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ABSTRACT

Elephant Dung Activated Carbon (EDAC), prepared by acid treatment, was used as an eco
friendly adsorbent for the removal of the textile dye, Reactive Yellow 15 (RY15) from an
aqueous solution. Batch adsorption experiments were carried out to investigate the kinetic,
thermodynamic and isotherm studies by varying the initial dye concentration and tempera-
ture. The adsorption kinetic data were correlated with pseudo first-order, pseudo second-
order, and elovich models. Pseudo second-order kinetic model fitted very well with the
experimental data. The thermodynamic parameters like Gibb’s Free energy change (AGY),
Entropy change (AS°), and enthalpy change (AH") were calculated. The results indicated that
RY15 adsorption process was endothermic and spontaneous. The mechanism of adsorption
process was determined by studying the intraparticle diffusion and liquid film diffusion
models. Effects of EDAC dosage and pH on percentage removal of RY15 were studied.
Maximum adsorption had taken place at pH 2. The experimental data were correlated with
Langmuir, Freundlich, and Temkin adsorption isotherm models and it was best represented
by Langmuir isotherm model. Adsorption capacity of EDAC was compared with different
adsorbent/adsorbate systems. Desorption studies indicated the physisorption type of
adsorption of RY15 onto EDAC. The effectiveness of the adsorbent was tested with an
effluent collected from a dyeing industry. Competitive adsorption of various types of dyes
was examined to study the performance of EDAC.

Keywords: Elephant dung; Reactive Yellow 15; Adsorption; Kinetics; Thermodynamics;
Isotherm

1. Introduction

Textile and dyeing industry effluents can create
serious environmental pollution problems when they
are discharged into water bodies. The untreated efflu-
ents possess toxic dyes and pigments which impart
color even at low concentration. These hazardous
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materials affect photosynthetic activity [1] because of
reduced light penetration. So it is important to adopt
some treatment methods before discharging the efflu-
ents into water to reduce the harmful effects. The
methods employed for the removal of dyes from
wastewaters include anaerobic decolorization [2],
chemical oxidation [3], reverse osmosis [4], ion
exchange [5] and biological treatment [6]. These
physico chemical methods are less efficient, expensive
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and produce wastes that are difficult to dispose.
Among these methods, adsorption [7] onto activated
carbon has been proven to be the most effective
method for the color removal in terms of initial cost,
simplicity of design, easy operation and insensitivity
to toxic substances [8]. Adsorption process is more
advantageous than the other conventional methods
due to its sludge-free clean process and high adsorp-
tion capacity for the colored particles. However, usage
of commercial activated carbon for adsorption has
some limitations like high cost and regeneration prob-
lems. This has necessitated the exploration of some
effective, cheaper and easily available alternatives.
Such alternatives include low-cost activated carbons
prepared from natural products like date pits [9],
bagasse [10], fruit stones and nutshells [11], jute fiber
[12], rice husks [13], plum kernels [14], and coconut
shells [15]. Activated carbons prepared from various
products are widely used as adsorbents due to their
high adsorption capacity, large surface area and micro
porous structure. The wide usefulness of activated
carbon as adsorbent is a result of their chemical and
thermal stability. In this study, an attempt has been
made to utilize activated carbon prepared from ele-
phant dung for the removal of RY15 from aqueous
solution. Elephant dung is available in large quantities
throughout the year in the western districts of Tamil
Nadu and Kerala, a nearby state. Further, the zero or
negligible cost of elephant dung makes this project
feasible and cost effective for the removal of RY15, a
reactive dye from aqueous solution. Reactive Yellow
15 is a water-soluble dye used for dyeing cellulose
fibers like cotton, viscose, and rayon. Large fractions
of reactive dyes (10-50%) are wasted during the
dyeing process, up to 0.6-0.8 g/dm? is detected in dye
house effluent [16].

The main objectives of the study are the following;:
Evaluating the possibility of using elephant dung as a
low-cost activated carbon and studying its application
to remove RY15 from wastewater through batch
adsorption experiments; Studying the adsorption
mechanism through kinetic and equilibrium data;
determining the thermodynamic and adsorption iso-
therm parameters.

2. Materials and methods
2.1. Adsorbate

Reactive Yellow 15 (CAS No.: 12226-47-0; Molecu-
lar formula: CyoH,oN4Nay,O,,S3; Molar Mass: 634.5;
Amax: 420nm) was procured from Sigma Aldrich and
used as received without further purification. A stock
solution of the dye (1,000mg/L) was prepared by
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Fig. 1. UV spectrum of RY15.

dissolving the dye in distilled water. Dilutions
of required initial concentrations (10, 20, 30, and
40mg/L) were made. The UV spectrum of RY15 is
presented in Fig. 1.

2.2. Adsorbent

Elephant dung was collected and air-dried. The
lumps of the dung were then crushed. The crushed
elephant dung was activated using concentrated sulfu-
ric acid (1:2) in a hot air oven at 120°C for 3h. The
acid was then removed by repeated washings with a
large quantity of distilled water. It was then dried in a
hot air oven for 6h. The carbon was then ground,
sieved (<150p), and stored in air tight container. It
was then used as Elephant Dung Activated Carbon
(EDACQ) for batch adsorption experiments [17].

2.3. Determination of surface area

The surface area of EDAC was determined using
N,-desorption quantachrome Nova 1200 e BET surface
area analyzer.

2.4. Batch adsorption experiments

Batch adsorption experiments were conducted to
study the effect of contact time, chemical kinetics, the
effect of temperature, the effect of adsorbent dosage,
the effect of pH, and isotherms. Batch adsorption
experiments were carried out at room temperature by
taking different initial dye concentrations (10, 20, 30,
and 40mg/L). 50mL of the dye solution was taken in
250mL conical flasks with desired dosage of EDAC.
The conical flasks were then shaken using Labline
shaking incubator at a constant agitation speed
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(120rpm). The samples were withdrawn from the
shaker at predetermined time intervals, and the super-
natant liquid portions were centrifuged using R-8C
laboratory centrifuge (Remi make) at 2000rpm for
20min and analyzed for remaining dye concentration
spectrophotometrically using Schimadzu UV-1700
PharmaSpec UV visible spectrophotometer.

The amount of dye adsorbed onto activated carbon
was calculated as follows.

e = (Co = Ce)v/w (1)

where Cy and C, are the initial and equilibrium con-
centrations (mg/L) of the dye solutions respectively. v
is the volume of the dye solution taken and w is the
weight of the adsorbent used.

2.5. Desorption studies

After adsorption experiments, the RY15 loaded
EDAC was separated out by filtration using Whatman
filter paper No. 42. The RY15 loaded EDAC was
washed gently with double distilled water to remove
the unadsorbed dyes if present. Desorption experi-
ments were carried out by agitating RY15 loaded
EDAC with 50ml of neutral pH water, Sodium
hydroxide(1M), Sulfuric acid (1M) and 50% acetic
acid (v/v). The desorbed dye solutions were sepa-
rated by centrifugation and estimated.

2.6. Analysis of textile industry effluent

An effluent was collected from a dyeing unit
Tirupur, Tamil Nadu, India after primary treatment.
It was then diluted and assessed for its physico-chem-
ical and biological parameters like chloride, pH, con-
ductivity, total dissolved solids (TDS), alkalinity,
Biochemical oxygen demand (BOD) and chemical
oxygen demand (COD), as per the standard proce-
dures described in APHA 1992 [18]. Alkalinity and
TDS were determined by volumetric and gravimetric
methods respectively. pH and conductivity were
determined using pH meter (Systronix digital pH
meter 335) and conductivity meter (Elico CM 180).
BOD was determined at 20°C for 5days by dilution
method and COD by closed refluxed method. Chlo-
ride content was determined by argentometric
method. 50ml of the effluent was shaken with one
gram of EDAC for 3h using Labline shaking incuba-
tor at a constant agitation speed (120rpm). Then the
adsorbent and the effluent were separated and ana-
lyzed as before.
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2.7. Competitive adsorption

The adsorption spectra of mixture of 50 ml of Acid
Blue 92 (AB92), Rhodamine B (RhB), Crystal Violet
(CV), Malachite green (MG) and Reactive Yellow 15
(RY15) with a concentration of 20mg/L of each dye
was recorded spectrophotometrically. The mixture
was then treated with 150mg of EDAC for 2h in a
batch reactor at 120rpm. The adsorbent was then
separated and the supernatant liquid was analyzed
spectrophotometrically as before.

3. Results and discussion
3.1. BET surface area analysis

BET surface area is determined by flowing nitro-
gen gas at 77K through activated carbon sample and
allowing the nitrogen to enter into the pores of the
carbon. From the amount of nitrogen that has been
absorbed into the pores, the surface area is deduced.
A plot of relative pressure (P/P,) vs. 1/[W ((P,/p)—
1)] gives the linear BET isotherm of EDAC. The BET
surface area of EDAC was found to be 37.869m?/g,
and the average pore volume of the adsorbent was
determined as 0.08782cc/g for the pores smaller than
137 nm (Diameter) at P/P,,.

3.2. Effect of initial concentration and time

Batch adsorption experiments were carried out to
study the influence of contact time and initial dye
concentration on the distribution of the dye between
the adsorbent and the dye solution at equilibrium. It
is also important to assess the adsorption capacity of
the adsorbent for the adsorbates. It was found that the
adsorption was rapid in the initial stages, gradually
increased and reached equilibrium after a particular
time. This could be due to the fact that, in the initial
stages of adsorption process, the dye molecules reach
boundary layer, diffuse into the adsorbent surface and
finally into the pores of the adsorbent. As so many
dye molecules adsorbed initially, the number of unoc-
cupied sites decreased and the adsorbent surface
approaches saturation. Similar results were reported
in the literature using low-cost adsorbents [19,20]. The
equilibrium time was found to be 240 min for 40 mg/
L, 210min for 30mg/L, 180min for 20mg/L and
150 min for 10mg/L, respectively. Further, the amount
of dye adsorbed increased with an increase in initial
dye concentration. This is because increase in initial
concentration enhanced the driving force between the
aqueous and solid phases and increased number of
collisions between dye molecules and the adsorbent
[21]. From the data obtained, it was also understood
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that the adsorption was dependent on initial dye con-
centration. The data also revealed that the percent
removal of dyes decreased with increase in the dye
concentration suggesting that dye removal by adsorp-
tion was concentration dependent due to the satura-
tion of adsorption sites on the adsorbent surface. The
reason is that, at low concentrations, the ratio of the
number of molecules to the available surface area is
low. Subsequently, the fractional adsorption becomes
independent of initial concentration. However, at high
concentrations, the available sites of adsorption
become fewer, and hence, the percentage removal of
the dye was dependent on initial dye concentration
[22].

3.3. Adsorption kinetics

The chemical kinetics describes reaction pathways
along time to reach equilibrium, whereas chemical
equilibrium does not give any information about the
pathways and rate of reaction. Adsorption kinetics is
highly dependent on the physical and chemical char-
acteristics of the adsorbent material. The adsorption of
dyes from liquid to solid phase can be considered as a
reversible reaction with equilibrium established
between the two phases. The efficiency of process
operation requires an understanding of the kinetics of
uptake or the time dependence of the concentration
distribution of the solute in both bulk solution and
solid adsorbent. Kinetics of sorption also describes the
solute uptake rate, which in turn governs the resi-
dence time of sorption reaction. It is one of the impor-
tant characteristics in defining the efficiency of
sorption. In order to investigate the mechanism of
adsorption of RY15 onto EDAC three different kinetic
models, namely, pseudo first-order, pseudo second-
order and elovich models were applied to the experi-
mental data.

3.3.1. Pseudo first-order kinetic model

This was the first equation for the adsorption of
liquid/solid system based on the solid capacity [23].
This model was described as follows [24].

dge/de = k1 (qe — q1) (2)

where g. and g; are the amount adsorbed (mg/g) at
equilibrium and at time, f, respectively, and k; is the
pseudo first-order rate constant (min~'). After integra-
tion by applying conditions, g,=0 at =0 and g,=g; at
t=t, then the equation becomes,,
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Fig. 2. Pseudo first order kinetic model.

log(ge — g¢) = log ge — (k1/2.303)t (3)

A plot (Fig. 2) of log (g.—4qy) vs. time for various initial
concentrations (10, 20, 30, and 40mg/L) gives linear
lines. The values of k; and g. were calculated from the
slope and intercept of the plot, respectively. The corre-
lation coefficient of pseudo first-order kinetic model
obtained for all initial concentrations are relatively
low. This indicates that the sorption of RY15 does not
follow pseudo first-order kinetics. The inapplicability
of the Lagergren equation to describe the kinetics of
dyes sorption was also observed for adsorption of
dyes using banana and orange peels [5].

3.3.2. Pseudo second-order kinetic model

Kinetic data were further treated with pseudo sec-
ond-order kinetic model. Pseudo second-order equa-
tion is based on the sorption capacity of the solid
phase [25]. The differential equation is given as fol-
lows.

dg:/dt = ka(ge — 4:)° (4)

where g. and g, are the adsorption capacity at equilib-
rium and time t, respectively, (mg/g) and k, is the
rate constant of pseudo second-order adsorption
(g/mgmin). Integration of the above equation for the
boundary conditions ¢ =0 to =t and 4=0 to g. gives

1/(qe — q1) = 1/ge + kat (5)

The above equation is the integrated law for a pseudo
second-order reaction. The above equation can be
rearranged to obtain

t/qr = 1/kaqz + (1/4e)t (6)

A plot (Fig. 3) of t/q; vs. t gives a linear relationship
which proves that the adsorption follows Pseudo
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Fig. 3. Pseudo second order kinetic model.

second-order kinetics. g. and k, were calculated from
the slope and intercept of the plot respectively. The
equilibrium sorption capacity g., is increasing while
increasing the initial dye concentration but a decreas-
ing trend was observed in the pseudo second-order
rate constant k,. Moreover, the calculated values of
equilibrium adsorption capacity g. for all the initial
dye concentrations were in good agreement with the
experimental data. It was also observed that the corre-
lation coefficient r* values are higher than pseudo
first-order #* values. From the results, it was under-
stood that pseudo second-order kinetics describes the
adsorption of RY15 onto EDAC much better than
pseudo first-order kinetic model.

3.3.3. Elovich model

Elovich equation is mainly used to describe the
second order kinetics assuming that the actual solid
surfaces are energetically heterogeneous [26]. Elovich
model is generally expressed as follows [27].

dg;/d; = oe M (7)
where o and f§ are constants. The constant “o” is con-
sidered as the initial rate because (dg;/d)— o as g,—0.
Given that q,=0 at t=0 and “$” is an indication of the
number of sites available for adsorption. The inte-
grated form of the above equation is as follows.

qe = (1/P)In(t + to) — (1/5) Int (8)

where to=(1/a p). If t >> £, it is simplified as

qe = (1/B) In(ap) + (1/5) Int ©)

The parameters o and [ were calculated from the
slope and intercept of the plot (Fig. 4) of Int vs. time,
respectively. Lowering of f values with increase in
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Table 1
Kinetic parameters
Concentration (mg/L) 10 20 30 40
Pseudo first order kinetic model
Jeexp (ME/ ) 1.314 2.214 2.835 3.345
Je.cal (Mg/g) 1.631 2.924 3.891 4.464
ki x 107%(min~?) 1.612 1612 1381  1.381
7 0.992 0.975 0.983 0.981
SSE 0.362 0.691 0.534 0.711
Pseudo second order kinetic model
Je.cal (Mg/g) 1.230 2.280 5.260 5.915
ko x 10’3(g/mg min) 9.678 5.009 3.092 2.822
7 0.995 0.992 0.992 0.996
SSE 0.398 0.293 0.560 0.478
Elovich model
o (mg/gmin) 0.103 0.113 0.129 0.154
p (g/mg) 2.857 1.742 1.367 1.161
7 0.980 0.962 0.955 0.968

initial dye concentrations and justification of t >> ¢,
predict the behavior adsorption of dyes over the
whole range of variables studied, strongly supports
the validity of Elovich equation. The initial adsorption
rates, o, increases while increasing the initial concen-
tration from 10 to 40mg/L. Kinetic parameters of
pseudo first-order, pseudo second-order and Elovich
models are listed in Table 1.

Applicability of each kinetic model equation was
tested with the sum of error squares (SSE) using the
following formula [28].

SSE = \/Z(feerp — fec)’/N (10)
where N is the number of data points. A Kkinetic
model having higher 7* values and lower SSE values
will have a best fit with the experimental data. In this
study, pseudo second-order kinetic model r* values
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are closer to unity and the SSE values are lower. This
proves that pseudo second-order kinetic model pro-
vides a good correlation for the adsorption of RY15
onto EDAC. Similar reports have already been
recorded for the adsorption of Methylene Blue onto
bamboo-based activated carbon [29]; Adsorption of
direct dyes on activated carbon prepared from saw-
dust [30]; Adsorption of Congo red on activated car-
bon from coir pith [31].

3.4. Effect of temperature

Temperature plays an important role in the
adsorption process of dyes. Increase in temperature,
increases the rate of diffusion of the adsorbate mole-
cules across the external boundary layer and into the
internal pores of the adsorbent, due to the decrease in
viscosity of solution. The effect of temperature on the
adsorption of RY15 was examined by carrying out
experiments at 301, 308, 318, 328, and 338K with
50ml of 40mg/L dye solution with 250 mg adsorbent.
From the results, it was observed that the percentage
removal of the dye increased as the temperature
increased. Increase in dye uptake with increase in
temperature revealed that the adsorption of dyes onto
EDAC was endothermic in nature. When the tempera-
ture is increased, the mobility of the dye molecules
increased and the retarding forces on the diffusing
ions decreased, thereby increasing the sorption capac-
ity of the adsorbent [32]. The enhancement of adsorp-
tion capacity of the adsorbent at high temperatures
was also attributed to the enlargement of pore size
and activation of the adsorbent surface [33]. Equilib-
rium time of 40mg/L of RY15 was reduced from 240
to 210min. This is due to the reason that, increase in
temperature, increases the particle density, which
form voids, resulting in a reduced equilibrium time
[34]. Similar results were reported by Sreelatha et al.
[35] and Ncibi et al. [36] for the adsorption of reactive
dyes (Reactive Red 141 and Reactive Blue 21) using
palm shell powder (An Agrowaste) and chitosan as
adsorbents and for the adsorption of textile reactive
dye (Reactive Red 228) using Posidonia oceanica (L.)
fibrous biomass as an adsorbent, respectively. From
the results, it was understood that increase in temper-
ature increases the adsorption capacity of the adsor-
bent indicating that adsorption of dyes onto EDAC is
highly dependent on temperature.

3.5. Evaluation of thermodynamic parameters

In order to fully understand the nature of adsorp-
tion, it is important to determine the thermodynamic
parameters such as Gibb’s free energy change (AGY),
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enthalpy change (AH’) and entropy change (AS°).
Based on fundamental thermodynamics concept, it is
assumed that in an isolated system, energy cannot be
neither gained nor lost and the entropy change is the
only driving force. In environmental engineering prac-
tice, both energy and entropy factors must be consid-
ered in order to determine the spontaneity of the
process. The Gibb’s free energy change (AG’) is the
fundamental criterion of spontaneity. Reactions occur
spontaneously at a given temperature, if (AG") is neg-
ative. If the change in entropy AS° is positive, the
degree of disorder was increased by the adsorption
reaction. Positive AH” values suggested the endother-
mic nature of adsorption.

Gibb’s free energy change (AG"), change in
enthalpy (AH), and change in entropy (AS°) were
determined from adsorption affinity parameter, K,
which is the ratio of the amount of dye adsorbed per
unit mass C,q to the equilibrium concentration C. of
the adsorbate. The value of K. is obtained from the
following equation.
KC = qE/ Ce (11)
where g, is the concentration of the dye in solid phase
and C. is the concentration of the dye in solution
phase. The Gibb's free energy change (AG") is calcu-
lated as follows.

AG® = AH® — TAS® (12)
The equation can also be written as
InK. = AS°/R — AH’/RT (13)

The Van't Hoff plot (InK. vs. 1/T) of RY15 is pre-
sented in Fig. 5 and the thermodynamic parameters
evaluated are listed in Table 2. It was observed from
the results that AG’ values obtained were negative
which confirmed that the adsorption of RY15 onto

-1.0.0429 0.003 0.0031 0.0032 0.0033 0.0034

UTK?

Fig. 5. Van’t Hoff plot.
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Table 2
Thermo dynamic parameters
Temperature (K) 301 308 318 328 338

—AG (kJmol™")
AH (K mol™ 1) =17.176
E, (Kfmol~!)=18.498

29.308  29.591

29.994 30.397 30.800

AS UK "mol ") =40.306

EDAC was spontaneous. It was also found that the
AG° values decreased from —29.308 to —30.80 k] mol .
This proved that the adsorption process was feasible
and spontaneous [37]. The positive values of AH°
(17.176 Ky mol™") confirmed the endothermic nature
adsorption [38]. The positive values of AS°
(40.306J K 'mol ") proved the increased randomness
at the solid solution interface during adsorption pro-
cess [39]. When the dye molecules get adsorbed on
the adsorbent surface, water molecules previously
bonded to the surface get released and dispersed in
the solution resulting in an increase in entropy. This
is due to the reason that the previously adsorbed
water molecules, which are displaced by the adsorbate
species, gain more transitional entropy than is lost by
the adsorbate molecules thus allowing the prevalence
of randomness in the system [40].

3.6. Activation energy

Activation energy is an important parameter in
thermodynamic studies because it determines the tem-
perature dependence of the reaction rate. In adsorp-
tion process, activation energy is defined as the
energy that must be overcome by the adsorbate ion/
molecule to react/interact with the functional groups
on the surface of the adsorbent. It is the minimum
energy required for a specific adsorbate-adsorbent
interaction to occur. The activation energy (E,) for the
adsorption of an adsorbate ion/molecule onto an
adsorbent surface in an adsorption process can be
determined from experimental measurements of the
adsorption rate constant at different temperatures
according to the Arrhenius relation that is given as

K = Ae E/RT (14)
Linear form of the above equation is as follows
Ink, =InA - E,/RT (15)

where k; is the pseudo second-order rate constant
(g/mgmin), A is a constant called the frequency
factor, E, is the activation energy (kfmol '), R is the
universal gas constant (8.314]K*1 mol™Y), and T is the

absolute temperature (K). By plotting Ink, vs. 1/T, val-
ues of E, and A can be obtained from the slope and
the intercept of the plot (Fig. 6), respectively [41].

The magnitude of the activation energy gives an
idea about the type of adsorption. Two main types of
adsorptions are physical and chemical adsorption.
Low activation energies (5-40 k] mol ') are characteris-
tics of physical adsorption, while higher activation
energies (40-800 k] mol ') suggest chemical adsorption
[42]. In this study, the energy of activation of RY15 is
found to be 18.498kJmol ' indicating the physisorp-
tion mechanism.

3.7. Mass transfer studies

It is important to predict the mechanism of adsorp-
tion for the designing of batch adsorber [43]. The
mechanism of adsorption of a sorbate on a sorbent fol-
lows a series of steps. The slowest of these steps con-
trols the overall rate of the adsorption process.
Generally, pore and intraparticle diffusion are often
rate limiting in a batch reactor and film diffusion is
more likely rate limiting in a continuous flow system
[44]. In this study, both intra particle diffusion and
liquid film diffusion models were studied.

3.7.1. Intraparticle diffusion model

For a solid/liquid adsorption process, the transfer
of solute is characterized by external mass transfer
(boundary layer diffusion) or internal diffusion or

both. The rate-controlling parameter might be
=5.1 T T T T J
0.4o3 0.00305 0.0031 0.00315 0.0032 0.00325
=52 °
53
o <@
% .54
=

1TK?L

Fig. 6. Arrhenius plot.
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distributed between intraparticle and film diffusion
mechanism. Whatever the case external diffusion will
be involved in the sorption process. An intraparticle
diffusion coefficient Ky is given by the following
equation [45].

3 = Kgt"* 4 C (16)
The plot (g, vs. t'/? of intraparticle diffusion of RY15
for different initial dye concentrations (10, 20, 30 and
40mg/L) is shown in Fig. 7. The figure shows that
there are three different stages of adsorption. The ini-
tial curved portion is due to the boundary layer diffu-
sion (film diffusion), the second linear portion
represents the intraparticle diffusion and the third
portion is the equilibrium stage where intraparticle
diffusion starts to slow down and there is no signifi-
cant adsorption taking place. The slope of the second
linear portion of the plot g; vs. t'/? has been defined
to yield the intraparticle diffusion parameter K4
(mg/g/min'/?). On the other hand, intercept of the
plot represents the boundary layer effect. The larger
the intercept, greater the contribution of surface
adsorption in the rate controlling step. The rate con-
stants of intraparticle diffusion mechanism are found
to increase with increase in initial concentration of the
dye. If the intraparticle diffusion is the only rate-limit-
ing step, then the lines would pass through the origin;
if not, the boundary layer diffusion also controlling
the adsorption to some extent. It could be observed
from the figures that the lines did not pass through
the origin indicating that intraparticle diffusion was
not the only rate-limiting step [46].

3.7.2. Liquid film diffusion model

When the transport of the solute molecules from
the liquid phase to the solid phase, boundary layer
plays an important role in adsorption process [47].
The liquid film diffusion model is represented as
follows.

35 e
2
‘; <4
g & <10mgL
T 25
£ oo O20mgL
S 2
-g = A30mg/L
§ 1.51 -~ *40mgL
g 11
-
0.5
0 v - - ]
0 5 10 15 20

Time'2, min'?

Fig. 7. Intraparticle diffusion model.
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ln(l — F) = kfdt (17)
where F is the fractional attainment of equilibrium
and ki is the liquid film diffusion rate constant
(min~!). A linear plot of-In(1—-F) vs. time, ¢+ would
suggest that the kinetics of the adsorption process is
controlled by diffusion through the liquid film sur-
rounding the solid adsorbent [48]. The plot of film dif-
fusion of RY15 for different initial dye concentrations
(10, 20, 30, and 40mg/L) is shown in Fig. 8. The val-
ues of kig were calculated from the slopes of the
respective linear lines of the plot. The intraparticle
and liquid film diffusion parameters are presented in
Table 3. It is suggested from the results that the
adsorption process may also be controlled by liquid
film diffusion. However, the intercept was not close to
zero, indicating indubitable contribution to the rate
from particle diffusion [49].

3.7.3. Mechanism of adsorption

Mechanism of sorption is either film diffusion con-
trolled or particle diffusion controlled [50]. Generally,
three types of mechanisms are involved in the
sorption process, mentioned as follows [51]:

;i
<¢10mg/L
f:? O020mg/L
% A30mg/L
I xX40mg/L
0 T T 1
0 100 200 300
Time, min
Fig. 8. Liquid film diffusion model.
Table 3
Intraparticle and liquid film diffusion parameters
Concentration (mg/L) 10 20 30 40
Intra particle diffusion model
kia (g/mgmin'/?) 0.096  0.160 0223  0.197
s 0992  0.99% 0998  0.990
Liquid film diffusion model
kia (g/mgmin'/?) 0.028 0016 0015 0.015
? 0.989 0975 0981  0.981
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(1) Film diffusion, where the adsorbate ions travel
toward the external surface of the adsorbent.

(2) Particle diffusion, where the adsorbate ions tra-
vel within the pores of the adsorbent excluding
a small amount of adsorption that occurs on
the exterior surface of the adsorbent.

(3) Adsorption of the adsorbate ions on the interior
surface of the adsorbent.

In order to predict the actual slow step involved in
the adsorption process, the kinetic data were further
analyzed using Boyd model which is given as follows
[47].

F=1-6/I1"exp(—B) (18)

where B, is a mathematical function of F and F is the
fractional attainment of equilibrium at time ¢. F is cal-
culated using the following equation

F=4:/q. (19)

where g; and g. are the amounts adsorbed (mg/g) at
time t and at equilibrium, respectively. Rearranging
the Eq. (19)

1—F =6/T* exp(—By) (20)
or
B, = —0.4977 — In(1 — F) (21)

The above equation is used to calculate the B; values
at different time ¢. The linearity of the plot, B; vs. t is
used to determine whether the sorption process is film
diffusion controlled or intra particle diffusion con-
trolled. The plot of B; vs. t of RY15 is shown in Fig. 9,
and the results are presented in Table 3. For film
diffusion to occur, the lines should pass through the
origin. It was observed from the results that the lines
do not pass through the origin indicating that film

6 -
5
4 4 ¢ 10mgL
3 020mg/L
s A30mgL
2 X40mg/L
l -
0 4 ]
250

Time, min

Fig. 9. Boyd’s plot.
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diffusion alone is not rate limiting. So it can be con-
cluded that both intraparticle diffusion and film diffu-
sion control the adsorption process. It can also be
concluded that intraparticle diffusion has more control
over the adsorption process due to the reason that the
low linearity of the film diffusion model indicating a
very low applicability of the model.

3.8. Effect of adsorbent dosage

Effect of adsorbent dosage plays an important role
in standardizing the adsorption process. It is an
important parameter in determining the capacity of
adsorbent for initial concentration of adsorbate. Study-
ing the effect of adsorbent dose gives an idea of the
effectiveness of an adsorbent and the ability of a dye
to be adsorbed with a minimum dosage of the adsor-
bent. To explain the effect of adsorbent dose on
adsorption of RY15 onto EDAC, experiments were
conducted by varying the adsorbent doses from 10 to
250 mg with 50ml of different initial dye concentra-
tions (10, 20, 30, and 40 mg/L) at room temperature.
The optimum dosage of EDAC for the removal of
RY15 was found to be 250mg. It was clear from the
results that percentage removal of RY15 increases with
increase in the dosage of EDAC and reaches satura-
tion after a particular amount of EDAC. This is due to
the fact that, increase in adsorbent dose, increases the
number of adsorption sites on the surface of the
adsorbent [32]. Beyond the optimum dosage of the
adsorbent, there is no significant increase in adsorp-
tion. This is because the amount of ions bound to the
adsorbent and the amount of free ions remains con-
stant even after the addition of optimum dosage of
the adsorbent. It is obvious that increase in adsorbent
dose increases the removal efficiency of EDAC, but
the percent removal decreases with increase in initial
dye concentrations from 10 to 40 mg/L. This was due
to the reason that adsorption sites remain unsaturated
during the adsorption process [52]. The increase in
percent removal was also due to conglomeration of
carbon at higher dosages [53].

3.9. Effect of pH

It is important to study the effect of pH of EDAC
on adsorption of dyes because; pH is one of the key
factors controlling the adsorption process. All carbons
acquire different types of surface charges according to
their functional groups present on the surface of the
adsorbent. The interactions with H" and OH™ ions
can show amphoteric properties of the carbon surface.
Change of pH affects the adsorption process through
dissociation of functional groups on the adsorbent
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20 1
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10 1
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Fig. 10. Effect of pH on percentage removal of RY15.

surface active sites. This leads to a change in reaction
kinetics and equilibrium characteristics of the adsorp-
tion process. Dissolution of dyes release colored dye
ions into solution. Adsorption of these ions onto
adsorbent surface is primarily influenced by the sur-
face charge of the adsorbent, which in turn influenced
by the solution pH. Hence adsorption is mainly
dependent on the nature of the dye species and sur-
face charge on the adsorbent.

Effect of percentage removal of RY15 by EDAC is
represented in Fig. 10. The percent removal of RY15
decreased from 34.33 to 12.73% when the dye solution
pH was increased from 2 to 11. Maximum removal
(34.33%) was observed at pH 2. The results showed
that higher percent removal took place at highly acidic
medium and basic solution pH did not favor the
adsorption of RY15 by EDAC. Generally, reactive dyes
ionize to a high degree in aqueous solutions to form
coloured anions due to the presence of sulfonate
groups in their structures. The sulfonate groups are
easily dissociated and have negative charges in the
aqueous medium. As the pH of the solution decreased,
the protonated surface groups facilitated the sorption
of negatively charged dye molecules [54], thereby
increasing the percentage removal of RY15 by EDAC.
Similar reports have already been found in the litera-
ture for the adsorption of reactive Orange 16 using
Corynebacterium glutamicum as a low-cost biosorbent by
Won et al. [55] and for the adsorption of Reactive Red
195 using chitosan by Yue-zhong et al. [56].

3.10. Adsorption isotherm

Adsorption isotherm models are widely used to
describe the adsorption progress and to investigate
the mechanism of adsorption. The adsorption iso-
therm models are also fundamental in describing the
interactive behavior between adsorbate and adsorbent.
Analysis of isotherm data is important for predicting
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the adsorption capacity of the adsorbent, which is one
of the main parameters required for the design of
adsorption system. Isotherm models are also critical in
optimizing the utility of the adsorbent [57]. Moreover,
adsorption isotherm models clearly depict the rela-
tionship of amount adsorbed by unit weight of adsor-
bent with the concentration of adsorbent remaining in
the medium at equilibrium. Thus, the correlation of
equilibrium data using either a theoretical or empiri-
cal equation is essential for adsorption data interpreta-
tion and prediction. The correct interpretation of
experimental adsorption isotherm can be realized in
terms of some mathematical equations called adsorp-
tion isotherm model equations. In this regard, various
isotherm equations have been used to describe the
equilibrium nature of adsorption. Some of these
selected models to describe the equilibrium character-
istics of adsorption of RY15 onto EDAC are Langmuir,
Freundlich and Temkin isotherm models. The applica-
bility of the isotherm models to the adsorption study
was compared by judging the correlation co efficient,
7* values.

3.10.1. Langmuir isotherm

Langmuir isotherm has been widely used to
describe the single solute system. Langmuir theory is
based on an assumption that adsorption is a type of
chemical combination or a process, and the adsorbed
layer was unimolecular and intermolecular forces
decreases rapidly with distance and consequently it
predicts monolayer coverage of the adsorbent [58].
This isotherm assumes that adsorption takes place at
specific homogeneous sites within the adsorbent and
there is no significant interaction among the adsorbed
species. This model further assumes uniform energies
of adsorbate in the plane of the surface [59]. Theoreti-
cally, the adsorbent has a finite capacity for the adsor-
bate. Once a dye molecule occupies a site, further
adsorption cannot take place at that site suggesting
monolayer coverage of dyes. This indicates that the
adsorption occurs until a monolayer of adsorption
and after completion of adsorption no more interac-
tion between the adsorbent and adsorbate molecules
takes place [60]. The saturated monolayer capacity can
be represented by the following expression.

ge = bLQoCe/1 + QoCe (22)
The linear form of equation is given as
Ce/qe = l/bLQO + Ce/QO (23)
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where C. is the equilibrium concentration of dye
(mg/L), ge is the amount of dye adsorbed at equilib-
rium (mg/g), Qo is Langmuir constant related to max-
imum adsorption capacity (mg/g), by is Langmuir
constant related to energy of adsorption (L/mg). The
Langmuir constants Qy and by, are calculated from the
linear plot of C./ge vs. Co which is shown in Fig. 11.
The value of adsorption capacity Qp of RY15 is found
to be 16.129mg/g. Values of Langmuir adsorption
capacity of some low cost activated carbons are listed
in Table 4.

11.5
11 4
10.5 4

9.5 -

C/q, gL

85 4

7.5 1

6.5

100
C,mg/'L

Fig. 11. Langmuir isotherm.

Table 4
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The essential feature of Langmuir isotherm can be
expressed in terms of a dimensionless separation fac-
tor (Ry), given by the following equation
Ry =1/(1+b.Co) (24)
where Cj is the initial dye concentration (mg/L). Ry
indicates the type of isotherm to be either unfavorable
(RL>1), linear (R =1), favorable (0<R; <1) or irre-
versible (Rp =0). In this study, the Ry, values found to

lie between 0 and 1, hence suggesting a favorable
adsorption of RY15 onto EDAC.

3.10.2. Freundlich isotherm

Freundlich isotherm describes equilibrium on
heterogeneous surfaces and hence does not assume
monolayer capacity [73]. Freundlich model is based
on the assumption that adsorption occurs on a
heterogeneous adsorption surface having unequally
available sites with different energies of adsorption
[74]. Freundlich adsorption isotherm was originally
empirical in nature but was later interpreted as the
sorption to heterogeneous surfaces or surfaces
supporting sites with varying affinities. Moreover,
Freundlich adsorption isotherm model stipulates that
the ratio of solute adsorbed to the solute concentration

Comparison of adsorption capacity of EDAC with various adsorbent-adsorbate systems

Name of the adsorbent Name of the dye

Saw dust Acid Yellow 36
Rice husk Acid Yellow 36
Rice bran Acid Red 138

Acid Yellow 17
Acid Blue 40
Acid Blue 92
Rhodamine B
Rhodamine B
Rhodamine B
Rhodamine B
Rhodamine B
Rhodamine B
Crystal Violet
Crystal Violet
Malachite Green
Reactive Red 198
Reactive Orange 16
Rhodamine B
Malachite green

Calcined alunite

Euphorbia antiquorum L. wood
Sago waste

Orange peel

Banana peel

Parthenium carbon

Coir pith carbon

Dried banana bark carbon
Ricinus communis pericarp
Flyash

Dried Pandanus leaves
Sewage sludge char
Corynebacterium glutamicum
EDAC

Reactive orange 16
Reactive Yellow 15

Adsorption capacity (mg/g) References
183.8 [30]
86.9 [30]
0.43 [61]
151.5 [62]
212.8
222.22 [63]
16.2 [64]
14.3 (5]
20.6 [5]
18.52 [65]
8.06 [1]
40.16 [66]
106.95 [67]
9.76 [68]
9.737 [69]
25 [70]
154.8 [55]
34.48 [17]
45.45 [71]
7.518 [72]
16.129 This study
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is a function of the solution. The empirical model was
shown to be consistent with an exponential distribu-
tion of active centers. This model is used to explain
the present adsorption phenomenon and is repre-
sented by the following equation.
e = KeCL" (25)
The linearized form of
expressed as follows:

the above equation is

Inge =InKg+1/nInC. (26)
where Kg is the Freundlich adsorption isotherm con-
stant (1/g) related to the extent of adsorption and 1/n
is related to the adsorption intensity, which varies
with the heterogeneity of the material. The values of
Kg and 1/n are obtained from the intercept and slope
of the plot (Fig. 12) of logg. vs. logC. The strength of
linear relationship can be expressed by the correlation
coefficient, 7> values. This model exhibited slightly
inferior correlation coefficient value than Langmuir
model. The slope 1/n ranging from 0 to 1 is a mea-
sure of adsorption intensity or surface heterogeneity,
becoming more heterogeneous as its value gets closer
to zero [59].

3.10.3. Temkin isotherm

Temkin isotherm assumes that the effects of heat
of adsorption that decreases linearly with coverage of
the adsorbent and adsorbate interactions [75]. It also
assumes that adsorption is characterized by a uniform
distribution of binding energies up to some maximum
binding energy. The basic form of Temkin equation is
as follows:

ge = RT In(K1C.)/br (27)

1.45

Ing,

1.15 4

InC,

Fig. 12. Freundlich isotherm.
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The linear form of Temkin euation is

e = RTIn KT/bT + RT In Ce/bT (28)
where Ky is the equilibrium binding constant (L/g) of
Temkin isotherm, bt is the Temkin isotherm constant
(kJ mol™) related to heat of sorption, T is the absolute
temperature (K), R is the universal gas constant
(8.314JK 'mol ). Temkin isotherm is obtained by
plotting ge vs. InC, at room temperature. The Temkin
plot of RY15 is presented in Fig. 13. The higher equi-
librium binding constants K1 values obtained for the
dye indicated a stronger interaction between the dye
and the adsorbent surface. The Temkin isotherm of
RY15 showed a higher regression coefficient (>0.9)
indicating the linear dependence of adsorption heat at
low or medium coverages. The linearity may be due
to the repulsion between or adsorbate species or to
intrinsic surface heterogeneity [76]. The parameters
obtained from Langmuir, Freundlich and Temkin iso-
therms are summarized in Table 5.

3.11. Desorption studies

The mechanistic aspects of adsorption and possi-
bility of recovery adsorbent were investigated by con-
ducting desorption studies. Regeneration of the
adsorbent may make the treatment process more eco-
nomical. If neutral pH water could desorb the dye
after adsorption, it is understood that the dye is
attached to the adsorbent by weak bonds. If acid or
alkaline solution could desorb the dye, then the
adsorption takes place by ion-exchange mechanism. If
organic acids like acetic acid could desorb the dye, it
is understood that the dye is attached to the adsorbent
by a strong interaction of the chemisorption type of
adsorption [22]. Form the various desorbing reagents
used, RY15 is better desorbed (more than 60%) by
alkaline medium indicating the physisorption type of
adsorption of RY15 onto EDAC.

8 4
7.5 1
T 4
6.5 1
6 4
5.5 -
54
4.5 1
4 4
3.5 4
3

4, mg/g

3.2 34 3.6 38 4 4.2 44 4.6

Fig. 13. Temkin isotherm.
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Table 5
Isotherm parameters
Langmuir isotherm
b =0.0108 Qum (mg/g)=16.129 17=0.995
Co (mg/L) 60 80 100 120 140 160 180
Ry 0.606 0.536 0.479 0.435 0.397 0.365 0.339
Freundlich isotherm
Kr (mg/g) =142 1/n=0257 *=0.998
Temkin isotherm
kr (L/g)=0.098 br (K mol 1) =693.2 r*=0.997

Table 6

Characteristics of the dyeing industry effluent before and after treatment

Characterization Untreated effluent
1 pH 9.3

2 TDS (mg/L) 6,257

3 BOD (mg/L) 420

4 COD (mg/L) 3,250

5 Chloride (mg/L) 2,550

6 Alkalinity (mg/L) 1,496

7 Conductivity (us/cm) 5,600

Treated effluent WHO standards parameters®

8.7 6.5-8.5
5,875 500-1,500
392 30

2,746 250

2,127 1,000
1,230 NMP
5,183 NMP

“Tolerance limits for the textile effluent discharged into inland water source as per World Health Organization Standards (WHO 1992).

PNM: Not mentioned.

3.12. Analysis of textile industry effluent

The physico chemical characteristics of untreated
and treated forms of the textile industry effluent and
World Health Organization Standards of drinking
water (WHO 1992) are presented in Table 6. Untreated
effluent was brownish black in color with high BOD,
COD, and considerable amount of total alkalinity and
chloride. The pH and conductivity of untreated efflu-
ent were high. High value of pH could be attributed
to the presence of carbonates and bicarbonates [77].
The presence of high level of TDS might be due to the
insoluble organic and inorganic matter present in the
effluent [78]. High level of chloride was also responsi-
ble for the TDS. High chloride concentration was due
to the addition of chloride salts in the bleaching and
dyeing processes. High value of alkalinity was a result
of the use of sodium carbonate as a scouring agent
and caustic soda for the saponification of waxes, oils,
and soils during fabric washing operations. High BOD
of the effluent might be due to the presence of oxidiz-
able organic matter present in the effluent [79]. Addi-
tion of various chemicals in different stages of dyeing
operations was responsible for the higher level of
COD in the effluent. The results show that almost all
the parameters have higher values when compared to
WHO standards.

Treatment with EDAC resulted in a slight decrease
in the intensity of the color and the magnitude of the
analyzed parameters for the treated effluent which are
presented in Table 6.

3.13. Competitive adsorption of dyes

The competitive effect on decolorization of mixture
of dyes before and after treatment with EDAC is

1.0
0.8
8 06
=
<
2
g 04 1
e
<
0.2
b
0.0 a
T T 1
400 500 600 700

Wavelength, nm

“UV Adsorption spectra of mixture of dyes before treatment
"UV Adsorption spectra of mixture of dyes after treatment

Fig. 14. UV spectra of competitive adsorption of dyes.
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shown in Fig. 14. The /max of AB92, RhB, CV, MG
and RY15 are 567, 556, 584, 617, and 420nm, respec-
tively. From the figure it was observed that the peaks
of AB92, RhB, CV, and MG merged in the region
between 500 and 650nm. A peak is obtained at
424nm corresponding to RY15. It was observed from
the figure that the decolorization of acidic (AB92) and
basic (RhB, CV, and MG) dyes was found to be
around 90%. However, RY15, the reactive dye did not
decolorize much. This is probably due to the predomi-
nant uptake of acidic and basic dyes. It may also be
due to the competitive adsorption caused by the inter-
action between the dyes and to the changes of the
adsorbent surface charge caused by the adsorption
[80]. Different molecular weight, complexity and dif-
ferent functional groups of the dye structures are also
responsible for the difference in color removal.

4. Conclusion

Sulfuric acid treated EDAC was used as an adsor-
bent for the removal of RY15 from aqueous solution
by batch adsorption experiments. The equilibrium
time was found to be 240min for 40mg/L, 210 min
for 30mg/L, 180min for 20mg/L, and 150min for
10mg/L dye solutions. The kinetics of adsorption pro-
cess was investigated using Pseudo first order, Pseudo
second order and Elovich models. The results showed
that the adsorption process followed pseudo second-
order kinetic model. Thermodynamic studies sug-
gested that the adsorption process was spontaneous
and endothermic in nature. Physisorption type of
adsorption was confirmed by calculating the activa-
tion energy using Arrhenius equation. Mechanism of
adsorption was explained by intraparticle and liquid
film diffusion models. Percentage removal of RY15
increased by increasing the dosage of EDAC. Acidic
solution pH favored the adsorption of RY15 by EDAC.
The experimental data were better represented by
Langmuir adsorption isotherm model compared to
Freundlich and Temkin isotherm models. Desorption
experiments indicated the physical nature of adsorp-
tion of RY15 onto EDAC. Moderate results were
obtained by testing the applicability of EDAC on treat-
ing with a dyeing industry effluent.
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