficiency of
various coagulants viz. inorganic coagulants; PAC (Polyaluminium chloride) SAB 18, iron
(1) chloride hexahydrate and organic coagulant; polyDADMAC and effect of varying their
coagulant doses for 50, 100 and 500 ppm of auramine O, Orange G, and Congo red dye is

shown in Figs. 1 to 3.

It can be seen from Fig. 1 that, the dye removal was in the range 23 to 30% for 30 ppm of
coagulant dose of PAC SAB 18, iron (lll) chloride hexahydrate and polyDADMAC
respectively for 50 ppm of initial dye concentration of auramine O dye, which started
decreasing with further increase of coagulant dose. There was a decrease or no significant
increase in removal for all the three coagulants for increased doses. This behavior may be
attributed to the re-stabilization or re-dispersion of charge particles of dye. This observation

is in agreement with the results reported by Zonoozi et al.>. For 500 ppm of dye, not more
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than 20% of dye removal could be achieved with any of the three coagulants, even at
coagulant doses as high as 1000 ppm.. Similar dye removal efficiency of various coagulants

used in the study has been observed for all three concentrations of auramine O dye.

Fig. 2 provides data for the Orange G dye removal. A gradual increase in dye removal with
an increase in coagulant dose was observed using all the three coagulants for all the dye
concentrations except in the case of polyDADMAC for 50 ppm initial dye concentration,
where removal efficiency slightly decreased from 42.8% to 34.8% after 75 ppm of coagulant
dose. For lower concentrations of dye, higher removal efficiency using iron (111) chloride
hexahydrate was observed in comparison to PAC SAB 18 while for 500 ppm initial
concentration only 11.43% dye removal was observed even at a high dose of ICH (1000 ppm)
whereas up to 51.53% dye removal was achieved using PAC SAB 18 (1000 ppm) coagulant.
The higher removal efficiency of polyDADMAC at lower doses may be due to the fact that
these high molecular weight organic coagulants generally follow charge neutralization along
with bridging mechanism with polymers, resulting in dense and easily settleable flocs even at

lower doses 2.

The results of Congo red dye are presented in Fig. 3. With an increase in coagulant dose, a
sudden increase in dye removal using PAC SAB 18 coagulant was observed, whereas a
gradual increase in removal efficiency was observed in the case of ICH. The sudden increase
in dye removal in the case of PAC SAB 18 may be due to over saturation of formation of
amorphous hydroxide precipitate which promote the enmeshment of colloidal particles in a
sweep floc enhancing the overall removal even at lower doses as it is reported that sweep
flocculation mechanism is one of the predominant mechanism with metal coagulants®. The
dye removal was found to be more than 95% at 20 ppm, 30 ppm and 200 ppm dose of PAC
SAB 18 and 45 ppm, 60 ppm and 200 ppm dose of ICH for 50, 100 and 500 ppm of initial

dye concentration respectively.

In spite of being an organic polymer, the requirement of comparatively higher doses of
polyDADMAC than the other two coagulants to achieve the maximum removal was
surprising. According to Razali et al.*addition of polyDADMAC destabilize the particles
resulting in change in zeta potential value, and create microflocs. Up to 96% of dye removal

was observed at 80 and 150 ppm of coagulant dose for 50 and 100 ppm of initial dye
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concentration respectively. Even at polyDADMAC dose of as high as 500 ppm, only 55.46%

dye removal was observed for 500 ppm of initial dye concentration.

3.1.2. Selection of coagulant

The results of Figs. 1 to 3, indicate that performance of coagulants depends on the nature of
dyes, coagulant dose and also the initial dye concentration. Almost similar removal efficiency
was achieved using all three coagulants for removal of auramine O dye irrespective of initial
dye concentration and coagulant doses. Whereas polyDADMAC was observed to be most
suitable for the removal of orange G dye at all the initial dye concentrations, PAC SAB 18
displayed high removal efficiency at higher dye concentration. In the case of Congo red dye,
PAC SAB 18 and ICH were found to be highly efficient even at lower coagulant dose, on the
other hand higher coagulant doses of polyDADMAC were required to achieve maximum
removal, which was very less at higher initial dye concentration of Congo red dye (500 ppm)
even at higher coagulant doses. Comparatively lower coagulant doses were sufficient for high
removal of Congo red dye than required in the case of other two dyes for all the dye

concentrations.

3.1.3. Effect of nature of dye

The removal of auramine O dye was lowest among the three dyes. Orange G was also found
to be difficult to remove, though polyDADMAC showed up to 55% dye removal for the
orange G dye. Congo red was observed to be an easily removable dye for which very high

removal with all three coagulants was observed.

The dye removal behaviour is expected to depend on molecular weight, structure of dye,
solubility, and the nature of dyes. It is also a well-recognized fact that dyes having longer
molecular chains or larger molecular weights are more favorable for removal by

coagulation®®?’

. Many dyes with low molecular weight and cationic dyes may not get
effectively removed using coagulation . Among the dyes taken for the study, auramine O is
the only cationic dye having the lowest molecular weight i.e. 303.83 g/mol and orange G is
highly soluble among three, having a solubility of 80 mg/ml in water. The characteristics of
auramine O and orange G dyes contribute to low removal of these dyes using coagulation.

Among the three dyes, Congo red has high molecular weight of 696.66 g/mol and has a di-
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l. 28

azo long chain structure which indicates its easy removal. Kim et a also related the low

removal of dye as a function of the solubility of dye.

3.2. Cavitation

3.2.1. Effect of initial dye concentration

Cavitation was studied (Acoustic and Hydrodynamic) for the removal of Congo red,
auramine O, and orange G dyes. The effect of initial dye concentration (50, to 500 ppm) on
the removal efficiency was investigated for all three dyes. For the HC, operating time was 2 h
and the experiments were conducted at 0.5 and 2 bar pressure drop conditions. Fig. 4 shows
the extent of degradation of auramine O and Congo red dye. The dye removal in auramine O
dye increased with an increase in initial dye concentration from 50 to 100 ppm for both the
pressure drop conditions, while the degradation decreased with a further increase in initial
dye concentration (100 to 500 ppm). In Congo red, the maximum dye removal was achieved
at 50 ppm. The decrease in dye removal at higher dye concentration values may be due to a
lack of availability of OH® radicals responsible for oxidation of pollutant®®. Saharan et al.*
found an increase in the degradation of orange G dye (30-150 uM) with an increase in initial
dye concentration using circular venturi, slit venturi, and orifice plate while Pradhan and

Gogate® have observed lower degradation of pollutant at higher concentrations.

3.2.2. Effect of pressure drop

The pressure drop was varied from 0.5 to 2 bar. The effect of pressure drop is shown in Fig.
4. High pressure drop condition was favourable for the removal of both Congo red and
auramine O dyes at all the initial dye concentrations. A dye removal of up to 45%, 73%, and
12% in the case of auramine O and 23%, 11%, and 10% in the case of Congo red was
observed at 2 bar pressure drop for 50, 100 and 500 ppm of initial dye concentration

respectively in 2 h. Saharan et al.**

reported the effect of inlet pressure (3-7 bar) for the
decolourization of acid red 88 dye and it was found that the rate of degradation increases up
to 5 bar inlet pressure and then decreased. Gogate and Pandit® also discussed the importance
of the optimum inlet pressure conditions at which maximum cavitational intensity can be
achieved emphasizing the importance of the quantum of total collapse pressure generated as a

result of the collapse of single cavity and the total number of cavities being generated in the
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solution. However, degradation of orange G dye was very low, less than 5% irrespective of
the initial dye concentration and pressure drop conditions.

Saharan et al.*® reported degradation of orange G dye using orifice, slit venturi and circular
venturi as cavitating devices and found that hydrophilicity or hydrophobicity of dye molecule
is important in degradation. It relates to the state of pollutant molecule in the solution i.e.
molecular or ionic state. If the pollutant is in molecular state, it can easily enter the region of
gas water interface of cavities due to hydrophobic nature and thus more readily subjected to
OH°* radical attack and also to the thermal decomposition®*. Thus the overall decomposition
is attributed to the pyrolysis and free radical attack occurred at both cavity and water
interface and bulk liquid medium. While hydrophilicity relate to the ionic orientation of dye
molecule to remain in the bulk solution and hence, less prone by OH® radical attack. It was
also reported that orange G molecules are in ionic (hydrophilic) form in basic pH range and
very low decomposition was observed for orange G at pH range of 7.3-9 which is similar to.
~8.5 pH of this study. It has been also reported that only 10% of the OH® radicals generated
can enter the bulk medium™*. Among the dyes, orange G has high solubility in water and also
found to be most difficult to degrade whereas auramine O dye was observed to be easily

degradable.
3.3. Cavigulation

Three different schemes in cavigulation have been developed to study the process. The
schemes are formed in such a way that the individual effect of each coagulation and
cavitation is explored and also the combined effect of the two processes, in a specified
manner. It is to be noted that the rates of degradation of pollutants by cavitation and rates of
removal of pollutants by coagulation could be widely different and the schemes are expected
to highlight information in this regard that is not available in the literature. The combination

in both the forms of cavitation (Hydrodynamic and acoustic) with coagulation was studied.

Scheme 1:

This scheme aims to evaluate the removal of pollutants by coagulation separately followed by
the combined effect of coagulation and cavitation. The time for coagulation is provided
separately in this scheme as mixing was done initially after which the solution is subjected to
cavigulation. The comparison of the results of this scheme of cavigulation, with results of
coagulation and cavitation separately, will help in understanding the enhancement if any due
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to cavitation as no separate time for only cavitation has been provided in this scheme. The

importance of providing extra coagulant mixing time is also highlighted.

Scheme 2:

The scheme-2 evaluates simultaneous processing effect of coagulation and cavitation. This
scheme will help in understanding the competition of rates of coagulation and cavitation, as
no extra time for cavitation or coagulation is provided and both processes are performed
simultaneously, immediately after the addition of coagulant. The results would reveal

dominance of the rate of any one process over the other.

Scheme 3:

Scheme-3 evaluates the removal of pollutants first through cavitation and then combined
effect with coagulation. In this scheme, cavitation is done initially after which coagulant is
added. The results obtained with this scheme will help in understanding the importance of
providing separate time for only cavitation to investigate breakdown of pollutant species/
altering nature and composition of effluent stream in the process when performed separately.

In general,

a) Cavitation or coagulation may take part in the overall process either completely or
partially.

b) Any one of the processes may be assisting the other or

c) There may be dominance or interference of any one of the processes completely

over the other which will result in affecting the overall efficiency of cavigulation.

3.3.1. Acoustic cavitation+coagulation

This study was carried out by taking Congo red (50 and 100 ppm) as the model pollutant. The
efficiency of cavigulation process with two chemical coagulants; PAC SAB 18 and Iron (l11)
chloride and three biocoagulants; Moringa oleifera, Acanthocereus tetragonus, and Cicer

arietinum was investigated.

For comparison, the individual processes were performed separately. The extent of dye
removal (Congo red 50 and 100 ppm) using only acoustic cavitation for natural pH, pH 3 and

pH 5 was negligible.
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Effect of Schemes adopted

It was observed that the schemes adopted in cavigulation played a significant role in the
understanding of the process. The major experimental findings are summarized in Table 2.
From Figs. 5 and 6 the comparative results for coagulation and cavigulation can be observed
at natural pH for PAC SAB 18 and iron (I11) chloride as chemical coagulants for the removal
of 50 and 100 ppm of initial concentration of Congo red dye. High removal of 74% and 85%
with scheme 2 and scheme 3 (15 ppm coagulant dose) of cavigulation respectively over 37%
of coagulation using PAC SAB 18 was observed for 50 ppm of Congo red dye. Similarly,
improvement in dye removal efficiency with scheme 3 of cavigulation using PAC SAB 18
(20 ppm dose) was attained over coagulation for 100 ppm of Congo red dye . Also in the case
of iron (111) chloride (20 ppm dose), a higher dye removal of 46% was achieved with scheme

3 of cavigulation in comparison to only 22% with coagulation for 100 ppm of dye.

Figs. 7 to 9 show the comparative results using biocoagulants with natural pH condition of
the dye solution. An improvement in dye removal using cavigulation over coagulation was in
the range of almost 25% with schemes 2 and 3 (330 ppm coagulant dose) in the case of
Moringa oleifera, 30% with scheme 3 (300 ppm coagulant dose) and almost 20% with
scheme 1 and scheme 3 (860 ppm coagulant dose) in the case of Acanthocereus tetragonus,
29% with scheme 3 (400 ppm coagulant dose) in the case of Cicer arietinum for 50 ppm
initial dye concentration. Also, for 100 ppm initial dye concentration, with schemes 1, 2 and
3 of cavigulation (300 ppm coagulant dose), very high removal over coagulation was

observed using Acanthocereus tetragonus.

The formation of very large and dense flocs in scheme 2 and scheme 3 were observed in
comparison to coagulation and scheme 1, which also reveal better efficiency with these two
schemes. It should also be noted that, at all the points where scheme 1 was showing better
removal efficiency, scheme 2 and scheme 3 were more efficient than scheme 1. Scheme 3
was observed to be more efficient than scheme 2 in all the cases. As no dye removal was
observed with only cavitation, it can be concluded that, it may have assisted the overall

cavigulation process to improve its efficiency.
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In scheme 2 and scheme 3, cavitation may have assisted the overall process by changing the
form of organic pollutant totally or partially as a result of which further addition of coagulant
may enhance efficiency in these schemes of cavigulation. In scheme 3, a considerable time
for cavitation (initial 10 min) to act upon the dye has been provided which likely improves
efficiency of scheme 3 over scheme 2. Providing separate mixing of coagulant initially may

not help as no time for cavitation was allowed to assist the process separately in scheme 1.

Effect of pH

A pH range of 3 to 5 and Moringa oleifera as a bio-coagulant/ PAC SAB 18 as a chemical
coagulant were selected for the pH study. The results are depicted in Figs. 10 to 11. For the
same coagulant dose, a higher extent of removal was obtained in acidic condition of pH 3,
while almost the same removal has been observed at natural pH and pH 5 (except higher
removal in the case of 20 ppm dose of PAC SAB 18 for removal of 100 ppm of Congo red
dye at pH 5) using both the coagulants in cavigulation (three schemes) and coagulation. A
decrease of pH leads to dye protonation thereby reduction of charge density and induce self-
aggregation of dye molecules and as a result, less coagulant is required for destabilization®.
Some studies, however reported that, pH does not affect the removal efficiency of
biocoagulants® though, Patel and Vashi *°, reported increase in the removal of Congo red at a
lower pH value with Moringa oleifera as a coagulant due to the change in the surface charge

of the coagulant along with the stabilization of the suspension.

In the case of PAC SAB 18 (10 ppm dose), 41%, 58% and 43% dye removal with schemes 1,
2 and 3 were observed compared to only 20% dye removal with coagulation at pH 5 for 50
ppm initial concentration of Congo red dye. At pH 5, an improvement of ~17% in removal
efficiency with cavigulation (scheme 2) over coagulation was obtained using Moringa
oleifera (800 ppm coagulant dose) for 100 ppm initial concentration of Congo red dye. In the
case of highly acidic pH conditions i.e. pH 3, the removal efficiency of cavigulation (scheme
2 and scheme 3) using PAC SAB 18, was very less in comparison to coagulation at 2.5 and 5
ppm coagulant dose for removal of 50 and 100 ppm of initial dye concentration respectively.
Also in acidic conditions (pH 3) only 41% dye removal was observed using cavigulation
(scheme 2) which was up to 60% using coagulation for a 50 ppm initial concentration of

Congo red dye. It is possible that in cavigulation, the high-frequency sound waves may
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destroy partly the flocs formed. The instability of the flocs in acidic conditions has been

reported in earlier studies *°.

Effect of selection of coagulant

The efficiency of cavigulation was observed to be dependent on the nature of coagulant. A
lowering in efficiency with cavigulation in comparison to coagulation has been identified
only in case- Moringa oleifera and iron (I11) chloride as coagulants. Fig. 12 shows the change
in pH of the dye solution with increase in dose of all the coagulants used in the study which
shows acidic nature of Moringa oleifera and iron (I11) chloride. At low pH conditions, flocs
are more fragile and may get dissolved in the solution due to high frequency sound waves,
hence affecting the overall efficiency in cavigulation. In general, PAC SAB 18 as chemical
coagulant and Acanthocereus tetragonus as biocoagulant were found to be most efficient

coagulants in cavigulation.

3.3.2 Hydrodynamic cavitation+coagulation

The experiments were performed selecting auramine O and Congo red dyes with initial dye
concentration of 100 ppm and 500 ppm respectively. PAC SAB 18 was selected as coagulant
(coagulant doses of 25 ppm in the case of auramine O dye and 100 ppm in the case of Congo
red dye). A pressure drop of 2 bar in cavitation and cavigulation was used. Fig. 13 shows the
comparative results of hydrodynamic cavitation, coagulation and cavigulation (hydrodynamic
cavitation+coagulation) adopting three schemes for both the dyes. It has been observed that,
in the case of auramine O dye, the removal using cavigulation was considerably higher than
only coagulation but lesser than cavitation. In comparison to 73% of dye removal observed in
cavitation, only ~ 50% dye removal was observed with all the schemes. In the case of Congo
red dye, removal observed was 19% with scheme 1, and 26% with scheme 2 and 3 of
cavigulation compared to 23% with coagulation, which was higher than that in cavitation
alone. As discussed in the case of acoustic cavitation+coagulation, formation of flocs in
cavigulation has been observed and found to play a significant role in improving efficiency in
cavigulation, but in this case no such flocs were observed. Flocs formation at the intermediate
stage of the process may occur, but may not withstand conditions of stress due to the motion

of the fluid at high flow rate leading to the breakage of these flocs or floc formation may not
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take place in the HC process leading to lower efficiency of cavigulation in form of

HC+coagulation. More investigations are however required in this regard.

4. Conclusions

The present study clearly highlights the benefits of developing new hybrid technologies for
dye wastewater treatment as cavigulation in form of acoustic cavitation+coagulation was
observed to be very efficient for dye removal for Congo red dye wastewater when compared

to the efficiency of coagulation and acoustic cavitation individually.

1. A separate time for cavitation assists the whole cavigulation process to improve its
efficiency in the case of acoustic cavitation+coagulation for the removal of Congo red
dye (Scheme-3).

2. Highly acidic condition in cavigulation at some points was not favorable and acidic
coagulants were also effective at high doses.

3. Low coagulant doses were required in acidic conditions for attaining the same
removal efficiency of Congo red dye in coagulation and cavigulation
(AC+coagulation).

4. PAC SAB 18 amongst the chemical coagulants and Acanthocereus tetragonus
amongst biocoagulants were found to be the most efficient

5. Study of cavigulation in form of coagulation+HC for removal of auramine O and
congo red dyes accentuate the need for modifications for better removal efficiency.

6. Auramine O dye was found to be the most easily degradable using hydrodynamic
cavitation compared to coagulation, while Congo red was easy to remove using
coagulation but not with HC; Orange G was found to be most difficult to remove
using either of the processes.

Overall it has been found that the molecular weight, structure and solubility of dye, nature of
coagulants are the important parameters. It can be concluded a combination of two or more

treatment processes is required to meet the desired level of removal.
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using PAC SAB 18 as coagulant
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Tables:
Table 1. Physicochemical properties of dyes
S. Name of Molecular Structure Molecular Solubility | Appearance
No. dye Weight in water

(9/mol) (mg/ml)

1. Congo red 696.65 10 Solid powder

=8
A
o Ha

2. Orange G . 452.37 80 Solid powder
L J
r
3. Auramine — 303.83 10 Solid powder
© v _I |
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Table 2. Comparative study of cavigulation (acoustic cavitation+coagulation),

coagulation and acoustic cavitation

S. Dye | pH Coagulant Coag | Scheme Percent dye removal
no. | conc. ulant Cavigul- | Coagulati | Cavita
(ppm dose ation on tion
) (ppm)
1 50 6.5° PAC SAB 18 15 2 74 37 0
2 | 50 |64°| PACSABI18 15 3 85 37 0
3 100 5° PAC SAB 18 20 3 63 31 0
4 50 52 PAC SAB 18 10 1 41 20 0
5 50 5 PAC SAB 18 10 2 58 20 0
6 50 52 PAC SAB 18 10 3 43 20 0
7 50 3 PAC SAB 18 2.5 2 48 68 5
8 100 | 3° PAC SAB 18 5 3 73 99 9
9 | 100 |3.8°] Iron(I11) chloride | 20 3 46 22 0
10 100 |3.8°| Iron (111) chloride 30 1 20 44 0
11 | 50 | 7° | Moringaoleifera | 330 2 61 34 0
12 | 50 |[6.9°| Moringaoleifera | 330 3 59 34 0
13 50 |[5.7°| Moringaoleifera | 650 1 12 51 0
14 | 100 |4.9° | Moringa oleifera | 1600 3 57 94 0
15 | 100 |4.8° | Moringa oleifera | 2300 3 70 99 0
16 50 3* | Moringa oleifera 80 2 41 60 5
17 | 100 | 5% | Moringa oleifera | 800 2 68 51 7
18| 50 | 5° A. tetragonus 300 3 99 66 0
19 50 5P A. tetragonus | 860 1 97 75 0
19| 50 | 5° A. tetragonus 860 3 95 75 0
20 | 100 [5.2°| A. tetragonus 300 1 66 50 0
21 | 100 [5.2° A. tetragonus 300 2 66 50 0
22 | 100 |5.2°| Atetragonus 300 3 75 50 0
23 | 50 |5.9°| Cicerarietinum | 400 3 63 34 0

Note: *Adjusted pH, "Natural pH
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Abstract:

Ayurvedic Bhasmas play very important role in the treatment of various diseases. However, it
should be in the pure form to avoid any adverse effects on human health. The present work
describes the synthesis of copper and zinc based Pittal bhasma followed by its
characterization using modern analytical techniques such as TEM, SEM, EDX, XRD, DLS
and FTIR as well as some ayurvedic tests. Synthesis involves traditional method of shodhana,
bhavana and marana . For the latter, traditional putas as well as modern electric muffle
furnace were also used for heating purpose. The study reveals that Pittal Bhasma prepared by
traditional method of heating has 60 % particles in the range of 300-750nm while that
prepared by using electric muffle furnace has 65 % particles in 250-750nm range. In both
cases the bimodal particle distribution is observed. The study concludes that bhasma can be

useful medicine if it is prepared by standard method of preparation and analysis.

Key Words: Pittal Bhasma, Purification, Ayurveda, Traditional Medicine

1.Introduction:

Ayurvedic Bhasmas play very important role in the treatment of various diseases®. Bhasmas
are unique ayurvedic herbo-metallic preparations useful in various ailments. Starting raw
material, various ingredients used during synthesis, trituration process and way of
incineration process decides quality of bhasma. The incomplete incineration may result in
impurities which can lead to the adverse effects and toxicity. If Bhasma is not prepared
properly, it can cause multiple complications such as skin diseases, fever, delusion etc.
Hence, Different classical textbooks of Rasashastra have mentioned various parameters for
the Standardization of Bhasma?, as a single method 2 is not applicable for determining the
accurate formation of a particular bhasma.

The various confirmatory parameters for prepared Bhasma are specified in the various
Ayurvedic textbooks and literature®®. Copper and zinc based Pittal Bhasma is used for the

Babita Kale and Nilima Rajurkar,
J. Isas., 1(3), 77-90, 2023
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treatment of various skin diseases®**°. We had reported synthesis and characterization of
different bhasmas from our laboratory, among which vanga bhasm and Abhrak bhasma were
found to have formation of nanoparticles in it *>**. The present work describes the synthesis
of Pittal bhasma followed by its characterization using modern techniques such as TEM,
SEM, EDX, XRD, DLS and FTIR as well as some ayurvedic tests.

2. Materials and Methods:

Pittal was purchased from the local Market and sheets were prepared in workshop of
Chemistry Department, Savitribai Phule Pune University. Pittal Bhasma was synthesized as
per the procedure described in ayurvedic literature [6]. It involves Shodhana process
(purification of raw material) followed by Bhavana process (Levigation). At the end, Marana
process (incineration)was carried out. Incineration was done with traditional putas as well as
modern electric muffle furnace (EMF).

2.1 Purification:

Liquefaction and pouring methods were used for purification of raw material. In this process
the metals are subjected for purification with various liquid media viz. sesame oil, butter
milk, cow’s urine, kanji, and decoction of horse gram. The Sheets of Pittal (brass) weighing
99.1 g were used for preparation of Bhasma. The metal plates (5x5 cm) were kept on flame
and heated till the material becomes red hot.The red hot metal sheets were then quenched in
100 mL of sesame oil taken in earthen pot. Sesame oil was separated, and plates were dried
and its weight was recorded. The above procedure was repeated for six more times. Similar
purification was carried out using butter milk, cow urine, kanji, horse gram decoction
respectively. For each step of purification fresh liquid media was used.

2.1. Special purification (Vishesh shodhana)

In special purification of brass metal, plate processed in previous step was heated till it
became red hot and quenched in 100 mL mixture of Vitex nigundo leaves juice and 50 g
powder of Curcuma longa Linn (haridra). The process was repeated 3 times. This procedure
modifies the properties of the therapeutic material to enhance their potential.

2.2l evigation:

The sample after Purification was subjected for levigation. The metal plates were converted
into small pieces after purification. The pieces of brass from above step were ground with the
leaves of Calotropis gigantean (Rui) plant till it was converted into fine powder.

2.3 Incineration:

In this method small pellets were prepared by using paste from levigation step. These pellets

were then kept in closed vessel (sharav) and subjected for heating. The sample was slowly
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heated in electric muffle furnace up to 1100°C and kept for 3h. The sample was also heated
by traditional method. The process was repeated 7 times.

The final form of bhasma was yellowish in colour. It was then analyzed by ayurvedic tests
and XRD, FTIR, SEM, EDAX, TEM and DLS techniques

3 Results and Discussion:

3.1 Ayurvedic tests of Pittal Bhasma:

The prepared bhasma was analyzed in view of ayurvedic tests, the results of which are
recorded in Table 1

Observations recorded in Table 1 were found to match with those reported in ayurvedic
literature.

The major changes observed during purification were that the sample melts after heating,
while pouring into liquid media, the sample becomes hard and shiny. At the end of special
purification, the sample was converted into small pieces which were more brittle.

The initial weight of raw Pittal was 50 g. The weight of finally obtained Pittal bhasma by
traditional method of heating was 25 g and Electric muffle Furnace heating was 30.5 g.

3.1 XRD analysis at different stages of synthesis:

The synthesized bhasma was characterized using X- ray diffractometer SHIMADZU
AA -7000 ,equipped with photo scintillation detector , angular range 26 = 10 -80° " rate of
scanning 5° / min.The scanning angle was between 10-80 °C and the rate of scanning was 1°
/min.
The XRD pattern at each stage of preparation of Pittal Bhasma is shown In Figures 1a and 1b
The presence of sharp diffraction peak shows the highly crystalline nature of bhasma. The
XRD spectra of starting material of Pittal Bhasma (Fig.1a) shows the major peaks at 26 =
35.5% 35.6 ° 48.3° and in the sample shows diffraction peak mainly at 26 = 42.50°, 49.30°,
49.53° and 72.32° which indicates the planes 200,202 and 220, which is related to Cu and
CuO. Spectra for the starting material after purification(Figlb) shows similar peaks which are
present in staring material except the peak at 20 = 72.32°. After purification the final product
of Pittal Bhasma prepared by incineration with EMF heating and traditional method of
heating (Fig.2a and 2b ) shows clear phase change and crystalline nature of the sample. The
major peaks are observed at 26=32.68°, 39.20°, 46.18% and 56.46° in the bhasma prepared by
traditional method of heating (Fig.2a) which represents the planes 110,002, 202, 220.While
the Pittal Bhasma prepared by electric muffle furnace heating (Fig.2b) shows major peaks at

20 =27.88°,29.98° 35.32°,38.70° 48.66°, 62.38 ° which is related to planes 110, 002, 202, 200,
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220.The peaks corresponds to Cu,O, Cu as well as CusO3 with reference to JCPDS file No.
05-0661 and 33-0480.The peaks are observed to be more intense in spectra for Pittal Bhasma
incinerated with EMF heating than that of the spectra for the bhasma prepared by
incineration with traditional method of heating.

The mean crystallite size calculated by Scherer equation (1) is recorded in Table 2

Where, t=Crystallite size, A= Wavelength, = Full width at Half Maxima

An examination Table 2 shows that the mean crystallite size for the initial sample of Pittal
Bhasma is 157.48 nm. This decreases after purification to 152.8 nm. Bhasma prepared by
incineration with electric muffle furnace heating shows less crystallite size than that of the
bhasma prepare by traditional method of heating.

3.2 FTIR analysis during Pittal Bhasma process:

The FTIR spectrum of sample shows peaks in 400- 4000 cm™ region. The FTIR analysis was
carried out on SIMADZU-7000. The major peaks obtained from FTIR spectra (Fig.3) for
Pittal Bhasma is shown in Table 3.

As can be seen from Table 3 and Fig.3, for the Pittal Bhasma prepared by EMF heating
shows major peaks at 519 cm™, 867 cm™, 1101 cm™ and 2334 cm™. But the bhasma prepared
by traditional method of heating shows peaks at 481 cm™, 2134 cm™, 2327cm™. The spectra
in low frequency region are mainly due to the metal oxide bond such as Cuo, ZnO. The peak
intensity is more in case of Pittal Bhasma incinerated with electric muffle furnace heating

than the bhasma incinerated with traditional method of heating.

3.3 SEM Analysis during Pittal Bhasma Preparation process:
SEM of Pittal bhasma at various stages of synthesis are shown in Fig.4 and Fig. 5

The SEM analysis was carried out on FEI Nova-nano SEM-450. The scanning electron
micrograms at various stages of preparation are shown in Figs.4and Fig.5

An examination of Fig. 4a —4b reveals regular and uniform arrangement of cluster of granules
in finally prepared bhasma, which was not observed in raw material (Fig.4a). It is clearly
observed that the surface area was smooth after special purification (shodhan) treatment

(Fig.4b) and organic constituents are adsorbed on the surface of the sample during
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preparation. The particle size observed after special purification is 250nm - 1um. Hence, it is
clear that purification process reduces particle size. The bhasma prepared by traditional
method of heating shows the uneven size of the bhasma particles (Fig.5a). The size of Pittal
Bhasma prepared by EMF heating is less as compared to the bhasma prepared by incineration
with traditional method of heating. This may be due to the uneven heating of sample in
traditional method. .The size of particles in Pittal Bhasma prepared using electric muffle
furnace is between 50-100nm (Fig5b), while that of the bhasma prepared by traditional
method of heating shows clusters of particles within 250nm -1um (Fig.5a). It also shows

some rod like structure.

3.5 EDX Analysis during Pittal Bhasma process:
Fig.6 to Fig. 9 show EDX spectra of Pital Bhasma at different stages of preparation (using of
Bruker XSHLASH-6 130 electron microscope) and Table 4 to Table 7 includes elemental

content obtained from EDX analysis of Pittal Bhasma at various stages of preparation

The EDX spectra of starting material of Pittal Bhasma (Fig.6 and Table 4) shows the Cu and
Zn in major amount along with some trace elements such as S, Fe, C. After purification
(Fig.7 and Table 5) it was observed that other elements are incorporated in bhasma Cu, O, S,
C. The final product of Pittal Bhasma prepared by incineration with traditional method of
heating (Fig.8 and Table 6) shows O, Si, Fe, Pb, Ca, Mg and P along with the Cu ad Zn. The
concentration of Cu is observed to be decreased , while the bhasma prepared by EMF
heating(Fig.9 and Table 7) shows the presence of Cu, Zn, Al, Si, Mg, P.C,0 and K. The
source of elements other than Cu and Zn may be medicinal plants used during preparation of
Pittal Bhasma. All these elements are obtained from the herb and useful to increase the
efficacy of the bhasma. These are seems to be additional supplement for curing the disease.
Thus, the elemental analysis shows the nutrient elements present in the bhasma sample are

due to the herbal material used in the preparation.

3.6 TEM analysis during Pittal Bhasma

TEM analysis of Pittal bhasma at various magnifications (using TecnaiG2U-twin200Kv
Lab6FEI Netherlands) are shown in Fig. 10

The bright spots in SAED pattern support the highly crystalline nature of the Pittal Bhasma.
The TEM image Further shows spongy nature in bhasma. The inter planer distance in Pittal
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Bhasma prepared by incineration with EMF heating (Fig.10b) is 0.268 nm while that of the
bhasma prepared by traditional method of heating (Fig.10 a) is 0.299 nm. Thus, TEM
analysis also supports that the bhasma prepared by EMF heating is better method than

traditional method of heating.

3.7 DLS analysis During Pittal Bhasma preparation process:
The diffusion coefficient, effective diameter and polydispersivity of Pittal Bhasma are

reported in Table.8

As can be seen from Table 8, the dynamic light scattering study of bhasma shows that
the effective diameter for the bhasma prepared by EMF heating is less as compared to the
bhasma prepared by traditional method of heating.

Conclusions:

XRD of Pittal Bhasma shows the presence of CuO and granular appearance and

polycrystalline nature. ‘EDAX analysis of Pittal bhasma shows incorporation of number of
nutrient elements.

SEM of Pittal Bhasma Shows particles with change in morphology. The Bhasma prepared by
EMF heating are smaller in size than the Traditional Method of heating. FTIR for traditional
method shows major peaks for C-H ,C=C ,Cu-O bond. Pittal Bhasma prepared by traditional
method of heating has 60 % particles in the range of 300-750 nm while that prepared by
using electric muffle furnace has 65 % particles in the range of 250-750 nm. In both cases the

bimodal particle distribution is observed.
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Fig. 1 XRD spectra of Pittal Bhasma a) before purification b) after purification
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Fig. 2 XRD spectra of Pittal Bhasma prepared by a) Traditional method of heating b) EMF
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Fig.3 FTIR spectra of Pitta Bhasma
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P1: Pittal Bhasma prepared by traditional method of heating
P2 :Pittal Bhasma prepared by EMF heating

Fig.5 SEM Micrograph of Pittal Bhasma a) prepared by traditional method of heating b)
prepared by EMF heating
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Fig.6 EDX spectra of starting material of Pittal Bhasma
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Fig. 7 EDX spectra of Pittal Bhasma after purification
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Fig. 10 TEM, HRTEM, SAED of Pittal Bhasma prepared by a) traditional method of heating b) EMF
heating

Tables:

Table 1 Ayurvedic tests of Pittal Bhasma

TEST P1 P2

Odor Odorless Odorless
Colour Dark Brown Dark brown
Nishchandratvam +ve +ve
Rekhpurnatvam +ve +ve
Varitratvam +ve +ve

Unnam +ve +ve

P1: Pittal Bhasma prepared by traditional method of heating
P2:Pittal Bhasma prepared by EMF heating
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Table 2 Crystallite size during preparation of Pittal Bhasma

PittalBhasma | 26 (degree) d value Mean Crystallite
size /nm
P1 42.50,49.30, 49.53,72.32 | 2.12,1.83,1.83,1.30 | 157.48
P2 42.50,49.38 2.12,1.84 152.80
P3 32.68,39.20,46.18,56.46 2.73,2.29, 1.96, 1.62 | 139.70
P4 27.88,29.98,35.32,38.70, | 3.19,2.97,2.53,2.32, | 126.39
48.66,62.38 1.86, 1.42
P1: Starting material of Pittal Bhasma
P2: Starting material of Pittal Bhasma after purification
P3: Pittal Bhasma Prepared by traditional method of heating
P4. Pittal Bhasma Prepared by EMF heating
Table: 3 FTIR analysis of Pittal Bhasma
Functional group Absorption wavenumber /cm™
P1 P2
Cu-0,Z2n-O 431,461 519
co |- 1101
O-H 2334 2334
P1: Pittal Bhasma prepared by traditional method of heating
P2 :Pittal Bhasma prepared by EMF heating
Table: 4 EDX analysis starting material of Pittal Bhasma
Element Conc./% Element Conc./%
Zn 15.90 K 0.10
Cu 72.61 Fe 1.92
C 3.16 Mg 0.01
Na 0.52 S 16.02
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Table 5 EDX analysis of Pittal Bhasma after purification

Element Conc./% Element Conc./%
Zn 22.43 S 0.72
Cu 55.62 C 6.69
0 8.01 Pb 4.09

Table 6 EDX analysis of Pittal Bhasma prepared by traditional method of heating

Element Conc./% Element Conc./%
Zn 15.17 Pb 0.50
Cu 35.17 Ca 2.69
(@] 15.01 Mg 1.33
Si 5.69 P 0.23
Fe 3.17
Table 7 EDX spectra of Pittal Bhasma prepared by EMF heating
Element Conc./% Element Conc./%
Zn 26.04 K 2.10
Cu 29.62 P 1.92
0 20.23 Mg 0.82
C 6.44 Si 0.23
Al 0.18

88




JOURNAL OF ISAS VOLUME 1. ISSUE 3. JANUARY 2023

Table 8 DLS analysis during Pittal Bhasma

Sr. Sample No. | Diffussion coefficient | Effective diameter /nm | Polydispersivity
No. 9 e
/10 “cm“S
1 P1 8.02 611.21 0.279
2 P2 8.09 551.04 0.267

P1: Pittal Bhasma prepared by traditional method of heating
P2: Pittal Bhasma prepared by EMF heating
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Geochemical explorations are of paramount
importance in optimally using the resources, thereby
strengthening the economy. Trace element’s analysis
requires application of state-of-the-art techniques so as
to detect and / or quantify them with utmost sensitivity
and selectivity. The book Analytical Techniques for
Trace Elements in Geochemical Exploration provides
a comprehensive treatise of hitherto reported analytical
techniques that could be used for geochemical analysis
of multitude of samples.

The book is comprised of sixteen chapters, each one
deals with a particular technique. Coverage of wide
spectrum analytical techniques, ranging from UV-Vis
spectrophotometry to ICP-MS with hyphenated

techniques, meets the requirement of every laboratory according to their budget and projects.

Description of sample preparation methods, wet chemistry and sample collection procedures

are special features of this book which do not limit its scope to only instrumental techniques.

Amongst various techniques described in the book, ICP-MS are of special mention as they

offer highest sensitivity with attractive dynamic linearity range. Discussion on statistical

treatment in the context of geochemical trace elements analysis makes this work worth

reading for analysts. Provision of reference standards for each kind of sample and analytical

technique would have also been very useful.

This book is a reader friendly text, covering all of the mainstream analytical techniques used

by geochemical explorers, analysts and researchers. The book will also be of benefit to

students embarking on research careers through PhD or other research degree.

Link for the book: https://pubs.rsc.org/en/content/ebook/978-1-83916-572-6
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