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ABSTRACT

This study was undertaken to evaluate the adsorption potential of a naturally available,
cost-effective, raw eucalyptus bark (EB) (Eucalyptus sheathiana) biomass, to remove organic
methylene blue (MB) dye from its aqueous solutions. Effects of various process parameters
such as initial dye concentration, adsorbent loading, solution pH, temperature, presence of
salts, mixture of dyes and surfactant onto MB dye adsorption by bark material were stud-
ied. Significant effect on adsorption was witnessed on varying the pH of the MB solutions.
Results showed that the optimum pH lies between 7.4 and 10.0. The extent (%) of MB
adsorption from aqueous solution decreased with the increase in the initial MB dye concen-
tration, but increased with rise in temperature. The extent of MB dye adsorption was found
to be enhanced due to increase of salts concentration. This is because of salting-out-effect,
which comprises the changes of various short range forces. The overall kinetic studies
showed that the MB dye adsorption by EB biomass followed pseudo-second-order kinetics.
The mechanism of MB dye adsorption was analysed by intra-particle diffusion model and
desorption study. Free energy change of adsorption (AG®), enthalpy change (AH®) and
entropy change (AS°) were calculated to predict the nature of adsorption. The Langmuir
adsorption isotherm model yields a better correlation coefficient than the Freundlich model
and the dimensionless separation factor “R;” indicated favourable adsorption process. The
maximum Langmuir monolayer adsorption capacity of raw EB for MB dye was found to be
204.08 mg/g at 30°C. A single-stage batch adsorber design for MB dye adsorption onto EB
biomass has been presented based on the Langmuir isotherm model equation. The results
obtained in this study suggest a promising future for inexpensive raw EB biomass as a
novel adsorbent and a better alternative to activated carbon adsorbent used for the removal
of MB dye from dye bearing effluents.
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1. Introduction

Excessive release of inorganic/organic pollutants
into water due to industrialization, agricultural opera-
tions and urbanization has posed a great environmental
problem worldwide. Many industries such as textile,
leather, paper, plastics, tannery, cosmetics, rubber and
paint use dyes to colour their products, which are some
of the sources that generate dye bearing effluents [1].
The discharge of dyes into the environment is a concern
for both toxicological and aesthetical reasons as dyes
impede light penetration, damage the quality of the
receiving streams, toxic to food chain organisms [2] and
sometimes even carcinogenic [3,4]. Furthermore, the
dyes have a tendency to sequester metal and may cause
micro-toxicity to fish and other organisms [5].

Methylene blue (MB) is a cationic dye which is
most commonly used for colouring and also used in
microbiology, surgery, diagnostics [6,7]. Though MB is
not strongly hazardous, it can cause some harmful
effects. Acute exposure to MB can cause increased
heart rate, shock, Heinz body formation, cyanosis,
jaundice, quadriplegia and tissue necrosis in humans
[8]. MB causes eye burns, which may be responsible
for permanent injury to the eyes of human and ani-
mals [9]. Hence, the treatment of effluents containing
such dye is of interest due to its harmful impacts on
receiving waters. In general, dyes are poorly biode-
gradable or resistant to environmental conditions and
therefore create the major problem in the treatment of
wastewater containing dyes [9]. A range of technolo-
gies such as coagulation, foam flotation, precipitation,
ozonation, ion exchange, filtration, solvent extraction,
electrolysis, chemical oxidation, membrane technology,
liquid-liquid extraction and adsorption on activated
carbon have been used for the removal of dye contam-
inants from wastewater [10]. Among these methods,
adsorption has been found to be an efficient and eco-
nomic process to remove dyes, pigments and other
colourants and to control the biochemical oxygen
demand [11]. Commercial activated carbon has been
successfully used in the removal of inorganics/organ-
ics from their aqueous phase. However, utilization
of commercial activated carbon possesses limitation
because of their high-cost and regeneration problem.
Therefore, the current research is focused in finding a
more cost-effective and efficient adsorbent in compari-
son with activated carbon [12-14]. The use of agricul-
tural solid wastes as adsorbents for wastewater
treatment has been identified because of their good
adsorption potential due to the presence of carboxyl,
hydroxyl and amino groups over their surfaces [15].
Therefore, a number of non-conventional cost-effective
adsorbents such as cashew nut shell [16], raw and
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modified pine cone [12], pine leaves [17], pine cone
biomass [9], wood apple shell [18], rice husk [8],
orange peels [19], banana peel [19] and caster seed
shell [20] have been used for the removal of MB dye
from its aqueous solution. Readers are encouraged to
go through various recently published review article
by Yagub et al. [21], Salleh et al. [13] and Ali et al.
[22] towards dye removal by various adsorbents. On
the utilization of agricultural solid waste as an effec-
tive adsorbent, their easy availability, low-cost and
good adsorption potential make the adsorption
process more attractive [23].

Eucalyptus trees (Eucalyptus sheathiana), which are
evergreen and one type of lignocellulose carbonaceous
material, form about three-quarters of the tree flora of
Australia. They are fast growing and abundantly
available worldwide. Due to the high number of euca-
lyptus trees in Australia, massive amounts of barks
(as waste) are disposed each year. Eucalyptus bark
(EB) was used as a sorbent for the removal of reactive
dyes for cellulose fibres (Remazol BB) [24], Cd(II) ions
[25], chromium ions [26], Cu(I), Cr(III), Cd(I) and Ni
(ID [27], mercury(Il) [28], eriochrome black T [29], MB
dye [30] from aqueous solutions. Basically, there are
only few reported works on the application of EB bio-
mass as an effective adsorbent and mostly limited
towards inorganic removal. Therefore, this research
work was undertaken to explore the potential use of
raw EB biomass as a cost-effective and efficient adsor-
bent in the removal of MB dye from its aqueous solu-
tion at various physico-chemical conditions. Further,
large amount of salts and surfactant is utilized in the
dyeing process, and there should be an effect of dis-
solved and mixed salt concentration and surfactant
combination on the adsorption capacity of biomass.
Therefore, mixed salt effect and surfactant effect on
MB dye adsorption which is further new aspect of this
study have also been presented here. The adsorption
characteristics vary quantitatively and qualitatively
with the nature of agricultural biomass, its processing
and its origin [12,17]. Hence, it is necessary to under-
stand the kinetics and mechanism of adsorption under
various process conditions, which will help the selec-
tion of designing of an adsorption column and adsor-
bent system. Despite the fact that the industrial
effluents contain several pollutants simultaneously,
therefore the effect of mixed dyes on MB dye adsorp-
tion has also been studied here which is another new
aspect of this research area. The effect of operating
conditions such as solution pH, sorbent dosage, initial
MB dye concentration, temperature, contact time, pres-
ence of salts, mixture of dyes and addition of surfac-
tant and their optimum values was investigated on
the adsorption efficiency of MB dye. The adsorption
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equilibrium data were analysed using Langmuir and
Freundlich models. In addition, thermodynamic
parameters were determined for the sorption of MB
dye to explain the process feasibility, and desorption
efficiency was also calculated to investigate the mecha-
nism and recovery of MB dye together with the regen-
eration and reusable capacity of the biosorbent. In
order to gain insight into the dynamics of the process,
a single-stage batch adsorber has been designed for
the removal of MB dye by EB based on the equilib-
rium data obtained.

2. Materials and methods

2.1. Adsorbent

E. sheathiana (family name: Myrtaceae) barks were
obtained from Curtin University—Bentley Campus,
Western Australia, and it was collected between Feb-
ruary and March 2013. The barks were washed repeat-
edly with distilled water to remove impurities such as
sand and leaves and then dried at 105°C for 24 h in an
oven. The dried biomass was ground using a mechan-
ical grinder by RETSCH, GmbH & Co. KG, West Ger-
many, to fine powder and passed through British
Standard Sieves (BSS) of 106 pm. The powder EB bio-
mass was then stored in an airtight plastic container
and was used for analysis as well as for conducting
adsorption experiments. The biomass sample was
characterized in terms of surface area, bulk density
and percentage of elemental analysis (nitrogen, carbon
and hydrogen) was done by 2400 Series II CHNS/O
analyser by Perkin Elmer. Bulk density of raw EB was
measured as per the below equation: [31].

Mass of dry sample (g)
Total volume used (ml)

M

Bulk Density =

Further, EB biomass powder was analysed by the
Spectrum 100 FTIR spectrometer to determine func-
tional groups. Scanning electron microscope (SEM)
(EVO 40) and transmission electron microscope (TEM)
were used for the information of the surface morpho-
logical structure of EB before and after adsorption.
Particle size of EB powder was measured by Malvern
Hydro 2000S master Sizer, Malvern Instruments Ltd,
UK. Brunauer-Emmett-Teller (BET) method was used
to determine BET surface area using Tristar II 3020,
Micromeritics Instrument Corporation.

2.2. Adsorbate and other chemicals

All chemicals used were of analytical grade. MB,
the typical basic cationic dye, was selected as the
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adsorbate in this study. The formula of MB dye is
Ci6H1sN3SCL3H,O  with a  molecular weight of
319.86 g/mol was supplied by Sigma-Aldrich Pty.
Ltd, NSW, Australia. A stock solution of
1,000 ppm MB was prepared by dissolving the appro-
priate amount (1,000 mg) of MB in a litre of ultra-pure
water. The working solutions were prepared by dilut-
ing the stock solution with ultra-pure water to give
the appropriate concentration of the working solu-
tions. Similarly, solutions of 100, 200 and 300 ppm
were prepared by dissolving the appropriate amount
of laboratory grade NaCl, CaCl, and FeCl; separately
in a litre of ultra-pure water to perform experiments
with salt effects. Triton X-100 (average mol. wt. 625,
purity <100%) was used as nonionic surfactant and
was procured from Sigma-Aldrich Pty. Ltd, NSW,
Australia. The pH of the solutions was adjusted by
addition of either 0.1 M HCI or 0.1 M NaOH solutions,
respectively. All sample bottles and glassware were
cleaned and then rinsed with deionized water and
oven-dried at 60°C.

The SP-8001 UV/VIS spectrophotometer was used
to determine the concentrations of MB dye in solution.
pH measurements were taken using WP-81 pH-Cond-
Salinity meter. The concentration of the residual dye
was measured using UV/visible spectrometer at a
Amax corresponding to the maximum adsorption for
the dye solution (Iyax=665nm) by withdrawing
samples at fixed time intervals and centrifuged, and
the supernatant was analysed for residual MB.
Calibration curve was plotted between absorbance
and concentration of the dye solution to obtain
absorbance—concentration profile.

2.3. Adsorption experiments
2.3.1. Kinetic experiments

Batch adsorption experiments were conducted by
varying the initial solution pH, adsorbent dose, initial
dye concentration, salts, mixed dye concentrations,
surfactant and temperature at predetermined time
intervals. These adsorption batch experiments were
conducted as per our earlier published method [9].
The mixture was shaken in a constant temperature
Thermo Line Scientific Orbital Shaker Incubator at a
speed of 120 rpm and temperature of 30°C. At prede-
termined time, the bottles were withdrawn from the
shaker and the residual dye solution was separated
from the mixture by centrifuging. The absorbance of
the supernatant was measured at the wavelength that
corresponds to the maximum absorbance of the sam-
ple, and the dye concentration was calculated from
the linear equation of the calibration curve. The
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amount of dye adsorbed onto EB biomass at time ¢, g;
(milligrams per gram) and % adsorption are calculated
from Egs. (2) and (3), respectively:

g = (G -GV )
m

and dye removal efficiency, that is % of adsorption,
was calculated as:

Co—C;
Co

% adsorption = x 100 (3)

where Cj is the initial dye concentration (milligrams
per litre), C; is the concentration of dye at any time ¢
(min), V is the volume of dye solution (I), and m is the
mass of EB powder (g). All experimental measure-
ments are within +10% accuracy.

2.3.2. Isotherm experiments

Equilibrium adsorption studies were conducted by
contacting 50 ml of dye solutions of different initial
concentration of 20, 30, 40, 50, 60 and 70 ppm with
20 mg of EB powder in a series of 250-ml conical
flasks for a period of 3 h which was more than suffi-
cient to achieve equilibrium time. The method was
also as per our earlier published method [9].

2.4. Theory
2.4.1. Adsorption kinetics and mechanism

In order to investigate the mechanism of adsorp-
tion and the transient behaviour of the dye adsorption
process, adsorption kinetics were evaluated and ana-
lysed using pseudo-first-order, pseudo-second-order
and intra-particle diffusion models as explained
below.

2.4.1.1. Pseudo-first-order and pseudo-second-order kinetic
models. Pseudo-first-order model was developed by
Lagergren [32]. The linearized integral form of the
pseudo-first-order is generally expressed as [33]:

K
10g(qe - qt) = 10g(qf) - 2'3-(1)3‘{- (4)

where g, and g; refer to the amount of MB adsorbed
(mg/g) at equilibrium and at time, f (min), respec-
tively. K; is the equilibrium rate constant of pseudo-
first-order adsorption (min™'). A plot of log (. — q;)
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vs. time, t, gives the value of K;, and g, can be
calculated.

Similarly, the linearized form of the pseudo-
second-order kinetic model [34] is shown in below
equation:

t 1 1
o Kof + P ®)
where K, is the equilibrium rate constant of pseudo-
second-order adsorption [g/(mg min)]. A plot between
tlgr vs. t gives the value of rate constant K,
(g/mg min), initial sorption rate h (mg/g-min), and
also g, (mg/g) can be calculated.

The constant K, is used to calculate the initial
sorption rate h, at t — 0, as follows:

h = K? 6)

Thus, the rate constant K, initial adsorption rate h
and predicted g, can be calculated from the plot of t/g;
vs. time t using Eq. (5).

2.4.1.2. Intra-particles diffusion model. Intra-particle dif-
fusion model is used for identifying the adsorption
mechanism for design purpose [9]. For most adsorp-
tion processes, the amount of adsorption varies almost
proportionately with t°° rather than with the contact
time [31].

g = Kigt™ +1 @)

where ¢; is the amount adsorbed at time t and 195 is
the square root of time. Kj; is the rate constant for
intra-particle diffusion (mg/g min®°) which can be
calculated from the slope of the linear equation of the
plot g, against 1>, I (mg/g) is a constant that gives an
idea about the thickness of the boundary layer.

2.4.2. Adsorption isotherm

To simulate the adsorption isotherm, two com-
monly used models, Freundlich [35] and Langmuir
[36], were selected to explicate dye-EB interaction and
to determine the capacity of adsorbent.

Freundlich  Isotherm: The linearized Freundlich
adsorption isotherm [35], which assumes that adsorp-
tion takes place on heterogeneous surfaces, can be
expressed as:

In g, = InK; + (1/n) In C, )
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where g, (mg/g) is the equilibrium amount of dye
adsorbed by the adsorbent, C. (ppm) is the equilib-
rium concentration of adsorbate in solution, K¢ and n
are isotherm constants which indicate the capacity
and the intensity of the adsorption, respectively [37].

Langmuir Isotherm: The Langmuir isotherm model
[36] was developed to explain how adsorption takes
place on homogeneous surfaces. The linearized forms
of Langmuir types I and II can be written as per
Egs. (9) and (10), respectively.

C, 1 C,
—= +— ©
e KaGm = Gm

1 < 1 ) 1 n 1
qf Kﬂqm Ce qm
The maximum adsorption capacity ¢,, (mg/g) and
Langmuir constant related to the energy of adsorption
K, (L/mg) were calculated from the slope and inter-
cept of the linearized forms of the plots where (C./q.
vs. C,) for Langmuir type I and (1/4, vs. 1/C,) for
Langmuir type II, respectively. The separation factor
(Rp) is dimensionless and is used to investigate the
adsorption system feasibility at different initial dye
concentrations [38], and it can be calculated from
using following equation.

(10)

Ry =1/(1+4 K,Co) amn
where K, is Langmuir constant and C; is the initial
MB concentration (ppm). Favourable adsorption
process takes place where R, value is 0 < R < 1 [39].

2.5. Thermodynamic study

Thermodynamic studies have been investigated
based on the equilibrium data. The thermodynamic
parameters, such as change in Gibbs free energy
(AG"), enthalpy change (AH®) and change in entropy
(AS”) for the adsorption of MB dye on EB adsorbent,
have been determined using the following equations
[31]:

AG® = AH® — TAS® (12)
0\ AS  —AH°

1 | =

o8 (c) 2303k T 2.303RT 13

where g, is the solid-phase concentration at equilib-
rium (milligrams per litre), C, is equilibrium concen-
tration in solution (mg/L), T is temperature in K, and
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R is the gas constant (8.314 J/mol K). The entropy
change (AS®) and enthalpy change (AH") can be calcu-
lated from the intercept and slope of the linear Van't
Hoff plot log (g./C,) vs. 1/T. From those values, Gibbs
free energy (AG®) can be found using Eq. (12).

3. Results and discussion
3.1. Characterization of EB biomass adsorbent

Surface chemistry of EB such as specific surface
area, pore volume distribution and pore size was mea-
sured, and physical characteristics of this biomass,
such as bulk density, percentage of elemental analysis
(nitrogen, carbon and hydrogen) were also done. All
the results are presented in Table 1. Bulk density is
important for commercial adsorption column design
and also affects the performance of adsorption pro-
cess. As per American Water Work association, bulk
density should be greater than 0.25 g/cm” for practical
purposes.

3.1.1. FTIR analysis

Fig. 1 shows the FTIR spectra of raw EB powder.
Several peaks were observed from the spectra (Fig. 1),
indicating that EB is composed of various functional
groups which are responsible for binding of cationic
dye MB. The absorption band at 3,000-2,850 cm ! s
presented with a peak band at about 2,920.6 and
2,851.6 cm™"' correspond to C-H stretching group [40].
Three peaks are found at 2,107.0, 2,140.6 and
2,148.3 cm™! which can be described as weak —C=C—
alkyne bond [40]. The peaks at 2,251.1 and
22846 cm™ ! with C=N stretches show nitrile
functional group [41]. Peaks at 1,729.7, 1,619.3, 1,515.5,
1,445.7 and 1,370.3 cm™' indicate strong ester group
with C=0 stretch [40], medium N-H bond with amine
group [41], N=O stretch with nitro group [40],
medium C-C bond in ring aromatics [41] and nitro
group with N=O bond [40], respectively. The presence

Table 1

Physico-chemical properties of raw EB adsorbent
Parameters Values
BET surface area (m?/g) 6.55
Bulk density (gm/cm ™) 0.39
Pore volume (cm®/g) 0.003432
Average pore size (A°) 18.42
Nitrogen, N (%) 0.24
Carbon, C (%) 42.32
Hydrogen, H (%) 5.69
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Fig. 1. FTIR spectrum of raw EB biomass (106 um).

of alcohols, carboxylic acids, esters and ethers
functional groups was observed through C-O strong
stretch in the absorption band at 1,320-1,000 cm ! fre-
quency with absorption peaks at 1,317.6, 1,235.5,
1,155.9 and 1,031.2cm™ ! [40]. Alkene small =C-H
absorption bend is found strongly in between 1,000
and 650 cm ' having peaks at 895.9, 826.5, 780.9 and
666.1 cm™" [40].

3.1.2. Spectrometric surface morphological analysis

Scanning electron micrograph (SEM) of EB biomass
before and after adsorption is shown in Fig. 2(a) and
(b), respectively. It is clear from the SEM pictures that
EB is amorphous carbon with non-crystalline struc-
tures. The availability of pores and internal surface is
clearly displayed in the SEM picture of the EB bio-
mass before adsorption (Fig. 2(a)), and the coverage of
the surface and the pores by the adsorbed MB is
shown in Fig. 2(b). Basically, the porous structure that

% W M M B W Bl
ol

appears in Fig. 2(a) gets blurred in Fig. 2(b) because of
adsorption.

Similar to SEM, TEM was also used to study and
determine the particle shape and porous structure of
biomass. The greater the number of pores, the greater
will be the biosorption of dye onto the biosorbent sur-
face. Typical TEM photographs of raw EB and MB
loaded biomass are shown in Fig. 3(a) and (b). These
photographs indicate the porous and fibrous texture
of the biosorbent with high heterogeneity that could
contribute to the biosorption of the dyes.

3.1.3. Particle size distribution

The particle size distribution of raw EB biomass
was determined by Malvern Hydro 2000S master
Sizer, Malvern Instruments Ltd., UK. The surface
weighted mean particle size for EB adsorbent was
found to be 25.26 um while the specific surface area
was 0.238 m?/g.
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Fig. 2. (a) SEM images of raw EB biomass before adsorp-
tion. (b) SEM images of same raw EB biomass after MB
adsorption.

3.1.4. BET analysis

The specific surface area was calculated by the
BET equation, while the total pore volume (Vy) was
evaluated by converting the adsorption volume of
nitrogen at relative pressure 0.95 to equivalent liquid
volume of the adsorbate [42]. Prior to analysis, the
sample was degassed to eliminate any trace of volatile
elements at room temperature for 1 h then increasing
the temperature to 120°C for 6 h. The sample was then
transferred to the analysis system where it was cooled
in liquid nitrogen. The calculated BET surface area,
pore volume and pore radius of the EB biomass are
presented in Table 1.

3.2. Adsorption kinetic experiments

3.2.1. Effect of initial solution pH on MB dye
adsorption

The efficiency of adsorption depends on the solu-
tion pH because variation in pH leads to the variation
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Fig. 3. (a) TEM images of raw EB biomass before adsorp-
tion. (b) TEM images of same EB biomass after MB
adsorption.

in the degree of ionization of the adsorptive molecule
and the surface properties of adsorbent [9]. Fig. 4
shows the effect of initial solution pH on amount of
MB dye adsorption, g; (milligrams per gram) and per-
centage removal of dye with solution pH. The amount
of dye adsorption increases with time as well as with
the increase in pH or alkalinity. The percentage
removal of dye was also found to increase when the
solution pH was increased from pH 2.5 to pH 10.0.
From Fig. 4, it was found that the amount of dye
adsorbed increased from 28.89 mg/g (57.80% removal
efficiency) to 44.73 mg/g (89.45% removal efficiency)
due to change in pH from 2.5 to 10.0 for a fixed initial
dye concentration of 20 ppm at equilibrium. The
observed pH trend clearly indicates that the maximum
adsorption of MB dye takes place at pH 10.0. With the
increasing pH values, the adsorption of MB on EB bio-
mass tends to increase, which can be explained by the
electrostatic interaction of cationic dye MB with the
negatively charged surface of the EB. This electrostatic
force of attraction is more with increasing negative
surface charge of adsorbent. This was supported by
point of zero surface charge, pH,,. of EB of 2.2 [29].
Further, the high percentage of dye removal at high
pH is also due to the presence of less H" competing
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Fig. 4. Effect of initial solution pH on the adsorption of
MB dye onto EB powder: (conditions: mass of adsor-
bent = 20 mg, volume of MB solution = 50 ml, initial MB
dye  concentration =20 ppm,  temp =30°C,  shaker
speed = 120 rpm and time of adsorption = 180 min).

for sorption sites on the biomass. Low pH leads to an
increase in H" ion concentration in the system, and
the surface of bark biomass acquires positive charge
by protonation of phenolic and amino groups of EB
surface [29], and hence, less amount of cationic MB
dye adsorption takes place. The pH of the final MB
dye solution is the result of electrostatic interaction
between negatively charged EB adsorbent surface and
cationic MB dye solution to form complex, and more
H" ions came into solution which gives little decrease
of the final solution pH [9].

Similar trend was reported for adsorption of MB
onto rice husk [8], palm kernel shell activated carbon
[43] and wheat shells [44].

3.2.2. Effect of adsorbent dosage on MB dye adsorption

To investigate the effect of adsorbent EB dose for the
adsorption of MB dye, the experiments were conducted
with different adsorbent doses (0.01-0.03 g/50 ml) while
maintaining the initial dye concentration (20 ppm), tem-
perature (30°C), pH (7.4) and shaker speed (120 rpm)
constant at different contact times. Fig. 5 shows that at
equilibrium, the percentage dye removal was increased
from 72.95 to 94% with the increase of adsorbent
mass from 0.01 to 0.03g. It was also found that the
increase in adsorbent dosage from 0.01 to 0.03 g resulted
in decrease of amount of adsorbed dye from 72.96 to
31.30 mg/g (Fig. 5).

At higher EB to MB concentration ratios, there is a
very fast superficial sorption onto the EB surface that
gives a lower MB concentration in the solution
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Fig. 5. Effect of adsorbent dosages on the adsorption of
MB dye onto EB powder: (conditions: volume of MB solu-
tion = 50 ml, solution pH 7.4, initial MB dye concentra-
tion = 20 ppm, temp =30°C, shaker speed =120 rpm and
time of adsorption = 180 min).

compared to the lower biomass to MB concentration
ratio. This is because a fixed mass of EB can only
adsorb a fixed amount of dye. Therefore, the higher
the adsorbent dosage, the larger the volume of effluent
that a fixed mass of EB biomass can purify. The
decrease in amount of dye adsorbed, g, (mg/g) with
increasing adsorbent mass, is due to the split in the
flux or the concentration gradient between solute con-
centration in the solution and the solute concentration
in the surface of the adsorbent [9,31]. Thus, with
increasing adsorbent mass, the amount of dye
adsorbed onto unit weight of adsorbent gets reduced
and hence causing a decrease in g, value with increas-
ing adsorbent mass concentration [8]. A similar behav-
iour was observed for mercury (II) removal on EB [28]
and MB adsorption on guava leaf [45], on gulmohar
plant leaf [46] and on cashew nut shell activated car-
bon [47]. Further increasing the amount of the adsor-
bent and keeping adsorbate concentration fixed make
a large number of sites available for a fixed concentra-
tion of adsorbate, hence the increase in percentage (%)
of adsorption and decrease in the value of g, [20].

3.2.3. Effect of initial dye concentration and contact
time on MB adsorption kinetics

The effect of contact time on the adsorption of MB
dye was investigated at different initial dye concentra-
tion onto EB adsorbent, and results are presented in
Fig. 6(a) and (b), respectively. From Fig. 6(a), it is
observed that the amount of MB dye adsorption, g;
(milligrams per gram), increased from 43 to 67.91 mg/g
with increase in initial MB dye concentration from 20 to
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Fig. 6. (a) Effect of initial solution concentration on the
adsorption of MB dye onto EB powder: (Conditions: mass
of adsorbent =20 mg, volume of MB solution = 50 ml,
Solution pH 7.4, temp = 30°C and shaker speed = 120 rpm).
(b) Effect of initial solution concentration on the extent (%)
of adsorption of MB dye onto EB powder: (conditions:
mass of adsorbent=20mg, volume of MB solu-
tion =50 ml, solution pH 7.4, temp=30°C and shaker
speed = 120 rpm).

70 ppm. Further, it was found that the amount of
adsorption, that is milligrams of adsorbate per gram of
adsorbent, increases with increasing contact time at all
initial dye concentrations and equilibrium is attained
within 140 min. It was also found from Fig. 6(b) that
the percentage removal of dye increased from 38.81 to
85.95% with decreasing initial concentration of MB dye
from 70 to 20 ppm. Basically, from both Fig. 6(a) and
(b), the adsorption percentage decreases and the
amount of adsorption increases with increasing initial
dye concentration. This is because of the initial dye
concentration provides the driving force to overcome
the resistance to the mass transfer of dye between the
aqueous and the solid phase. For constant dosage of
adsorbent, at higher initial dye concentration, the
available adsorption sites of adsorbent become fewer,
and hence, the removal of MB depends upon the
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initial concentration [48]. The increase in initial dye
concentration also enhances the interaction between
adsorbent and dye. Therefore, an increase in initial dye
concentration leads to increase in the adsorption of
dye. It is also found from Fig. 6(b) that the removal of
dye by adsorption on EB was very fast at the initial per-
iod of contact time but slowed down with time. These
kinetic experiments [Fig. 6(a) and (b)] clearly indicated
that adsorption of MB dye on EB is a more or less
two-step process: a very rapid adsorption of dye to the
external surface followed by possible slow intra-
particle diffusion in the interior of the adsorbent. The
rapid kinetics has significant practical importance, as it
facilitates smaller reactor volumes, ensuring high
efficiency and economy [38].

Similar type of results was reported by various
researchers for MB adsorption on oak sawdust [49],
on acid activated carbon [50], on pine cone [9] and on
activated carbon prepared from rice husk [51].

3.2.4. Effect of temperature on MB dye adsorption

Real textile effluents are mostly released at rela-
tively higher temperatures, so temperature is also an
important design parameter for the real application of
biosorption process [23]. There are two major effects
of temperature on the adsorption process: increasing
the temperature is known to increase the rate of diffu-
sion of the adsorbate molecules across the external
boundary layer and in the internal pores of the adsor-
bent particle, owing to the decrease in the viscosity of
the solution [52]. In addition, changing the tempera-
ture will change the equilibrium capacity of the
adsorbent for a particular adsorbate [52].

Fig. 7 depicts the effects of solution temperature
on the adsorption of MB dye onto EB adsorbent where
it has been revealed that the amount of adsorption, g;
(mg/g), increased with increase in temperature. It was
also found that the increase in temperature from 30 to
60°C resulted in increase in the extent of (%) adsorp-
tion from 85.97 to 90.79% for which plot is not pre-
sented here. The fact that the adsorption of dye was in
favour of temperature indicates that the mobility of
the dye molecule increased with increase in tempera-
ture. This implies that the dye molecule should inter-
act more effectively with the adsorbent surface with
rise in temperature. The increase in adsorption capac-
ity with increasing temperature suggests that the pro-
cess of removal of MB dye by EB biomass is
endothermic in nature. Similar types of results were
reported by other researchers for MB adsorption on
water weeds biomass [53], cashew nut shell [16] and
NaOH-modified malted sorghum mash [54].
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Fig. 7. Effect of temperature on the adsorption of MB dye
onto EB powder: (conditions: mass of adsorbent =20 mg,
volume of MB solution = 50 ml, solution pH 7.4, initial MB
dye concentration = 20 ppm, shaker speed =120 rpm and
time of adsorption = 180 min).

3.2.5. Effect of presence of salts on MB dye adsorption
kinetics

In general, textile industries consume large amount
of salts during the dyeing process, and hence, the
effect of salts on adsorption has to be evaluated. The
presence of these salts in textile effluents is one of the
important factors that control both electrostatic and
non-electrostatic interactions between the biosorbent
surface and dye molecules and therefore affects the
biosorption capacity [23,55]. To examine how salt con-
centration affects adsorption of MB onto EB biomass
explored in this paper, we added NaCl, CaCl, and
FeCl; of concentrations ranging from 100 to 300 ppm
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to the MB solution. The results are presented in Fig. 8.
The effect of salts on MB dye adsorption was con-
ducted at a solution pH of 7.4 where dyes and adsor-
bent EB were oppositely charged. It was found from
Fig. 8 that the MB dye removal capacity by EB was
decreased due to the presence of monovalent NaCl
salt and it was more significantly decreased with
decreasing salt concentration. Similar trend was
observed for divalent CaCl, salt but comparatively to
a lesser extent. This was due to the attractive electro-
static forces between the adsorbent surface and
adsorbate ions, whereas for trivalent salt system,
electrostatic attraction was repulsive and hence an
increase in ionic strength also increased adsorption
(Fig. 8) [56-58]. Bharathi and Ramesh [56] also
reported that the electrical double layer surrounding
the adsorbent surface was compressed due to the
presence of increasing salt concentration which may
lead to a decrease in the electrostatic potential and
hence a reduction of coulombic free energy and a
decrease in basic dye adsorption as in the case of
NaCI-MB and CaCl,-MB system. Further Fig. 8 indi-
cates that the adsorption of positively charged MB on
negatively charged EB biomass (at this pH) enhanced
with the nature of salt in the order of
Na® < Ca™ < Fe™". Wang et al. [59] reported that the
amount of adsorption depends on the nature of elec-
trolytes such as chloride salt of sodium which favours
attractive electrostatic forces. The percentage of MB
removal was increased with the increase in trivalent
FeCl; salt concentration when compared with the
results of MB adsorption without salt. For FeCl;-MB
system, this behaviour may be due to the dye

B MB + Salt (100 ppm)
MB + Salt (200 ppm)
B MB + Salt (300 ppm)

= MB (without salt)

Fig. 8. Effect of electrolytes on the extent (%) of adsorption of MB dye onto EB powder: (conditions: mass of adsor-
bent = 20 mg, total reaction volume =50ml (48 ml of MB solution + 2 ml salt solution), initial MB dye concentra-
tion = 20 ppm, solution pH 7.4, temp = 30°C, shaker speed = 120 rpm and time of adsorption = 180 min).
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dimerization in solution or formation of dye aggrega-
tion induced by the effect of salt ions which is known
as “salting-out-effect” [57,58]. Basically, various types
of short range forces such as Van der Waals force,
dipole-dipole and ion—dipole force increased with salt
concentration during dye dimerization [58]. From
Fig. 8, it is also observed that the amount of MB
adsorption significantly increased with divalent/triva-
lent salt cations compared to monovalent cations. This
may be due to increase in surface charge density of
Ca>"/Fe®* compared to Na" ions at this medium solu-
tion pH range where precipitation was nil.

Further in Fig. 9, it is also observed that by mixing
monovalent (Na*) and divalent (Ca") electrolytes, at
equilibrium, the amount of adsorption (g,) became
much higher (54.69 mg/g) compared to the electro-
lytes added separately to the solution (29.39 mg/g for
NaCl and 30.55 mg/g for CaClp). It is known that the
presence of salt formed by strong acid and alkali
increases the ionic strength of the solution. This
increase in ionic strength boosts the adsorption based
on electrostatic interactions and thus increases adsorp-
tion capacities of MB dye as shown in Fig. 9. There-
fore, increase in ionic strength was found to have an
increase in adsorption of MB dye onto EB biomass.

3.2.6. Removal of mixed cationic dye (MB) and anionic
dye (CR) simultaneously by raw EB biomass

In this group of experiments, mixed adsorption of
MB and Congo red (CR) dye from their binary solu-
tions was investigated by following a similar proce-
dure as described in earlier section. These studies
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~@— 100 ppm CaCl2
100 ppm NaCl+ CaCl2
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Fig. 9. Effect of mixture of electrolytes on the adsorption
of MB dye onto EB powder: (conditions: mass of adsor-
bent = 20 mg, total reaction volume =50 ml (48 ml of MB
solution + 2 ml salt solution), initial MB dye concentra-
tion = 20 ppm, solution pH7.4, temp=30°C, shaker
speed = 120 rpm).
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were performed at an initial pH of 7.4 and at a tem-
perature of 30°C.

From Fig. 10, it is found that the percentage
removal of MB was higher (86.33%) compared to CR
removal (57.95%) at a particular solution pH of 7.4. At
this solution pH of 7.4, the surface charge is mostly
negative in nature and hence large amount of cationic
dye MB adsorption due to electrostatic force of attrac-
tion compared to less amount of anionic dye CR
adsorption. However, EB material can be used to
remove both cationic and anionic dye from its aque-
ous solution. CR dye removal was higher at acidic
solution for which plot is not presented here.

3.2.7. Effect of surfactant on MB dye adsorption

Surfactants are used in the textile industries during
different washing processes [60]. Surfactant Triton X-
100 was added (1%) to the 50 ml of 20 ppm MB dye
solution to check out the effect of surfactant on the
MB dye removal from the solution which is presented
in Fig. 11. From Fig. 11, it is clearly seen that the per-
centage of MB dye removal in the absence of surfac-
tant was 85.97%, whereas the percentage of MB dye
removal in the presence of non-ionic surfactant Triton
X-100 decreased to 76.08%. This might be due to the
competition between dye molecules and surfactants
for the attachment to the biosorbent surface [23,61].
Decrease in MB dye removal in the presence of non-
ionic surfactant was also observed by [62]. Similar
trend of decrease in biosorption capacity of biosorbent

100

80

60 -

40 -

Percentage (%) Removal

20

mMB

Fig. 10. Effect of mixture of adsorbents on the adsorption
onto EB powder: (conditions: mass of adsorbent = 20 mg,
volume of MB solution=25ml, volume of CR
solution = 25 ml, initial MB concentration = 20 ppm, initial
CR concentration = 20 ppm, temp =30°C, shaker
speed = 120 rpm and time of adsorption = 180 min).



S. Afroze et al. | Desalination and Water Treatment 57 (2016) 5858-5878

88
86

84
82
80
78
76

Percentage (%) Removal

.

74

72

70

MB MB + Triton X-100

Fig. 11. Effect of surfactant on the extent (%) of adsorption
of MB dye onto EB powder: (conditions: mass of adsor-
bent = 20 mg, volume of MB solution = 50 ml, initial MB
dye concentration = 20 ppm, volume of Triton X-
100 =1.0 ml, temp =30°C, shaker speed =120 rpm and
time of adsorption = 180 min).

in the presence of surfactants was further reported by
Brahimi-Horn et al. [63] and by Sadaf and Bhatti [23].

3.3. Desorption studies

Desorption is important for various reasons such
as for identification of adsorption mechanism, reus-
ability of adsorbents, recovery of contaminants and
reduction of secondary wastes. In desorption studies,
the loaded raw EB adsorbent that was used for the
adsorption of MB dye solution was separated from
solution by centrifugation and then dried. The dried
adsorbent was agitated with 50 ml of distilled water at
different pH values (2.5-8.7) for the predetermined
equilibrium time of the adsorption process, and the
desorbed dye was then determined. It was found that
per cent desorption decreased with increase in pH of

Table 2
Desorption of MB
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the aqueous medium for which plot is not shown
here. Desorption tests showed that maximum dye
releasing of 46.18% was achieved in aqueous solution
at pH 2.5 within these pH ranges (Table 2).

In acidic medium such as nitric acid (HNQO3;), the
protons in solution replace the MB ions on the bio-
mass surface, while the apparent poor recovery of less
than 10% observed in basic media such as NaOH may
be due to the coordinating ligands being deproto-
nated; hence, bound-dye ions find it difficult to be
detached from the biomass [64]. From Table 2, it is
also noticed that desorption of MB dye was 6.5% in
normal water and only 4% while highly concentrated
acidic acid was used to reduce pH (=3.1) of aqueous
solution. Therefore, the desorption study by strong
inorganic nitric acid, organic acetic acid and normal
water indicates that the adsorption phenomenon of
MB dye onto EB material was mainly due to ion
exchange along with strong physical and chemisorp-
tion in nature [65].

3.4. Adsorption kinetics and mechanism of adsorption
3.4.1. Application of pseudo-first-order model

In this section, the pseudo-first-order model was
applied to investigate the adsorption nature of MB
dye on EB biomass. Using Eq. (4), plots of log (3. — g,
vs. t for experimental data at various physico-chemical
conditions are fitted for pseudo first order model
which are not presented here where g, and g, refer to
the amount of MB adsorbed (mg/g) at equilibrium
and at time, f (min), respectively. From those plots,
the pseudo-first-order rate constant (K;) and linear
regression coefficient (R?) have been calculated which
gives very poor value. Moreover, pseudo-first-order
kinetic model predicts a much lower value of the equi-
librium adsorption capacity than the experimental
value, and hence, it gives the inapplicability of this
model.

pH Initial MB concentration (mg/L) Final MB concentration (mg/L) Desorption (%)
25 8.440 3.898 46.18

3 5.700 2.066 36.25

3.5 4.660 1.290 27.68

4.1 3.850 0.661 17.17

5.5 2.880 0.287 9.97

8.7 2.630 0.220 8.37

Normal water 2.805 0.184 6.56

Acetic acid (conc. > 80%) 5.500 0.220 4.00
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3.4.2. Application of pseudo-second-order model

To study the pseudo-second-order model, Eq. (5)
is used to construct plots of t/q vs. t to fit experi-
mental data at various physico-chemical conditions
such as for initial dye concentration, initial solution
pH, adsorbent dosages, temperature, ionic strength
and for surfactant which plots are not presented
here. The initial sorption rate /1, pseudo-second-order
rate constant K, amount of dye adsorbed at equilib-
rium g, and the corresponding linear regression
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correlation coefficient R* values are determined from
the slope and intercept of plot t/g; vs. t which are
tabulated in Table 3. The R* values were found to be
close to 1. The higher R® values confirm that the
sorption process follows pseudo-second-order mecha-
nism. The experimental g, values studied were close
to calculated g, values, indicating the strong correla-
tion applicable for the pseudo-second-order model
for MB dye adsorption kinetics on EB biomass.
Therefore, it can be concluded that the kinetics of
adsorption was followed by pseudo-second-order

Table 3

Pseudo-second-order model parameters for adsorption of MB dye on EB

System parameters g. (mg/g), experimental K, (g/mg min) g, (mg/g), calculated  h (mg/g min) R?
Adsorbent dosage (mg)

10 72.96 0.0012 73.53 6.75 0.9854
20 42.99 0.0062 42.92 11.39 0.9986
30 31.30 0.0082 30.86 7.79 0.9969
Initial metal ion concentration (ppm)

20 42.99 0.0060 45.87 12.53 0.9992
30 61.14 0.0041 58.82 14.04 0.9980
40 61.10 0.0029 61.35 11.04 0.9980
50 61.32 0.0016 57.80 5.47 0.9931
60 67.91 0.0008 71.94 4.26 0.9931
70 71.98 0.0009 68.49 3.99 0.9574
pH

2.5 28.90 0.0096 28.74 7.95 0.9981
3.5 38.35 0.0068 37.74 9.66 0.9977
5.25 42.81 0.0071 42.02 12.52 0.9982
7.4 42.99 0.0062 42.92 11.39 0.9986
8.3 43.43 0.0024 44.25 4.77 0.9885
10 44.73 0.0055 43.86 10.55 0.9964
Temperature (°C)

30 42.99 0.0062 42.92 11.39 0.9986
45 44.46 0.0046 44.84 9.17 0.9976
60 45.39 0.0045 45.45 9.37 0.9975
Salt concentration (ppm)

100 ppm NaCl 29.39 0.0007 32.68 0.78 0.8803
200 ppm NaCl 32.11 0.0002 45.05 0.44 0.5965
300 ppm NaCl 34.96 0.0006 32.36 0.66 0.7808
100 ppm CaCl, 30.55 0.0023 31.45 2.28 0.9865
200 ppm CaCl, 35.90 0.0011 39.22 1.62 0.9398
300 ppm CaCl, 45.57 0.0158 45.87 33.22 0.9999
100 ppm FeCl; 43.92 0.0010 46.51 2.14 0.9660
200 ppm FeCl; 46.73 0.0010 49.75 2.54 0.9712
300 ppm FeCl; 47.98 0.0015 51.02 4.01 0.9904
100 ppm (NaCl + CaCl,)  54.69 0.0050 54.95 14.97 0.9986
Surfactant

Triton X-100 38.80 0.0060 45.87 12.53 0.9992
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reaction. The statement behind pseudo second order
kinetic model indicates that the rate-limiting step
might be chemisorption involving the valence forces
through sharing or exchange of electrons between
adsorbent and adsorbate [38,66]. Also from Table 3,
it can be observed that the adsorption capacity
increases with increase in initial dye concentration,
initial solution pH, temperature and salt concentra-
tions but decreases with amount of adsorbent,
respectively. From Table 3, the values of rate con-
stant, k;, decrease with initial dye concentration for
EB biomass. The reason for this behaviour may be
due to the lower competition for the sorption sites at
lower concentration. At higher concentrations, the
competition for the surface active sites will be high,
and consequently, lower sorption rates are obtained.
The overall rate constant, k,, increased as the adsor-
bent dosage increased, and also, initial adsorption
rate, h, varied with the variation in the adsorbent
dosage (Table 3). Similar types of kinetic model
parameters were obtained by various researchers for
a few other observation systems reported in the
literature [8,16,20,49].

The half-adsorption time of the dye, t;,,, that is
the time required for EB to uptake half of the amount
adsorbed at equilibrium, is often considered as a mea-
sure of the rate of adsorption and for the second-order
process is given by the relationship [9].

tip = 1/kage (14)
The calculated values of t;,, for the MB adsorption
onto EB were 3.91, 4.03, 5.58, 9.97, 16.33 and 17.89 min
for an initial concentration range of 20, 30, 40, 50, 60
and 70 ppm, respectively. Similarly for other process
variables, t;,, have been calculated which are not
presented here.

3.4.3. Application of intra-particle diffusion model and
mechanism of MB adsorption

The mechanism of adsorption techniques involves
four steps: migration of dye molecules from bulk solu-
tion to the surface of the sorbent, diffusion through
the boundary layer to the surface of the sorbent,
adsorption at a site and intra-particle diffusion into
the interior of the sorbent [20].

The most commonly used technique for identifying
the mechanism involved in the sorption process is by
fitting the experimental data with intra-particle diffu-
sion plot (Eq. 7). According to the intra-particle diffu-
sion model, if a plot of the amount of sorbate
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adsorbed per unit weight of sorbent, g;, vs. square root
of contact time gives a linear plot, it indicates that
intra-particle/pore diffusion is the rate-limiting step in
the adsorption process [20]. The plot of amount sorbed
per unit weight of sorbent, g, (mg/g), vs. square root
of time, %, is shown in Fig. 12 for initial MB dye con-
centrations. Intra-particle diffusion plots for other
kinetic parameters such as different solution pH,
adsorbent dosages, different temperatures, ionic
strength and surfactant are given same trend which
are not presented here.

The plot obtained in Fig. 12 contrasts the predic-
tion of the intra-particle diffusion model. It shows that
the adsorption plot is not linear over the whole time
range and can be separated into three linear regions
which confirm the multi-stages of adsorption. The first
part is attributed to boundary layer diffusion, the sec-
ond to the intra-particle diffusion and the third to the
chemical reaction [20]. Therefore, the presentation of
the experimental data in Fig. 12 can be signified that
the dye molecules were transported to the external
surface of the EB particle through film diffusion and
its rate was very fast. After that, MB dye molecules
were entered into EB particles by intraparticle diffu-
sion through pores. This indicates that the intra-parti-
cle diffusion is involved in the adsorption process of
MB dye onto EB, but not the only rate-controlling
step.

The diffusion coefficient, D,, largely depends on
the surface properties of adsorbents. The diffusion
coefficient for the intra-particle transport of different
initial concentrations of MB dye was also calculated
using the following relationship [9]:

tos = 0.03 13/D, (15)
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Fig. 12. Intra-particle diffusion model on different initial
MB dye concentrations.
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where t1 /5 is the half-life in seconds as calculated from
Eq. (14). To calculate ry, the radius of the adsorbent
particle (cm), surface weighted mean diameter of EB
particles of 2526 um (radius = 12.63 pm = 12.63
% 0.0001 cm = 0.001263 cm) has been utilized. The dif-
fusion coefficient, D, (cm?/s), was calculated from
Eq. (13), and the values were found to be
1.23 x 10°® em?/s, 1.19 x 10°® cm?/s, 8.57 x 10~° cm?/s,
480 x107 cm?/s, 293x10°cm?/s and  2.68
x 10~° cm?/s for an initial MB concentration of 20, 30,
40, 50, 60 and 70 ppm, respectively. The D, values for
MB on EB are much lower than those of benzene
derivatives. The D, values of phenol and benzene on
carbon are 901 x 107 and 80 x 107" cm?/s, respec-
tively [9]. This was attributed to the larger molecular
size of the present systems, the factor that slows down
in diffusion rate [67]. In addition due to strong inter-
action between MB and EB, mobility was low [9].

3.4.4. Validity of various kinetic models

The adsorption kinetics of MB dye onto EB was
further verified at different initial concentrations. The
validity of each model was also determined by the
sum of squared errors (SSE, %) calculated as given by:

SSE, % = N

(16)

where N is the number of data points.

The lower the value of SSE indicates, the better a
fit is. It was found that the pseudo-second order
kinetic model yielded the lowest SSE value of 3.01%
compared to 56.34% for the pseudo-first-order kinetic
model and 46.80% for the intra-particle diffusion
model. This is also agreement with the R*> values
obtained and proves that the adsorption of MB dye
onto the EB biomass could be best described by the
pseudo-second-order kinetic model.

3.5. Adsorption equilibrium isotherm

Analysis of adsorption isotherm is of fundamental
importance to describe how adsorbate molecules inter-
act with the adsorbent surface. Equilibrium studies
determine the capacity of the adsorbent and describe
the adsorption mechanism. The experimental data
were fitted to the Freundlich and Langmuir isotherm
equations, and isotherm parameters were calculated.
Linear regression analysis was then used to determine
the best fitted isotherm.
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3.5.1. Freundlich adsorption isotherm

Freundlich model is developed to explain how
adsorption takes place on heterogeneous surfaces [68].
To study the Freundlich isotherm, adsorption equilib-
rium data were fitted with experimental data which is
presented in Fig. 13. The value of correlation coeffi-
cient, R?, of the Freundlich isotherm fit is 0.8973. K
and n are the Freundlich constants with n giving an
indication of how favourable the adsorption process
is. The values of K¢ and n are calculated from the
slope and intercept of the plot (Fig. 13) where Ing, vs.
InC, using Eq. (8). The value of slope 1/n is 0.2966
ranging between 0 and 1 is a measure of adsorption
intensity or surface heterogeneity becoming more het-
erogeneous as its value gets closer to zero [66]. All the
parameters are depicted in Table 4. The value of n is
larger than 1, indicating the favourable nature of
adsorption [69].

3.5.2. Langmuir adsorption isotherm

The study of the Langmuir isotherm is essential in
assessing the adsorption efficiency of the adsorbent.
The Langmuir isotherm model is valid for monolayer
adsorption onto a surface containing finite number of
identical sites of uniform strategies of adsorption with
no transmigration of adsorbate in the plane of surface
[70]. This study is also useful in optimizing the operat-
ing conditions for effective adsorption. Langmuir iso-
therms (Eqs. 9 and 10) are found to be obeyed by MB
dye on EB biomass as shown in Fig. 14(a) and (b).
This indicates that the dyes are chemisorbed on the
surface of EB. These logarithmic equations for the
adsorption studies of MB dye on EB gave high linear-
ity with a range of correlation coefficient between

5.3

5.2 y =0.2966x+ 4.1875
5.1 R?=0.8973
5.0
4.9
4.8
4.7
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+ MB-Eucalyptus Bark
4.3
0.0 1.0 2.0 3.0 4.0

InCe

Fig. 13. Freundlich plot: amount of adsorbent 10 mg; initial
MB concentration = 20, 30, 40, 50, 60 and 70 ppm, solution
pH 9.9 ~ 10.2, temperature = 30°C; shaker speed = 120 rpm;
and time of adsorption = 180 min.
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Table 4

A summary of Freundlich and Langmuir calculated values
Freundlich

K (mg/g) 1/n (L/g) R?
65.86 0.2966 0.8973
Langmuir (Type I)

qm (mg/g) K, (L/g) R?
204.08 0.2178 0.9588
Langmuir (Type Ii)

qm (mg/g) K, (L/g) R?
200.00 0.2262 0.9882

0.9588 and 0.9822. The Langmuir isotherm fits the
experimental data very well. The maximum adsorp-
tion capacity, g, (mg/g), and K; values for Langmuir
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Fig. 14. (a) Equilibrium adsorption isotherm fitted to the
Langmuir II model: amount of adsorbent added = 10 mg;
initial MB dye concentration = 20, 30, 40, 50, 60, 70 ppm;
solution pH99 = 10.2; temperature=30°C; shaker
speed =120 rpm; and time of adsorption =180 min. (b)
Equilibrium adsorption isotherm fitted to the Langmuir I
model: amount of adsorbent added =10 mg; initial MB
dye concentration =20, 30, 40, 50, 60, 70 ppm; solution
pH 9.9 ~ 10.2; temperature = 30°C; shaker speed = 120 rpm;
and time of adsorption = 180 min.
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constants can be obtained from the linear equations of
different plots (Fig. 14(a) and (b)).

The linear regression coefficient (R*) for the two
types of Langmuir model presents high values com-
pared to Freundlich model which gives a clear indica-
tion that Langmuir model is best fitted with the
equilibrium data. The values of Freundlich and Lang-
muir model parameters are summarized and
presented in Table 4.

The separation factor (R;) is a dimensionless con-
stant which is used to investigate the adsorption sys-
tem feasibility at different initial dye concentration
and can be determined from Langmuir plot as per the
following relation:

1

Ry —
L 1+ K,Cy

(17)

The R; values, using Eq. (17), for the adsorption of
MB onto EB are in the range of 0.06-0.19. The R, val-
ues obtained are found to decrease with the increment
of initial MB solution concentration and as 0 < Ry <1,
this indicated that the adsorption of MB onto EB is a
favourable adsorption process [39].

The maximum adsorption value, g, (mg/g),
obtained in the present study was compared with
those of other sorbents for MB adsorption from other
studies which are presented in Table 5. From Table 5,
it can be found that raw EB is very good effective
adsorbent for the removal of MB dye from its aqueous
solution and it is better than many agricultural
by-products and activated carbons.

3.6. Thermodynamic studies

To understand the changes in the reaction that can
be expected during the process, the thermodynamics
parameters have been calculated. The linear form of
the plot log (3./C,) vs. 1/T has been used to calculate
the thermodynamics parameters utilizing Eq. (12)
along with Eq. (13). Various thermodynamic parame-
ters are presented in Table 6. From Table 6, the change
in Gibbs free energy (AG®) was found to be negative at
all temperatures, while enthalpy (AH®) was positive,
suggesting endothermic and irreversible nature of the
process. The negative value of AG® confirmed the fea-
sibility of the process and the spontaneous nature of
sorption with a high preference of MB dye on EB. The
AG® value becomes more negative with increasing
temperature supports that MB adsorption on EB is
favoured with the increase in temperature. The posi-
tive value of entropy (AS°) indicates favourable ran-
domness factor though its value is small. This
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Table 5

Comparison of the adsorption capacity (7,, in mg/g) of different sorbents for the removal of MB dye
Adsorbent Maximum adsorption capacity, g,, (mg/g) Reference
Wood apple shell 95.2 [18]
Pine cone biomass 109.89 [l
Zeolite 25 [71]
Powdered activated carbon 91 [72]
Granular activated carbon 21.5 [72]
Orange peels 18.60 [19]
Raw date pits 80.30 [73]
Neem leaf 19.61 [74]
Cotton waste 24.00 [75]
Wheat bran carbon (25°C) 122.0 [76]
Ground palm kernel coat 277.22 [77]
Gulmohar plant leaf powder 186.22 [46]
Wood 84 [75]
Coconut husk 99 [20]
Fly ash 1.3 [78]
Banana peel 20.8 [19]
Clay 58.2 [79]
Rice husk 40.59 [8]
Caster seed shell 158.73 [20]
Eucalyptus bark 204.08 Present study

Table 6

Thermodynamic parameters for adsorption of MB dye at different temperature

Temp. (K) AG’ (kJ]/mole) AH" (k] /mole) AS° (k] /mole K)
303.15 —6.89

318.15 -7.89 13.3089 0.0666

333.15 —8.89

suggests the structural changes after adsorption of MB
dye takes place on bark [29].

4. Design of single-stage batch adsorber from
isotherm data

The design of a single-stage batch adsorption sys-
tem was determined from the Langmuir adsorption
isotherm data using the method developed by Vadive-
lan and Kumar [8]. Due to lack of extensive experi-
mental data, empirical design procedures based on
adsorption isotherm studies are the most common
method to predict the adsorber size and performance
[31]. The design objective was to reduce initial MB
dye concentration of Cy (ppm) to C; (ppm) for which
total dye solution is V (L). The amount of added
adsorbent was m (g), and the solute loading changes
from gy (mg/g) to g; (mg/g) where go=0. The mass

balance for MB dye in the single-stage operation
under equilibrium is expressed as [31]:

V(Co = Ce) = m(qe — go) = mq. (18)
Eq. (17) can be written by rearranging Egs. (7) and
(16) after putting the value of g, as

ﬂ_CO_Ce_CO_Ce

V - qun C,
e 1+K,C.

(19)

Fig. 15 shows a series of plots derived from Eq. (18)
where the predicted amount of EB particles required
to remove dye solutions of initial concentrations of
100 ppm for 90, 80, 70 and 60% colour removal at
different solution volumes (1-10L). This is an
outline of design procedure for a single-stage batch
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adsorption
Kumar [8].

system presented by Vadivelan and

5. Conclusion

In this study, raw EB was utilized as a low-cost
adsorbent for MB removal from aqueous solution. The
main conclusions which can be drawn on the basis of
this study are as follows:

(1) The adsorption equilibrium was reached
within 140 min. Kinetic experiments clearly
indicated that adsorption of MB dye on EB
biomass is a multi-step process: a rapid
adsorption of dye onto the external surface
followed by intra-particle diffusion into the
interior of adsorbent which has also been con-
firmed by intra-particle diffusion model. Over-
all, the kinetic studies showed that the MB
dye adsorption process followed pseudo-sec-
ond-order kinetic model and the adsorption
was controlled by chemisorption process.

(2) The amount of MB dye adsorption on EB was
found to increase with an increase in initial
solution pH, initial MB dye concentration,
contact time, ionic strength and system tem-
perature; but decreased with increase in the
amount of adsorbent and non-ionic surfactant.

(3) EB biomass has a good adsorption capacity to
adsorb both cationic dye MB and anionic dye CR.

(4) The presence of monovalent salt in the MB dye
solution reduced the percentage removal of MB
dye, whereas divalent and trivalent salts in the
MB dye solution enhanced the removal efficiency
of EB biomass, and by increasing the salt concen-
trations, the biosorption capacity of EB further
increased.
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(5) The experimental data correlated reasonably well
by both Langmuir I and Langmuir II adsorption
isotherms where adsorption capacity was found
to be 204.08 mg/g. The dimensionless separation
factor (R;) showed that the EB biomass could be
used for the removal of MB from aqueous
solution.

(6) Desorption experiments clearly indicated that
adsorption of MB dye followed ion exchange and
strong physical chemical adsorption.

(7)  Finally, thermodynamic parameters were deter-
mined at three different temperatures. From the
results of positive enthalpy change (AH®) accom-
panied by positive entropy change (AS°) and neg-
ative decrease in Gibbs free energy change (AG"),
it is evident that the adsorption process is endo-
thermic, irreversible and spontaneous in nature.

This study demonstrates that EB, an agro-based
waste and inexpensive biomaterial, can be an alterna-
tive for many expensive adsorbents used for the
removal of MB dye in wastewater treatment.

Symbols

C, — equilibrium dye concentration, ppm

Co — initial dye concentration, ppm

C: — dye concentration at time ¢, ppm

D, — diffusion coefficient, cm?/s

AG® — Gibbs free energy change, kJ/mol

AH® — enthalpy change, kJ/mol

h — initial adsorption rate, mg/g min

Ka  — langmuir constant

K; — pseudo-first-order rate constant, min~!

K,  — pseudo-second-order rate constant, mg/g min

K¢ — Freundlich adsorption constant, mg/g

Ky — intra-particle rate constant, mg/g min’®

M — mass of adsorbent per unit volume, g Lt

m — amount of adsorbent added, g

n — Freundlich constant

q — amount of adsorbate per g of adsorbent, mg/g

e — amount of adsorbate per g of adsorbent at
equilibrium, mg/g

q — amount of adsorbate per g of adsorbent at any
time, t

gm  — equilibrium adsorption capacity using model

fmax — mMmaximum adsorption capacity, mg/g

R,  — linear regression coefficient

R, — separation factor

0 — radius of adsorbent particle, cm

AS° — entropy change, J/k mol

t — time, min

T — temperature, K
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