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ABSTRACT

The biosorption of methyl orange dye from an aqueous solution onto Acalypha indica (A. indica) was
examined using batch and continuous processes. The equilibrium dye uptake limit of A. indica was
determined by analyzing the impact of different working parameters like adsorbent dose, pH, and
time. The biosorbent was exemplified by scanning electron microscopy, Fourier transform infrared
spectroscopy, surface area analyzer, point of zero charge, and Boehm titration. In batch experiments,
the maximum uptake capacity of sorbent (82 mg g™) was achieved with the biosorbent dosage of
0.03 g 100 mL™ and at pH 3.0. Henry’s isotherm model was (R* = 0.997) proved to be a better fit than
Langmuir and Freundlich isotherms. The data acquired from kinetic studies were found to fit well
with the Elovich’s model (R? > 0.99) when compared with pseudo-first-order, pseudo-second-order
equation, and intraparticle diffusion model. Optimized parameters from batch studies were further
employed for column studies. Maximum uptake capacity of biosorbent (244 mg g™') was obtained
at the bed height of 3 cm and at the flow rate of 5 mL min. Breakthrough curves showed that the
chosen biosorbent reduced the concentration of dye from 30 mg L™ to appreciable level. Gravitational
search algorithm (GSA) was employed to predict the optimal combination of the process parameters.
It was observed from the GSA results that the equilibrium uptake capacity of the biosorbent should be
maintained at the concentration level of 11.3921 mg L™ and at the time of 47.35 min.

Keywords: Methyl orange dye; Acalypha indica; Isotherm; Breakthrough curve; Gravitational search

algorithm

1. Introduction

The modern era of development of technologies has
seen a tremendous increase in products leading to the
destruction of our ecosystem. Water pollution is one of the
serious concerns caused by the impact of these technologi-
cal developments [1,2]. Dyes are one of the important factors
contributing to water pollution. There are different catego-
ries of dyes like acidic dyes, basic dyes, reactive dyes, azo

* Corresponding author.

dyes, etc. [3]. Production of dyes has increased due to their
extensive use in textile industry [4]. There are a maximum
of 0.7 million tonnes of synthetic dyes produced because of
dyeing operations out of which 200,000-280,000 tonnes are
released into the environment [5]. Dyes that are released
into water bodies are hard to deteriorate, and due to their
mutagenic nature, they have carcinogenic effects. Thus, con-
trolling water contamination has turned into a critical issue
in recent years [6,7]. The concentration of colored dyes has
to be reduced to specific, tolerable limits before discharging
them into water bodies. Wastewater generated from textile
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industry is evaluated based on the ejection volume and igni-
tion of effluent. Therefore, an appropriate and cost-effective
dye removal technology has to be developed to treat the efflu-
ent [8]. To treat these effluents, some chemical and physical
methods that include coagulation, oxidation, absorption, fil-
tration, ionization, radiation, etc. are employed [9,10]. These
techniques pave the way for the creation of secondary pollut-
ants (sludge) which needs to be treated further. Commonly
available natural adsorbents having low cost, ready availabil-
ity, capacity to create less sludge, and environmental friendly
are considered to be the best options [11]. At present, the pro-
cess of adsorption is one of the most efficient and attractive
processes for the remediation of textile dyes [12]. Activated
carbon is a promising adsorbent though it has a few demerits
like high operating expenses and problems in recovering the
spent carbon.

Utilization of naturally available materials as adsorbents
for the treatment of wastewater would give us a potential
substitute to the customary treatment strategies. Therefore,
natural and squander materials from industry and farming
can be utilized as alternative adsorbents [13]. These adsor-
bents are evaluated based on cost, availability, adsorption
capacity, and their functional groups on the surface. They
have unique surface functional groups like amino, phos-
phate, carboxyl, and the lipid division which are essential for
adsorption. Biosorbents derived from apple pomace, wheat
straw, coconut shell, coir pith, corncobs, barley husks, ben-
tonite clay, fly ash, etc. have been found to be more effective
than commercial activated carbon [14-19]. Among the differ-
ent biosorbents known to us, biomass derived from Neem
tree, Acalypha indica (Meliaceae), is highly potential and has
been widely explored for solving various problems related to
agriculture, public health, and environmental pollution con-
trol. Neem tree is native to Southeast Asia and grows in many
countries throughout the world for the production and com-
mercialization of various products. Their biomasses are used
commonly for removal of toxic pollutants such as dye, pes-
ticides, heavy metals, hydrocarbons, chemicals, radioactive
compounds, etc. [20]. Biomass made from A. indica leaf serves
as a potential alternative adsorbent since the surface struc-
ture remains stable even after longtime agitation treatment
and also can be obtained without excessive cost highlighting
its advantage as adsorbents. Treatment of dyes was carried
out in batch mode but in order to obtain the results for indus-
trial scale, column operation is preferable [21]. In addition,
packed columns are found to be efficient since the flow of
adsorbate is continuous which increases the adsorption
capacity [22]. The application of classical optimization tech-
niques is inevitable in modern process industries to increase
the productivity and to obtain the maximum benefit out of
it. The conventional optimization technique can address the
problem if the dimensional space is less. If the intensity of
the problem increases exponentially, the conventional opti-
mizing techniques will not fulfill the requirement. Currently,
Gravitational search algorithm (GSA), an optimization
tool, is effectively utilized to overcome the aforementioned
problems [23].

The objective of the current study is to reveal the potenti-
ality of A. indica leaf as a suitable biosorbent for the removal
of methyl orange dye. With respect to this, studies have been
carried out in batch to find the effect of various operating

parameters like adsorbent dosage, pH of dye solution, and
adsorption time. Langmuir, Freundlich, and Henry’s models
are utilized to evaluate the equilibrium data. The data gained
from kinetic study are used to analyze pseudo-first-order,
pseudo-second-order, intraparticle diffusion, and Elovich’s
models. Moreover, fixed-bed column studies were done to
determine the performance of biomass in continuous opera-
tion in terms of breakthrough curve. As a part of this study,
effects of bed depth, flow rate, and initial feed concentration
on the performance of adsorption were also investigated.
Further, to evaluate the breakthrough results, Thomas model
was applied to the experimental data. And also, GSA tool is
effectively utilized for optimization.

2. Materials and methods
2.1. Materials

Methyl orange dye with a purity of 99.9% was purchased
from Balaji Chemicals Ltd., Chennai, India, to be used in
the investigation. The dye stock solution (1,000 mg L) was
prepared by dissolving a (1 g L) known amount of methyl
orange dye in distilled water. The experimental solutions
were acquired by diluting the stock solutions with distilled
water to preferred concentration. Analytical grade chemicals
and reagents used in this study were purchased from Merck,
Mumbeai, India. They were used nascent without any further
purification.

A. indica leaves were collected from the campus of
Kalasalingam Academy of Research and Education, Tamil
Nadu, India. They were rinsed with tap water followed by
distilled water to get rid of dust particles and further dried in
hot air oven at 70°C for 48 h. The dried leaves were powdered
in laboratory mixer, and the particles were passed through a
British Standard Sieve (BSS) of 44 mesh (350 p) and retained
in 60 mesh (250 p), which were then collected and stored
in poly bags for further study.

2.2. Characterization of biosorbent

Scanning electron microscopy (SEM) S-3000H (Hitachi,
Japan) was used to determine the surface morphology, and
the surface functionality of the biosorbent was identified
by Fourier transform infrared (FTIR). The FTIR spectrum of
the biomass before and after dye adsorption was recorded
using an RTracer-100, FTIR spectrophotometer (Shimadzu,
Japan). They were analyzed under constant conditions in
the region from 400 to 4,000 cm™. Surface area of biosorbent
was determined by Quanta chrome Autosorb 1C BET Surface
Area & Pore Volume Analyzer (Quantachrome Instruments,
USA).

Boehm titration was adapted to quantify the oxygen-
containing surface functional groups [24]. For this titration,
0.1 N of NaOH, sodium carbonate, sodium bicarbonate, and
hydrochloric acid were prepared as a stock solution sepa-
rately. One gram of biomass was mixed with 50 mL of each
stock solution in 5 different vials and shaken for 24 h. Then it
was filtered, and from the filtrate, 5 mL was taken and titrated
against the stock solution. During the titration, carboxylic
acid was neutralized by sodium bicarbonate; carboxylic acid
and lactonic groups were neutralized by sodium carbonate;
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Carboxylic acid, lactonic and phenolic groups were neutral-
ized by sodium hydroxide. Based on these assumptions,
acidic sites were quantified.

The point of zero charge (pH,,) is the key factor that
determines the type of surface active centers and the adsorp-
tion capacity of the chosen biosorbent [25]. Therefore, influ-
ence of pH on adsorption process plays a vital role. In order
to find out pH_, powder addition method was selected in
which 0.02 g of blosorbent was added to 20 mL of 0.1 M
NaCl. The pH of the solution was adjusted from 2 to 11 using
0.1 M HCl or 0.1 M NaOH. This solution was equilibrated for
24 h after which the final pH of the solution was recorded
(pH). Graph is plotted between ApH (i.e. difference between
1n1t1al (pH,) and final pH (pH ) and initial pH (pH,).

2.3. Batch studies

Batch biosorption experiments were carried out in
100 mL of dye solution in an Erlenmeyer flask of 250 mL.
Biomass from A. indica leaves was used as an adsorbent. To
study the effect of sorbent dosage, different weights (0.01,
0.02,0.03, 0.04, and 0.05 g) were measured and added to dye
solution. The flasks were agitated on a shaker at 180 rpm
with an initial dye concentration of 30 mg L till the equi-
librium was reached. Effect of pH on dye adsorption was
studied at different pH (1, 2, 3, 4, 5, and 6 pH), where the
solution pH was adjusted by adding 0.1 M NaOH or HCI
solution. The adsorbent dose and dye concentration were
set at optimum dose and 30 mg L™ respectively. The influ-
ence of contact time was studied from 0 to 195 min with
a time interval of 15 min under the identical parameters
along with the optimized pH. All the experiments were
conducted at 30°C.

A sample of 2 mL was withdrawn at different time
intervals from the flask. It was centrifuged at 3,000 rpm for
3 min, and the supernatant liquid was analyzed for residual
dye concentration. The absorbances of solution were stud-
ied at a maximum wavelength (A__) of 520 nm in UV-2700
UV-Vis spectrophotometer (Shimadzu, Japan). The amount
of dye adsorbed per adsorbent mass was calculated by
using the following equations:

C -C\V
s W*) M

_(CO—CB)V
qe_ W (2)

where g, and g, are the amount of dye adsorbed (mg g™') at
time ¢ (mins) and at equilibrium time (min), respectively. C,
C, and C, represent the dye concentrations of methyl orange
(mg L) at zero time, at any time f, and at equilibrium time in
the solution, respectively. V is the volume of solution (L), and
W is the mass of adsorbent (g).

To ascertain the purpose of reproducibility of reported
results, triplicate experiments were conducted and their
standard deviations taken for further investigations [26]. This
is indicated by error bars representing the standard deviation
of a data set which are incorporated in the figures.

2.4. Equilibrium modeling in batch system

The behavior and the mechanism of the sorption of
methyl orange onto A. indica were studied through equilib-
rium modelling. As defined by the isotherms, the amount
of adsorbate adsorbed by the adsorbent as a function of its
concentration was used. The adsorption data were analyzed
using three isotherm models, namely, Langmuir, Freundlich,
and Henry’s models, for the present investigation.

2.4.1. Langmuir model

The Langmuir adsorption model is the most common
one used to quantify the amount of adsorbate adsorbed on
an adsorbent. Langmuir model assumes that adsorption
is monolayer, and it may be due to physisorption which
involves weak intermolecular forces such as Van-der-Waals
force of attraction and hydrogen bonding. It can be described

by Eq. (3).

Q_L+Ct’ (3)
q, bQ, Q,

where C, is the equilibrium concentration of dye (mg L), g, is
the amount of dye adsorbed onto biosorbent at equilibrium
time (mg g™), Q,and b are the maximum amount of the dye
per unit weight of biomass to form a complete monolayer on
the surface bound at high g, and b is a constant related to the
affinity of the binding sites, respectively.

According to Eq. (3), a plot of C/q, versus C, will be a
straight line with a slope 1/Q and intercept 1/bQ, when
adsorption follows the Langmuir equation.

2.4.2. Freundlich model

The Freundlich model explains the multilayer adsorp-
tion. It is an empirical relation between the concentration of
a solute on the surface of an adsorbent and the concentra-
tion of the solute in the liquid with which it is in contact. It
is believed to happen due to chemisorption which involves
formation of strong chemical bonds. It is irreversible, and
it requires high activation energy. The following equation
represents the Freundlich isotherm.

Ing, :an+llnCe 4)
n

where K and n are adsorption capacity (mg g™) and adsorp-
tion intensity, respectively. Eq. (4) can be linearized, and
the graph was plotted between Ing, and InC, to determine
Freundlich constants. The magnitude of the term (1/n) gives
an indication of the favorability of the sorbent-adsorbate
systems.

2.4.3. Henry’s isotherm

Henry’s law is applied to the system where the adsorp-
tion is carried out on a uniform surface at sufficiently low
concentrations such that all molecules are eliminated from
their neighbors. The relationship between fluid phase and
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adsorbed solid phase are in equilibrium and was found to
be linear with a constant of proportionality known as the
Henry’s constant (k,,). The following equation represents the
Henry’s isotherm.

Ing, =Ink, +InC, (5)

Graph was plotted between Ing, and InC, to determine
Henry’s constant (k,,)

2.5. Kinetic modeling in batch system

In order to investigate the mechanism of biosorption
and potential rate controlling steps such as mass transport,
chemical reaction processes, and kinetic models play a major
role to test the experimental data. When the biomass is sus-
pended in a well-agitated batch system, all the binding sites
present on the wall are made readily available for dye uptake
so that the effect of diffusion on biosorption rate can be
assumed to be insignificant and hence omitted from the anal-
ysis. The kinetic models including the pseudo-first-order,
pseudo-second-order, intraparticle diffusion, and Elovichs
models can be used in this case assuming that the measured
concentrations are equal to surface concentrations.

2.5.1. Pseudo-first order

Pseudo-first-order rate expression is specified by Eq. (6)

k.t

1

2.303

log(q, —4,)=logq, - (6)

where g, is the adsorption capacity at equilibrium (mg g™),
g, is the adsorption capacity of sorbent at any time (mg g™),
and k, is the pseudo-first-order rate constant (min™). Plot
was made between log(q, - ¢,) and ¢ was made to find the
constant k,.

2.5.2. Pseudo-second order

Pseudo-second-order rate expression is given by Eq. (7).

t 1 t
7t —
a kg, 4,

@)

where g, is the adsorption capacity at equilibrium (mg g™), g,
is the adsorption capacity at any time (mg g™), and k, is the
pseudo-second-order rate constant (g mg™ min™). Values of
g, and k, can be calculated by plotting t/4, and ¢.

2.5.3. Intraparticle diffusion model

In intraparticle diffusion model, the medium possesses
a uniform concentration of sites on which the solute mole-
cules form a monolayer. Based on the previous results on
the kinetic behavior of biosorbent, intraparticle diffusion
was found to be the most significant factor in the adsorption
process [27]. Hence, the possibility of diffusion of adsorbate
species into adsorbent affecting adsorption was estimated

by this model. Rate expression for the above said model is
represented in Eq. (8).

q,=kt"”+C (8)

where g, is the amount of dye adsorbed at time t (mg g™),
C is the intercept, and K is the intraparticle diffusion rate
constant (mg g™ min'?). K values were obtained from the
slope of the straight line portions of plot made between
g,and £,

2.5.4. Elovich’s model

The Elovich equation has been widely used in adsorption
kinetics, which describes chemical adsorption mechanism in
nature. The approaching equilibrium parameter of Elovich
equation was used here to describe the characteristic curves
of adsorption kinetics. It is suitable for the system whose
adsorbing surfaces are heterogeneous. Elovich’s equation
is stated as:

q, :%ln(ab)+%lnt 9)

where a is initial rate of adsorption (mg g*' min) and
b is Elovich’s constant that signifies the intensity of
adsorption (g mg™).

2.6. Column studies

Continuous studies were performed using a column
made of glass with a diameter and length of 1.5 and 15 cm,
respectively. A known amount of A. indica biomass was
packed in the column to a preferred bed height. Two sieves
and a layer of glass beads were placed at the top and bottom
of the column to prevent the entrainment of biomass and to
distribute and maintain uniform flow of the solution. Dye
solution was fed from the bottom to the top of the column
with the help of peristaltic pump (Watson-Marlow 323E).
The column was operated at different bed heights of 3, 6, and
9 cm and flow rates of 5, 10, and 15 mL min™ at a constant pH.
The concentration of methyl orange at the exit of the column
was analyzed at predefined time intervals. The breakthrough
curves were obtained by plotting the ratio C/C; of methyl
orange dye concentration vs. time, where C is the concentra-
tion of dye at zero time (mg L™) and C is the concentration of
dye at any time ¢t (mg L™).

2.6.1. Equilibrium modeling in continuous system

The adsorption data of column experiments were
evaluated by Thomas model. The main advantage of using
this model is its effortlessness and exactness in anticipat-
ing the saturation capacity. The modelling equation is
given below:

C 1
C, 1+exp(KT [qom—COV]/Q)

(10)
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where K, is the Thomas rate constant (mL min™ mg™)
and Q is the volumetric flow rate of methyl orange dye
(mL min™).

The linearized form of Thomas model is given by Eq. (11).

ln[CO - 1) K KGoy (11)
C Q @

The kinetic coefficient K, and the sorption capacity of
the bed g, can be calculated by plotting In(C,/C — 1) and time
at a specified flow rate.

2.6.2. GSA optimization

The classical optimization algorithms are most suitable
for solving problems with small dimensional space, and if
the intensity of the problem increases exponentially, it leads
to exhaustive search. Exhaustive search is not possible by
the conventional algorithm. Recently, many algorithms
have been developed based on the inspiration of natural
phenomena. Among them, GSA is applied rarely in adsorp-
tion domain. In this work, an attempt has been made to
apply these algorithms, one based on animal behavior and
the other on the law of gravity. Both these algorithms are
inspired by nature, but the source of natural phenomena
is entirely different.

The law of Newtonian gravity states that the force
of attraction between two things is directly proportional
to the product of their masses and inversely proportional
to the square of the distance between them. It can be
mathematically expressed as in Eq. (12).

m,n,

F=G-1

(12)

where G is the gravitational constant, m, and m, are mass of
the particles 1 and 2 respectively, d4?is the distance between
the particles, and F is the force acting between the particles.

The Newton’s second law of motion describes the
relationship between force and acceleration as shown in
Eq. (13).
F=mxa (13)
where 7 is the acceleration due to gravity.

Based on Egs. (12) and (13), it is understood that the size
of the mass is bigger and the force of attraction is also higher.
The force of attraction is higher than the acceleration due to
gravity. In Eq. (12), G represents gravitational constant, and
the gravitational constant value depends on the age of the
universe. As the age of the universe increases, the gravita-
tional constant G value decreases. The decrease in G value
can be computed by Eq. (14).

(14)

where 3 <1, G (t) represents the gravitational constant value
attime f and G (t) represents the gravitational constant value

at the first cosmic interval time t. Eqs. (12) and (13) can be
precisely written as

maim .
FE=G—2 8 (15)

E
g =—1 (16)

As per theoretical physics, mass can be classified into
three categories, namely, active, passive, and inertial mass.
Active mass is the measure of strength of the gravitational
field of the particular object. The strength of the active
gravitational field increases in relation to objects and vice
versa. Passive mass is the measure of the gravitational field
due to the interaction between the particles. Interaction
between the particles leads to higher gravitational field.
In case of inertial mass, it resists the acceleration of the
object if the mass is higher than the effect of resistance as
described in Eq. (16). In Egs. (15) and (16), m_, ., and m,
represent the active, passive, and inertial mass of the parti-
cle, where F, is the force acting on mass i by mass j. In this
algorithm, particles are considered as adsorbent and their
performance is measured by masses. Each mass has certain
specifications which are position, active, passive, and iner-
tial gravitational mass. The position of the algorithm helps
us to find the optimum solution, whereas fitness function
is derived from the active, passive, and gravitational mass.
A dimensional space with N number of agents is taken to
find the position of the optimum agent say i agent, and it
can be defined as

X, =(X!.. X! X)) for i=1,2,3..N 17)

where X! presents the position of the i agent in the 4™
space. Force acting on 1, and m ; can be defined as

(18)

re(0) -6 22 e

Ri].(t)JrS /

The euclidean distance between the objects can be
determined by the following expression:

Rij(t) = ‘Xi(t)’X/(t)H

Force acting on mass (agent) 7 is determined by giving
random weightage to the force acting on mass i by j in the
dimensional space (d_)

(19)

N
E'= ) rand F/ (20)

j=1,j#1

The random number is in the interval of 0 to 1. Therefore,
force calculation of the agent i at time ¢ can be given as

F!
4 = (21)
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The change in the position of the agent with respect to
time can be defined by velocity or acceleration, and the veloc-
ity or acceleration at a specific time can be represented as the
sum of fraction of its previous velocity and variation in the
velocity. The velocity at a specific time is

V,(t+1)=rand V' +a/(t) (22)

XI(t+1) =X () + Vi (t+1) (23)

The gravitational constant depends on the age of the
universe. Therefore, the initial gravitational constant is
initialized in the beginning, and it varies and reduces with
respect to time. Hence, G depends on G, and t.
G(t)=G(G,,t) (24)

The inertial mass and gravitational mass are calculated
by fitness evaluation, and the calculated values are updated
by Eq. (25). Therefore, Eq. (20) can be modified as:

d_ d
Fi _Zjekbestjélrandipij (25)

3. Results and discussion
3.1. Biosorbent characterization
3.1.1. SEM analysis

Fig. 1 shows the SEM image of A. indica biomass before
and after adsorption of methyl orange dye solutions with a
concentration of 30 mg L. In this image, bigger particles of
irregular spherical clusters with rough and curly surfaces
were found on the surface of biosorbent which increases the
contact area for the adsorption between the biosorbent and
adsorbate. Figs. 1(a) and (b) illustrate the surface morphol-
ogy of the sorbent before and after the sorption. As stated
above, before the sorption process, the surface morphology
of biomass possesses rough surface. While after adsorption
of dye on to biomass, surface of biosorbent was found to be
smoother throughout.

(a) Before adsorption

Fig. 1. SEM images of A. indica biomass.

3.1.2. FTIR analysis

Surface oxygen groups enhance the dye adsorption.
Fig. 2 shows that the presence of such groups indicated by
the absorption bands at 3,430, 2,630, 1,637, and 1,070 cm™
which represent the presence of -OH, C=0O, C=C, and
C-O stretching vibrations, respectively. The peak position
at 3,390 cm™ has become less intense and has shifted to
3,433 cm™ after adsorption. This region has been assigned to
O-H stretching groups which interact with methyl orange
dye. There is a disappearance of peaks in the regions of
2,364 and 2,345 cm™ in FTIR spectrum of biosorbent after
dye adsorption which is due to the change of hydroxide
group into C=C=C or C=C=0 during adsorption of anionic
dye. The bands at 1,538 cm™ are attributed to NH scissor-
ing vibrations which after adsorption appears at 1,524 cm™
thereby providing NH groups which are also responsible
for adsorption. The C=O stretching of the ketonic group at
1,732 cm™ is absent after adsorption and instead a new peak
appears at 1,714 cm™ due to C=O stretching of the carbox-
ylic group. The significant decrease in the intensity of most
of the groups reveals the possible participation of these
groups in the adsorption of methyl orange on the whole.
These results are in agreement with the works reported in
literature [28].

80 A

Transmittance (%)
D
o

——(a)Beforadsorption ——(b) Afteradsorption Y50

400 1000 1600 2200 2800 3400 4000

Wavenumber (Cm -1)

Fig. 2. FTIR spectrum of A. indica biomass before and after methyl
orange adsorption.

(b) After adsorption
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Fig. 3. Point of zero charge of A. indica biomass.

3.1.3. Boehm titration

Neutralized values of carboxylic, lactonic, phenolic,
and basic groups were found to be 0.421, 0.078, 0.000, and
0.166 mol m™, respectively. The total strength of acid sites is
found to be 0.499 mol m™. Hence, the charge on the surface
was found to be acidic [29]. This result is supported by point
of zero charge analysis.

3.1.4. Point of zero charge (pH_)

pzc

To determine the charge on the surface of the biomass,
graphis plotted between ApH (pH~pH)) and initial pH (pH)).

24

From Fig. 3, it is clear that anionic dye adsorption is favor-
able (pH < pH, ) due to the presence of positively charged
particles on the surface of the adsorbent. It is observed
that the pH between 1 and 3 leading to an increase in the
uptake capacity of biosorbent is high after which it begins to
decrease. This may be due to the fact that negatively charged
ions in the dye solution are attracted toward the electrostatic
force of positively charged ions present on the surface of the
biosorbent. Hence, anionic dye (methyl orange dye) adsorp-
tion takes place at lower pH. Therefore, absorption of methyl
orange dye by A. indica biomass is favorable at lower pH.
A similar tendency has been recorded in the literature by
Jirekar et al. (2014) for the adsorption of methylene blue dye
onto the surface of Phaseolus aureus [18].

3.2. Effect of biosorbent dosage

It is inferred from Fig. 4(a) that the uptake capacity of
sorbent increases from 4 to 18 mg g™ as the sorbent dosage is
increased from 0.01 to 0.03 g, respectively. This phenomenon
is due to the availability of vast number of adsorption sites
and huge surface area of biosorbent that makes the penetra-
tion of dye to the adsorption site easier. At 0.03 g, the biomass
shows maximum uptake capacity where it reaches the equi-
librium. But above 0.03 g, uptake capacity starts to decrease
because the adsorptive capacity of the adsorbent available is
not fully utilized at a higher adsorbent dosage in compar-
ison with lower adsorbent dosage due to the saturation of
adsorption sites and agglomeration of biomass. Therefore,

19
20 A
16
—~ 16 1 Pon)
& T 13
s0 o0
&0 o0
E 12 g/ 10
< =
81 7
41 4
0 1 .
0 0.01 0.02 0.03 0.04 0.05 0 1 ) 3 4 5 6
Sorbent dosage (g L) pH
(a) Effect of sorbent dosage at 150 min (b) Effect of pH at 150 min
30
25
- 20
‘Tbﬂ
o0
é 15
=
10
5
0
0 20 40 60 80 100 120 140 160
Time (min)

(c) Effect of contact time

Fig. 4. Effect of various parameters on the uptake capacity for the adsorption of methyl orange dye onto A. indica (temperature = 30°C;
agitation rate = 180 rpm; adsorbent dose = 0.03 g; dye concentration =30 mg L™).
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it might be possible that adsorption capacity decreases as
adsorbent dosage increases [30].

3.3. Effect of pH

Fig. 4(b) shows that when pH is increased toward 3, the
uptake capacity of the sorbent also increases because the pH
of the dye solution is highly dependent on ionization result-
ing in strong electrostatic force of attraction between anionic
dye molecules and cationic sorbent. But after pH 3, it begins
to decrease due to the increase in the formation of nonionic
surface functional groups that reduce the dye uptake capac-
ity. Therefore, pH 3 was selected for equilibrium and kinetics
studies. This phenomenon is in accordance with the result
obtained in point of zero charge analysis. Literature survey
shows a similar behavior of adsorption of Pb(Il) ions on
maize tassel [31].

3.4. Effect of contact time

The contact time between dye and sorbent plays an
important role in the adsorption process [32]. From
Fig. 4(c), it is clear that when time increases, uptake capac-
ity also increases. This is due to the fact that the active sites
present on the surface of the sorbent are sufficient enough
to adsorb the dye. But when the contact time is increased,

the adsorption site, as well as the driving force between
the sorbent and the dye ions, decreases, and it reaches the
equilibrium at 150 min. When the contact time is increased
beyond 150 min, the active sites get saturated and adsorption
remains constant.

3.5. Adsorption isotherms

A linear plot made between C/q, and C, for Langmuir
isotherm and Ing, and InC, for Freundlich and Henry’s
isotherms are shown in Figs. 5(a)—(c), respectively. The
corresponding values of regression factor and correlation
coefficients are represented in Table 1. From the isotherm
plots, it is clear that the experimental data fit well with
Henry’s isotherm (R? = 0.997) than that of Langmuir isotherm
(R? = 0.813) and Freundlich isotherm (R?= 0.9772). The esti-
mated k,, value demonstrates the liking among the adsorbate
and the adsorbent, thereby making the adsorption multi-
layer. The adsorption intensity k,, is found to be 2.1728, and
the analogous results of R?>0.99 and k,, > 1 are in accordance
with the results discussed in literature [33].

3.6. Biosorption kinetics

Kinetics of adsorption of methyl orange dye onto biosor-
bent were analyzed using pseudo-first-order, pseudo-second-

y=0.729x + 1.111
R*=0.977
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Fig. 5. Adsorption isotherms.
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Table 1
Langmuir and Freundlich isotherm constants

393

Langmuir constant

Freundlich constants Henry’s constant

9o (Mg g b, (Lmg™) R? 1/n

K (Lg") R? k, (Lg) R?

76 0.02 0.813 0.7290

3.0373 0.977 2.7128 0.997

order, intraparticle diffusion, and Elovich’s models. A linear
plot obtained for the applicability of these models is shown
in Fig. 6. The value of regression factor and correlation
coefficients are represented in Tables 2 and 3 that show the
comparative analyses for biosorption rate constants. It was
found that the Elovich’s model is better when compared with
the other three models. This is justified from the values of
regression coefficient (R? values) represented in Table 2 hav-
ing values greater than 0.99. In addition to this, the values
of the experimental and calculated uptake capacity (g,) were
approximately similar for this model. Hence, from the above
investigation, it is proved that the biosorption of methyl
orange by A. indica obeys the Elovich’s model. Comparable
outcomes have been accounted in literature for biosorption
process [34].

®Sppm  =10ppm A15ppm

X20ppm #25ppm #30ppm

-1.5
0 25 50 75 100
Time (min)
(a) Pseudo-first-order model
30

e5ppm  M10ppm  A15ppm

X20ppm  @25ppm  +30ppm
25 4

q:(mgg’)

t'2(min)

(c) Intra-particle diffusionmodel

Fig. 6. Kinetic models.

3.7. Column studies

As shown in Fig. 7, the breakthrough curves were
obtained by plotting the ratio (C/C;) of methyl orange dye
concentration vs. time (f) where C; is the concentration of
methyl orange dye at zero time (mg L™) and C is the concen-
tration of methyl orange dye solution at any time f (mg L7).

3.7.1. Effect of bed height and flow rate

Continuous experiments were carried out in a column
filled with A. indica, and the bed height was varied. The
breakthrough and exhaustion time were calculated for the
different bed heights at various flow rates. Both the break-
through and exhaustion time were observed to expand with
increase in bed height.

25

®5ppm M10ppm A15ppm

X20ppm #25ppm +30ppm .

g
0
V] 25 50 75 100 125 150
Time (min)
(b) Pseudosecondordermodel
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Table 2
Kinetic parameters
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Elovich’s model

Dye q, Pseudo-first-order model =~ Pseudo-second-order model
concentration experimental P R P R ) R
(mg L) value (mg g™) . 1 e 2 . 9. “ .
(mgg™) (min™) (mgg™) (gmg" min™) (mgg™) (mgg" min) (gmg)
5 7.9615 8.18 0.01 0979 1.174 0.04 0.738 7.5 12.5 0.9015  0.9938
10 14.3461 9.05 0.016 095 1.619 0.032 0.5478 13.65 16.72 0.9475  0.9911
15 18.9615 16.9 0.02 0.835 5.762 0.016 0.7638 15.7 25.30 0.8321  0.9914
20 26.0769 22.18 0.016 0971 5.231 0.051 0.8405 21.07 32.51 0.8444 09913
25 30.6538 26.06 0.02 0962 8.1543 0.0182 0.841 25.71 43.75 0.8491  0.9909
30 35.1538 29.44 0.018 0.908 11.23 0.018 0.7967 29.03 54.51 0.8715  0.9915
Table 3 In this study, the maximum obtainable level of methyl
Intraparticle diffusion model orange removal was analyzed by altering the flow rates of the
- - sample at different bed heights. From Table 4, it is observed
Dye Concentration Kp (mg g min'?)  C(mgg”) R that if the bed height is increased, then the exhaustion time
(mg L) and breakthrough time also increase. This is because of the
5 1.3751 1.2865 0.9010 fact that the zone of mass transfer accessible for adsorption
10 15219 1.4151 0.909% is enlarged and the quantum of binding sites is improved
to make sorption easier. The column adsorption performed
15 2.3013 2.1596 0.9393 well at the least reduced flow rate than at higher flow rates.
20 2.5718 3.570 0.9624 This happens because of inadequate contact time of solute
25 3.2124 6.670 0.9657  and adsorbent inside the column and the dissemination
30 3.7013 8.010 0.9494 confinements of the solute into the pores of the adsorbent
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Fig. 7. Breakthrough curves for biosorption of methyl orange dye onto A. indica at various bed heights for the dye concentration

10 mg L.
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Table 4

Effect of different bed heights and various flow rates of 10 mg L methyl orange concentrations in column study

Bed height (cm)  Flow rate (mL”" min)  Breakthrough time (min) Exhaustion time (min)  Saturation capacity (mg g™)
3 5 30 150 65.82
6 5 40 175 48.13
9 5 50 195 32.63
3 10 20 140 59.21
6 10 40 165 45.13
9 10 55 190 30.01
3 15 10 135 58.31
6 15 30 155 44.15
9 15 45 185 29.71
3 20 5 125 55.12
6 20 20 145 36.10
9 20 25 155 25.12

at higher flow rates. Additionally, the take-up limit of dye
diminishes with increase in flow rate. A similar behavior is
also reported in the adsorption of cephalexin by walnut shell-
based activated carbon by Nazari et al. [35].

3.7.2. Effect of concentration

The biosorption capacity of A. indica on aqueous methyl
orange dye was performed at various influent concentra-
tions. The breakthrough curves were acquired by varying
methyl orange concentration from 10 to 30 mg L™ as shown
in Fig. 8. As a result of a decrease in influent methyl orange
concentration, it leads to extended breakthrough curves.
Since concentration gradient among the solute molecules
was less, slow transport through the pores of adsorbent was
promoted. At the highest concentration (30 mg L), satura-
tion of A. indica bed was quicker leading to early exhaustion
time and breakthrough.

From Table 5, it was found that the maximum uptake was
observed at the lowest bed height because of a decrease in

1.2

===30mg/L
—= =20mg/L

0.8 1

0.6 1

cre,

0.4 1

0.2 1

0 T T T T T T
0 30 60 90 120 150 180 210
Time (min)

Fig. 8. Breakthrough curve at different concentrations of methyl
orange dye onto A. indica at the flow rate of 5 mL min™ and bed
height of 3 cm.

Table 5
Effect of concentration on optimum bed height (3 cm) and flow
rate (5 mL min™)

Initial concentration Breakthrough Exhaustion Saturation

(mg L) time (min) time (min) capacity
(mg g")
10 20 140 72.17
20 15 130 115.42
30 10 120 244.12

the quantity of adsorbent which offered more binding sites
for adsorption. This shows that at smaller bed height, the
effluent adsorbate concentration ratio increased more rap-
idly than for a higher bed height. Constructive breakthrough
curve was obtained for 30 mg L™ methyl orange concentra-
tion. The driving force for adsorption is the concentration
gradient between methyl orange on the adsorbent and in aque-
ous solution. Thus, higher concentration of methyl orange
resulted in enhanced column performance. These outcomes
are in good agreement with the results given in literature [35].

3.7.3. Modelling analysis of column data by the Thomas model

Fig. 9 shows a linear plot proving that the experimental
data fit with the model for all flow rates with the regression
coefficient (R?) greater than 0.95. The Thomas equation coef-
ficient for methyl orange dye adsorption is given in Table 6.
From the table, it is observed that as the flow rate is increased,
the value of K, increases and the value of g, decreases.
Identical performance was observed by Beheshti et al. in the
removal of Cr (VI) from aqueous solutions using chitosan/
multi-walled carbon nano tube (MWCNT)/Fe, O, composite
nanofibers [36].

3.7 4. Optimization of column study by GSA

The following process parameters are considered to opti-
mize the equilibrium dye uptake limit of A. indica. Tables
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Fig. 9. Plot of In((C,/C) — 1) vs. time at different flow rates.

Table 6

Thomas model
Flowrate K, (mLmin™" mg™) g, Do, exyr R?
(mL™ min) (mgg") (mgg’)
5 0.026 65.02 65.82 0.990
10 0.052 59.10 59.21 0.985
15 0.065 58.51 58.31 0.982
20 0.088 55.24 55.12 0.976

1-5 show the experimental result of batch and column
studies. The result obtained during the experimentation is
used to develop regression equation. Eq. (26) shows the dye
equilibrium uptake limit model for the above mentioned
process.

EUTC = (0.695+0.1173 ¢ — 0.234IC —0.000733 £* +

0.0075IC? + 0.005707¢)IC (26)

where EUTC is the equilibrium uptake capacity of the
adsorbent and IC is the inlet concentration.

Since the objective of the experiment is to increase the
dye uptake capacity, it is essential to determine the opti-
mal values. The equation derived from regression equation
is used as an objective function to determine the optimum
values. The lower and upper limits of the process parame-
ters are considered to be constrained. The constraints are
0 < time <150 and 5 < uptake capacity < 30.

To determine the optimal solution for the aforementioned
objective function and process parameters (constraints), the
following procedure is followed. The selection of the suitable
number among total number of agents, size of population,
and initial value of gravitational constant is more important.
Since this algorithm is not applied to solve the discussed
problem, it is necessary to try numerous times to get con-
sistency in results. The procedure is repeated one hundred
times to check its consistency, and the average value is taken

Continuous

EUTC

A0 i
20 40 60 80 100 1200 140 160 180 200
Iteration

Fig. 10. Optimization of process parameters by GSA tool.

for deriving its optimal selection. Fig. 10 shows the GSA
parameter used for identifying the optimal solution. It also
describes the recommended optimal conditions for improv-
ing the dye uptake limit. It is observed that the optimum
value for batch process is 35 mg g™ and for column study is
around 244 mg g™

4. Conclusion

The current study examined the adsorption capacity
of A. indica to remove methyl orange dye from an aqueous
solution. The biomass was characterized for surface mor-
phology, functional groups, and point of zero charge. Boehm
titration was performed to determine the charge of biosor-
bent. Parameters influencing batch adsorption like adsorbent
dosage, pH, and contact time were optimized. Point of zero
charge of biosorbent was determined, and it was found to
be around 8. The numbers of acid sites were found to be
0.499 mol m=. Biosorption kinetics studies demonstrated that
the experimental data fitted exceptionally well with Elovich’s
model. Henry’s isotherm was found to be a better fitting
model than Langmuir and Freundlich isotherms. The utmost
uptake capacity of biomass was found to be 76 mg g™ at opti-
mal pH of 3 and adsorbent dosage of 0.03 g 100 mL~". Column
studies indicated that the adsorption capacity (244 mg g™) of
A. indica enhanced with increase in the preliminary influent
concentration and diminished with bed height and flow rate.
Column data were analyzed by Thomas model. In compar-
ison with batch process, continuous process for adsorption
of methyl orange dye from aqueous solution was found to
be more efficient. Therefore, GSA was applied to continuous
process experimental data, and it was found that the time
of the process should be maintained at 47.35 min and the
concentration level should be at 11.3921 mg L.
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