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ABSTRACT

In the present study, Saccharum bengalense (SB), a potential biosorbent, was investigated for
the removal of toxic Congo red (CR) dye. The effect of various operating variables, viz.
adsorbent dosage, pH, contact time, and temperature on the removal of dye has been stud-
ied. Almost 94% removal of dye is possible after 50 min at pH 2.0 under batch test condi-
tions. It was found that a pseudo-second-order mechanism was predominant and the overall
rate of the dye adsorption process appears to be controlled by more than one step. The intra-
particle diffusion model was applied to investigate the rate determining step. Langmuir, Fre-
undlich, and Dubinin-Radushkevich adsorption isotherm models were applied to describe
the biosorption isotherm. The biosorption data were better represented by the Langmuir
model and the biosorption capacity (4max) of SB for CR was achieved at 125mg/g. Thermo-
dynamic parameters such as standard free energy change (AG®), standard enthalpy change
(AH"), and standard entropy change (AS°) were calculated and revealed the spontaneous,
endothermic, and feasible nature of the adsorption process. Biomass derived from the pulp
of SB was evaluated as an effective biosorbent for removal of CR dye.
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1. Introduction

Dyes are important water pollutants which are
generally present in the effluents of textile, paper, and
dye manufacturing industries. The colored dye efflu-
ents are generally considered to be highly toxic to the
aquatic system. Some dyes are reported to cause skin
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irritation, dermatitis, allergy, and cancer in humans
[1,2]. Thus, the elimination of dyes from effluents
before mixing with unpolluted natural water bodies is
important. Congo red (CR) dye, commonly used in
silk clothing manufacture, is difficult to dispose off in
an environmentally benevolent way. The dye is
known to metabolize to benzidine, a known human
carcinogen. Exposure to the dye has been known to
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cause an allergic reaction [3,4]. Various physicochemi-
cal and biological methods such as electrocoagulation,
ozonation, photocatalysis, membrane filtration,
biosorption, and adsorption have been employed for
the treatment of dye containing wastewater [5,6].
Among these technologies, the adsorption process,
which involves phase transfer of dye molecules onto
adsorbent leaving behind the clear effluent, is consid-
ered to be a promising technology. Adsorption is con-
sidered to be a cheap method for dye removal. It is
carried out by using low-cost adsorbents such as
wood, charcoal, and biosorbents [5,7,8]. Adsorption,
by activated carbon, has the most extensive applica-
tion in this regard due to the high mesoporous nature,
surface area, and high adsorption capacity. Yet, it has
limited use due to high operational costs and nonrege-
nerable features. For this reason, there is a need to
develop economic alternative materials for waste
treatment. Many biosorbents such as Azadirachta indica
[3], raw pine [5], Aspergillus niger [7], Coir pith carbon
[9], rice husk ash [10], jute stick powder [11], cattail
root [12], Trametes versicolor [13], and jujuba seeds [14]
have been used for removal and recovery of CR from
aqueous solution.

Saccharum bengalense (SB), locally known as “Kana”

r “Sarkanda” (Urdu/Pakistan) and Munja (Hindi/
India) is a fast-growing annual herbage and is distrib-
uted from north and north west India to Pakistan and
Afghanistan. It belongs to the Poaceae family as per
ICBN and has a tall caespitose perennial with culms
up to 4m high. The leaf blades can measure up to
90cm long, 3-10mm wide, flat or markedly chan-
neled, with the mid-rib occupying the greater part of
the width, glaucous [15]. A valuable “pulp” material
can be prepared from the upper leaf-sheaths of the
flowering culm of the stem of SB plant, which can
produce large quantities of biomass offering a good
basis for the selection of SB as a cost-effective biosor-
bent. To the best of our knowledge, no investigations
have been reported to explore the biosorption charac-
teristics of this plant for the removal of toxic sub-
stances.

In the present study, biomass derived from the
pulp of SB was used as an adsorbent material for the
removal of toxic CR dye. The effect of various operat-
ing variables, viz. adsorbent dosage, contact time, pH,
and temperature on the removal of CR dye has been
studied. The efficiency of the process has been studied
in terms of biosorption kinetics. Equilibrium parame-
ters have been evaluated by applying Langmuir, Fre-
undlich, and D-R isotherm models to the sorption
data. Spontaneity and feasibility of the process has
been studied by evaluating thermodynamic parame-
ters such as free energy change (AG®), enthalpy
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change (AH®), and entropy change (AS®) at various
temperatures.

2. Materials and methods
2.1. Adsorbate—CR

CR, an anionic disazo direct dye, was obtained
from Sigma Aldrich (UK) of 99.99% purity. CR has
molecular formula: C3,HNgNa,OgS, with molecular
weight of 696.66g/mol. It is the sodium salt of 3,3"-
([1,1"-biphenyl]-4,4"-diyl) bis (4-aminonaphthalene-1-
sulfonic acid). A stock solution of 1,000mg/L was
prepared by dissolving the appropriate amount (1.0 g)
of CR in 1L of deionized water. The chemical
structure of CR dye is shown in Fig. 1(a).

2.2. Biosorbent—SB

SB was collected from the banks of the river Satluj
in Bahawalpur, Pakistan. The SB samples were
washed to remove any dust, or other foreign particles,
and dried under shade after which the samples were
milled in a standard laboratory knife mill to pass
through a 60-mesh screen. The 100-250 pm particles
were collected and washed with deionized water.

I
~— \S -0~ Na*
Fig. 1(a). Structure of CR (Na —Salt).

8 — -
2 \ /\// SB Y Hkﬂ.!\p.l I“ y
£ @ '/‘ Congo Red on SB Fey L\ ’ Fi¥aY
L oo | :'I.'\. A
E 8 e O
[= “ ||'I
Y]
3 1
I
500 3000 2500 2000 1500 1000

Fig. 1(b). FTIR spectra of SB and CR loaded on SB.
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Finally the samples were oven dried (333K) to
constant mass and stored in air tight plastic bottles.

2.3. Batch biosorption studies

A series of experiments were carried out to study
the effects of optimization parameters (biosorbent
dose, pH, contact time, and temperature) of biosorp-
tion for the dye solution (40mg/L, 50mL) onto SB.
Stock solutions (1,000mg/L) of CR dye were prepared
in deionized and double distilled water, then further
diluted to obtain the desired concentration of dye. The
pH adjustments were made with a digital pH meter
(Jenway Model-3320) using 0.1M HCl and 0.1M
NaOH. CR dye concentration for each experiment was
found using a UV-vis Spectrophotometer (Labomed
Model-UVD3500, USA) at 497 nm. The residual CR
dye concentration in the reaction mixture was ana-
lyzed by centrifuging the reaction mixture. All experi-
ments were carried out in triplicate and all values
mentioned in the results are an average of three obser-
vations.

The percentage removal efficiency of adsorbent
and uptake capacity (g.) were calculated as follows,

Co — Ce

% Removal (R%) = C
0

% 100 (1)

Uptake capacity q.(mg/g) = [Co — Ce] X % (2)

where Cp (mg/L) and Ce (mg/L) are the initial and
equilibrium dye concentrations, respectively. V is the
volume of the solution in liters and m is the mass of
the biosorbent in grams.

2.4. Adsorption kinetics

Biosorption kinetics explains the relationship of
dye uptake rate of the biosorption and the adsorption
time. In order to investigate the adsorption kinetics,
different kinetic models including pseudo-first-order,
pseudo-second-order, intra-particle diffusion, and
Bangham’s models were applied to the sorption data.

2.4.1. Pseudo-first-order

The pseudo-first-order model is expressed by the
following equation:

d
T =hia.—q) ©)
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where g; and g. (mg/g) are the amount of metal ions
adsorbed on per unit weight of adsorbent at time ¢ and
equilibrium, respectively; k; (min ') is the pseudo-first-
order rate constant of the sorption process.

By applying the boundary conditions t=0 to t=t
and ¢,=0 to g,=q; and integrating, the following
equation is obtained:

In(ge — g¢) = Inge — kyt 4)

ge and the rate constant (k;) can be evaluated from the
intercept and the slope of linear plots of In (g.—q:) vs.
t [16].

2.4.2. Pseudo-second-order model

This model is based on the assumption that
adsorption rate is proportional to the square of the
number of unoccupied sites.

d
T =kelg.—a) 5)

where k, (gmg 'min") is the rate constant of the
pseudo-second-order.

The most commonly used linearized form of
pseudo-second-order is given as [17]:

t 1
q—Zqu‘H/”le (6)

t

The constant k; is used to calculate the initial sorp-
tion rate h, at t — 0, as follows:

h = kg’

Thus, the rate constant k,, initial adsorption rate
(h) and predicted g, can be calculated from the plot of
t/q vs. time () [18].

2.4.3. The intra-particle diffusion equation

The intra-particle diffusion equation can be written
as follows[19]:

g, = KiayvOt +C (7)

where k;g is the intra-particle diffusion rate constant
(mgg 'min~'/?) and C is the intercept.

By using this model, the plot of g, (mgg ") vs.
the square root of time (t'/?) should be linear if the
intra-particle diffusion is involved in the adsorption
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process and, if these lines pass through the origin,
then the intra-particle diffusion is the rate-controlling
step [20].

2.4.4. Bangham'’s equation

Bangham’s equation has been applied to determine
whether pore diffusion is the only rate-controlling
step in the adsorption system [21]. Bangham’s equa-
tion can be represented as

log( s
C

o_mm) =log (21{;);:10) + [efIn(?) (8)

where Cy is the initial concentration of adsorbate in
solution (mg/L), g; (mg/g) is the amount of adsorbate
retained at time ¢, « (<1) and kg are constants, V is the
volume of solution (L), and m is the mass (g) of adsor-
bent per liter of solution.

3. Results and discussion
3.1. Characterization of SB

Biomass SB was characterized by elemental analy-
sis, BET surface area, and FTIR analysis. Elemental
analysis was accomplished by Perkin Elmer 2400 Series
I CHNS/O Elemental Analyzer using sulfanilamide as
the standard. A potassium bromide disc method was
used to scan the FTIR spectra in the range 4,000-
450cm™" using FTIR spectrophotometer (Tensor 27,
Bruker Germany). BET surface area and single point
surface area of SB was determined from the N,
adsorption isotherm at 77K in the range of relative
pressure 10 °~1.0 with a surface area and pore size

Table 1
FTIR, physical, and chemical analysis of SB
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analyzer (Autosorb 1, Quantachrome Instruments,).
Before measurement, the sample was degassed at
300 °C for 2h. The results for elemental analysis, BET
surface area, and FTIR are given in Table 1.

From the comparison of FTIR spectra of SB and
CR dye-loaded SB (CR-SB), it was found that CR dye
mostly attached with the oxygen containing functional
groups. Thus, the functional groups such as OH,
COOH, and OCHj; play an important role in the bio-
sorptive removal of CR dye from aqueous solutions.

It can be confirmed from Fig. 1(b) that there were
clear shifts in the positions of the bands obtained from
oxygen containing functional groups i.e. from 3,359.83
to 3,342.64cm ™" (O-H), 1,039.44 to 1,051.20cm ™' (-O-
Q), and from 1,730.99 to 1,724.36 cm ™! (<COOH) [18].

3.2. The pH of zero of point charge

The pHzpc was determined for SB in terms of the
difference in pH solution, before and after soaking,
with potassium nitrate [22]. To a series of 100 mL con-
ical flasks, 45mL of known concentration of 0.01M
KNOj; solution was transferred. The pH values of the
solutions were adjusted from pH 2-10 by addition of
0.1M HCI or NaOH. The total volume of the solution
in each flask was made up to 50mL by adding KNO;
solution of the same strength. The pH of the solution
was accurately noted, and 0.1g of SB powder was
added to the flask. The flasks were then capped
securely. The suspensions were then manually shaken
and allowed to equilibrate for 24h with intermittent
manual shaking. The pH values of the supernatant
liquids were noted. The difference between the initial
and final pH values was plotted against the pH
(figure not shown). The point of intersection of the

Elemental analysis (%wt.)

C 41.2

H 42

N 0.9
Moisture (%) 3.1+0.1
Ashes (%) 1.1+0.1
pHz 6.26
FTIR (wave number)

SB CR-SB
3,356.93 3,342.64
2,913.29 2,891.30
1,730.99 1,724.36
1,425.49 1440.83
1,039.44 1,051.20

Physical analysis

BET surface area (m”/g) 9.43
Single point surface area (m”/g) 5.78
Porosity 0.043
Assignment

OH stretching

Stretching vibration of the C-H
C-O, C-C stretching

C-H bending

C-O-C stretching
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resulting curve, at which ApH=0, gave the pHpzc
value. Untreated SB has a pHzpc value of 6.26 [23,24].

3.3. Effect of adsorbent dosage

The effect of adsorbent dosage on adsorption of
CR dye was studied using different dosage in the
range, 0.1-1.0g/50 mL (Fig. 2(a)). The dye concentra-
tion in each case was recorded (40mg/L, 50mL).
Results showed that the adsorption efficiency is highly
dependent on quantity of adsorbent added. Maximum
removal of dye was 90%. This was expected, as with
increasing concentration of adsorbent, more active
sites became available for CR dye uptake. Similar bio-
sorbent dose behavior for dye adsorption onto various
adsorbents was reviewed [2]. The decrease in effi-
ciency at the higher adsorbent concentrations could be
explained as a consequence of a partial aggregation of
adsorbent, which results in a decrease in effective sur-
face area for dye uptake [25]. Therefore, the optimum
dosage was selected as 0.5g/50 mL.

3.4. Effect of pH

The pH of the dye solution plays an important role
on the biosorption capacity, surface charge of the
biosorbent, degree of ionization of the material pres-
ent in the solution, and the dissociation of functional
groups on the active sites of the biosorbent. CR is a
dipolar molecule (H;N"-R-SO5) at low pH.

SB contains a variety of functional groups includ-
ing -OH and -COOH which could also be affected by
the pH of solutions. The biosorption of CR onto SB is
highly pH dependent. It is reported that the molecular
form of CR in solution could change significantly at a
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Fig. 2(a). Effect of adsorbent dose at 50 °C; size of SB
<125 pm; speed of agitation 125rpm and pH 2.0.
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low pH of 14 and at a high pH of 10-12 [14]. In pH
studies, it was observed that when pH was 2, the dye
solution changed its color from red to dark blue with
fine particles in suspension in the solution which
resulted in high removal efficiency by the filter. At
higher pH values of 10-12, the degree of red color
was different from the original red. After adjustment
of pH to 7.5, all solutions had the same degree of red,
which indicated that the adjustment of pH to 7.5
before measurement was necessary. Similar behavior
of CR dye solution was reported earlier [7].

With the increasing pH values, the adsorption of
CR dye on SB biomass tends to decrease, because the
repulsion between the colored anions of CR dye and
the negatively charged SB increased causing a
decrease in biosorption capacity. The presence of
excess OH™ ions also lowers the adsorption at alkaline
pH due to the destabilizing anionic dye and competi-
tion with the dye anions for the adsorption sites [5].
In order to investigate the effect of pH on the CR
removal by SB, experiments were carried out over a
pH range of 1-10.0 at CR concentration 40mg/L, SB
dosage 0.5g/50mL, and temperature 40 ‘C. The maxi-
mum removal of CR was achieved at pH 2 as shown
in Fig. 2(b). The maximum removal efficiency of CR
dye for SB was 89.3%.

3.5. Adsorption isotherms

Isotherm studies provide information about the
capacity of the adsorbent material g. (mg/g) or the
amount required to remove a unit mass of pollutant
toxic dyes from water. The adsorption data have

been subjected to Langmuir, Freundlich, and
100
80
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Fig. 2(b). Effect of pH for sorption of CR dye on SB at 50 °C;
size of SB <125 um; speed of agitation 125 rpm and SB dose
0.5g/50mL.
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Dubinin-Radushkevich (D-R) isotherm models to
predict the mechanism of adsorption.

3.5.1. Langmuir adsorption isotherm

The Langmuir model assumes uniform energies of
adsorption onto the surface and no transmigration of
adsorbate in the plane of the surface. Langmuir’s
isotherm has been used by various workers for the
sorption of a variety of compounds and the simplest
linear form of this isotherm is given by the following
equation [26,27].

1 1 1 1
—= X =+ 9
qe |:KLqrnax Ce:| qmax ( )

where g, is the equilibrium dye concentration on the
adsorbent (mg/g); C., the equilibrium concentration
in solution (mg/L); gmax, the monolayer adsorption
capacity of the adsorbent (mg/g); K, the Langmuir
constant (L/mg) related to the free energy of adsorp-
tion.

Hence, a linear plot of 1/g. vs. 1/C, for the Lang-
muir adsorption isotherm gives a straight line of slope
1/(gmax Kr) and intercept 1/gmax-

3.5.2. Separation factor

The Langmuir adsorption isotherm can be classi-
fied by a dimensionless constant separation factor
(Rp), given as [8].

1

Rh=———
L1 KG

(10)

where Cy (mg/L) is the initial dye concentration and
Ky (L/mg) is the Langmuir constant related to the
energy of adsorption. The value of Ry indicates the
shape of the isotherms to be [28]:

(@ Unfavorable: Ry >1
(b) linear: Ry =1

(c) favorable (0<R; <1)
(d) Irreversible Ry =0

3.5.3. Freundlich isotherm

The adsorption data of CR was also applied to the
Freundlich model. The logarithmic form of the Fre-
undlich model [29] is given by the following equation:
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Ing. :anp—|—%lnCe (11)

where g, is the amount adsorbed (mg/g), C. is the
equilibrium concentration of the adsorbate (mg/L),
and Kg and n are the Freundlich constants related to
adsorption capacity and adsorption intensity, respec-
tively. Freundlich parameters, n and Kp, are evaluated
from linear plots of Ing. against In Ce..

3.5.4. D-R Model

The D-R isotherm model is more general than the
Langmuir isotherm model due to the fact that it does
not assume a homogeneous surface or constant
adsorption potential. It determines the mean free
energy of adsorption and helps distinguish between
physical and chemical adsorption. The linear equation
of the D-R isotherm [26] is
Ing. = In ooy — B (12)
where f (mol?/J%) is a constant connected with the
mean free energy of adsorption per mole of the adsor-

bate and ¢ (J/mol) is the Polanyi potential which is
given as:

1
sRT1n<1 +C—e>

where R (J/molK) is the gas constant and T (K) is the
absolute temperature. Hence, by plotting Ing. vs. &, it
is possible to determine the value of gy, from the inter-
cept and the value of § from the slope. The values of
D-R parameters determined from Fig. 2(c) are given
in Table 2.

The linearized Langmuir and Freundlich adsorp-
tion isotherms of CR dye on SB were presented in
Fig. 3(a) and (b). The higher correlation coefficients
value for Langmuir models indicated that this model
is very suitable for describing the adsorption equilib-
rium of CR dye. The gmax value for the Langmuir iso-
therm ie. 125mg/g, indicates the high adsorption
capacity of SB towards CR adsorption. The R* (deter-
mination coefficient) value, i.e. 0.958 close to unity,
indicates that the Langmuir isotherm fits well to
explain CR adsorption on SB. This was also confirmed
by the Ry value. From Table 2, it was established that
the value of Ry was in the range 0-1, validating the
favorable uptake of the CR dye on SB.

From Table 2, the R? value (0.964) for the Freund-
lich isotherm was found to be approaching near to
one, indicating that the equilibrium sorption data

(13)
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Table 2
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Equilibrium isotherm parameters of biosorption of CR dye on SB at 50 ‘C and different initial CR concentrations.
Conditions: size of SB <125 um; pH of CR solution 2.0; dose of SB 0.5g/50mL; speed of agitation 125

Adsorption isotherm
Linear form

Constant parameters

qmax
Langmuir isotherm
1_|_1 1 1 125
de {KLqu x C_J * T
Freundlich isotherm Kg
Ing. =InKg + (11_1) InC, 0.069
(D-R) isotherm p
ln% = 1nqmax - ﬁgz -3 x 10706

followed this isotherm. The “n” value gives an idea
whether the process is favorable or unfavorable under
the studied conditions. The value of “n” was 0.993
indicating that the adsorption onto the heterogeneous
system is favorable. From Fig. 3(c), D-R parameters
were calculated and presented in Table 2. The R’
value was 0.711, indicating that the biosorption of CR
onto SB did not follow the D-R isotherm. The mean
free energy of adsorption (Es) was found to be
0.408kJ/mol, indicating adsorption was physical in
nature. Since the D-R model is not being followed by
this biosorption system, the Es value provides only an
assessment of the nature of the processes.

3.6. Effect of contact time: adsorption kinetics

The effect of the contact time on dye adsorption
was studied by varying the time of contact from 10 to
70min, at pH 2, and SB dosage of 0.5g/50mL. The
dye removal efficiency (R%) increased from 44.48 to
94.14%. Increase in removal efficiency with an increase

5
¥ =12.496x+0.0087
R?=0.9588 -
-
4 ’lﬂ’
"’
T‘ -
3 3 g
-
o I’
= _gF
’."
1 -6
-*
o ]
0 0.08 0.16 0.24 0.32 0.4
1/C.(mg/L)

Fig. 3(a). Langmuir adsorption isotherm for sorption of CR
dye on SB at 50 “C and different initial CR concentrations.
Conditions: size of SB <125um; pH of CR solution 2.0;
dose of SB 0.5g/50mL; speed of agitation 125 rpm.

KL R? Ry
0.00064 0.958 0.997
n R?
0.931 0.964
G R? Es (kJmol ™)
1.23 0.711 0.408
1
y=1.0739%-2.667
R*=0.9642
0.2
E' -0.6
-1.4
229 1 2 3 a4

InC,

Fig. 3(b). Freundlich adsorption isotherm for sorption of
CR dye on SB at 50°C and different initial CR
concentrations. Conditions: size of SB <125um; pH of CR
solution 2.0; dose of SB 0.5g/50mL; speed of agitation
125rpm.

1
y = -3E-06x+ 0.2109
R?=0.711
05 %
%
07 e~
o 05 ® S~
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E “\‘.
1 ™ W
-15 S @
2
0 200000 400000 600000
£ (J¥mol?)

Fig. 3(c). D-R adsorption isotherm for sorption of CR dye
on SB at 50°C and different initial CR concentrations.
Conditions: size of SB <125um; pH of CR solution 2.0;
dose of SB 0.5g/50mL; speed of agitation 125 rpm.
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in time of contact is due to the fact that more time
becomes available for CR dye molecules to adsorb
onto SB. Initial removal occurs immediately as soon as
the dye and biomass come into contact. After some
time, the number of active sites decrease and so the
dye molecules need more time to find more active
sites for binding [28]. Therefore, further adsorption
experiments were carried out for CR dye onto SB at
50min by which maximum dye was removed
(94.14%).

The pseudo-first-order, pseudo-second-order, and
intra-particle diffusion kinetic models were applied to
evaluate the kinetic parameters from sorption data.

The plots of In (ge—qy) vs. t for the pseudo-first-
order model are shown in Fig. 4(a) and the R* value
obtained was 0.621 indicating that the adsorption of
CR dye onto SB biomass did not follow the pseudo-
first-order kinetic model [6].

(@) 112
’::::=:=- ° 10 (mg/L)
'"'..“':::--:Q:!!Eaa_:;;‘;:;:‘ =20 (mg/L)
% . ¢ 9 430 (mg/L)
---------- ® 40 (mg/L)
- -7.12
v
o
=
=
-11.24 4
y(10) = -0.0616x - 1.4251 v(20) = -0.0176x- 0.4375
R? = 0.0658 R? = 0.1809
-15.36 4 .
v(30) = -0.0163x + 0.0563 ¥(40) = -0.0352x + 0.758
R? = 0.3454 R? = 0.6641
-19.48 . . . :
0 20 40 60 80
t (min.)
[ O ———
(C) — - 10 (mg/L)
—8— 70 (mg/L)
= & = 30 (mg/L) .,_..
3.29| +v @+ 40(mg/L) _,-' 9
.'..
_ 24 pm— o ®
2
£
~2 A
o 164 A" A
- “’ “
A7 Rt -
0.8 - S N
¥ BT,
0 . . . .

t 0.5
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The linear plots of t/qt vs. t for the pseudo-
second-order model for the biosorption CR dye onto
SB are shown in Fig. 4(b). For pseudo-second-order,
the R* value was near to unity (0.974). In addition, the
calculated q. value (3.7mg/g) was comparable to
the experimental g, (3.69mg/g) value. Hence, it can
be concluded that biosorption of CR by SB followed
the pseudo-second-order kinetic model. Values of
different parameters for pseudo-second-order model
at different CR dye concentrations from 10 to 40 mg/L
were calculated from Fig. 4(b) and are given in
Table 3(a).

The intra-particle diffusion model was applied to
find the rate-determining step. The linear plots of g; vs
t'2 for the intra-particle diffusion model are shown in
Fig. 4(c). This plot shows the dual nature of the curves
owing to the varying extent of biosorption in the
initial and final stages of the process for CR biosorp-
tion on SB. This phenomenon indicated that more

(b) y(10) = 1.6284x+ 6.1084

| *®10(mg/L)
140 R? = 0.9399 o W20(mg/)
y(20)=0.771x+ 15.771 430 (mg/L)
120 A R?=0.8516 L-* | ®40(mg/L)
y(30) = 0.526x + 7.6487 ‘,«" o
100 - R? =0.8929 L
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Fig. 4. (a) Pseudo-first-order kinetics, (b) Pseudo-second-order kinetics, (c) Intra-particle diffusion kinetic model, and (d)
Bangham kinetic model for sorption of CR on SB at 50 °C and different initial CR concentrations. Conditions: size of SB
<125pm; pH of CR solution 2.0; dose of SB 0.5g/50mL; speed of agitation 125rpm. The kinetic parameters for the
adsorption of CR dye onto SB are summarized in Tables 3a and 3b.
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Table 3
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Pseudo-first-order and pseudo-second-order rate constants at 50 °C and different initial CR concentrations. Conditions:
size of SB <125 um; pH of CR solution 2.0; dose of SB 0.5g/50 mL; speed of agitation 125rpm

Co Je exp Pseudo-first-order Pseudo-second-order Bangham kinetic
(mg/L) (mg/g) model

ky (min™") Je cal (Mg/g) R? ky (g rng{1 min~) Je cal (Mg/g) R? o ks R?
10 0.6 0.062 0.241 0.065 0.434 0.6 0.940 0.255 0.00109 0.663
20 1.1 0.018 0.646 0.180 0.038 1.3 0.852 0.552 0.00002 0.826
30 1.8 0.016 0.945 0.345 0.036 1.9 0.893 0.457 0.00042 0.822
40 34 0.035 2.134 0.664 0.026 3.7 0976 0.224 0.00163 0.843
Table 4

Intra-particle diffusion constants for different initial CR concentrations at 50 °C and different initial CR concentrations.
Conditions: size of SB <125 um; pH of CR solution 2.0; dose of SB 0.5g/50 mL; speed of agitation 125rpm

Linear portion Constants Co=10mg/L
First Kpi (mgg ' min *%) 0.012
C, (mgg™" 2.160
R? 0.995
Second Kp2 (mg g’1 min %) 0.044
Cy(mgg ") 1.164
R? 0.981
Third Kps (mg g~'min %) —0.008
Cs(mg g™ 3.810
R? 0.953

Co=20mg/L Co=30mg/L Co=40mg/L
0.023 0.032 0.012

0.105 0.349 2.164

0.999 0.998 0.995

0.015 0.026 0.044

0.398 0.504 1.164

0.945 0.999 0.986

—0.012 —0.021 —0.008

1.678 2.865 3.813

0.977 0.978 0.953

than one type of diffusion process is involved in the
biosorption. Since the curve is not linear, and does not
pass through the origin, as intercept “C” is not zero,
the boundary layer diffusion was found to be the
rate-determining step for the biosorption of CR on SB
[18]. The values of intra-particle diffusion model
parameters were calculated from Fig. 4(c) and are
given in Table 4.

Kinetic data can further be used to verify whether
pore diffusion was the only rate-controlling step in
the adsorption system using Bangham’s equation. The
correlation coefficient (R?) values obtained were 0.663,
0.826, 0.822, and 0.843 for 10, 20, 30, and 40mg/L CR
dye concentrations, respectively, indicating pore diffu-
sion was not the only rate-limiting step and Bang-
ham’s expression did not conform to the experimental
data. With increase in contact time, the effect of the
diffusion process on the overall adsorption could be
ignored [30]. The values of Bangham parameters were
calculated from Fig. 4(d) and given in Table 3(a).

3.7. Effect of temperature: thermodynamics

Effect of temperature was studied in the range
293-323K at pH 2.0, while the following conditions
were kept constant: adsorbate concentration 40 mg/L

and adsorbent concentration 0.5g/50mL. An increase
in temperature from 293 to 313K indicated an increase
in percentage adsorption removal (R%) from 56.92 to
93.42% exhibiting the endothermic nature of the
adsorption process of CR on SB[31]. Therefore, 313K
was selected as the optimum temperature for maxi-
mum CR dye removal (93.42%) by SB.

Thermodynamic parameters such as standard
Gibbs free energy AG®, enthalpy AH", and entropy AS°
were also calculated using Eqgs. 14-16 and the results
obtained are illustrated in Table 5 [32].

AG® = —RTInKp (14)
InKp = Cs/Ce (15)
AS AH

where Kp denotes the distribution coefficient for the
adsorption, R (8.3143]/molK) is universal gas con-
stant, T is absolute temperature in Kelvin, and C;
(mg/L) is the equilibrium amount of dye adsorbed on
the adsorbent per liter of the solution. The values of
AG®, AH®, and AS® are evaluated from Fig. 5 and illus-
trated in Table 4.
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Fig. 5. Thermodynamics parameters for the sorption of CR
on SB at different temperatures. Conditions: size of SB
<125um; pH of CR solution 2.0; dose of SB 0.5g/50mL;
speed of agitation 125 rpm.

Table 5
Thermodynamics parameters for sorption of CR on SB at
different temperatures; size of SB<125um; pH of CR
solution 2.0; dose of SB 0.5g/50mL; speed of agitation
125rpm

Temp (K) Kp AG° AS° AH
(kKjmol™")  (kjmol 'K™")  (kjmol™")

283 1.655 —1,185.53  0.080 +21.54

293 1.990 —1,676.53

303 3219  —2,944.98

313 3.738  —3,431.31

323 6.333  —4,956.46

The negative value of AG® over the studied tem-
perature range indicates that the sorption of CR onto
SB biomass is thermodynamically feasible and sponta-
neous. The increase in value of AG® with temperature
further shows the increase in feasibility of sorption at
the elevated temperatures for SB. The positive value
of AH® shows the endothermic nature of the biosorp-
tion process. The positive value of AS® reflects the
strong affinity of SB for Congo red [31].

Cost estimation: SB collected from the banks of the
river Satluj in Bahawalpur, Pakistan was totally free
of cost. After considering the charges for chemicals,
electrical energy, and transport, the final cost of adsor-
bent material would be approximately $62/tonne.

3.8. Comparison of adsorption capacity of SB with different
adsorbents

SB has been compared with various biosorbents in
terms of adsorption capacity (mg/g). Table 6 shows
such a comparison.
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Table 6
Comparison of adsorption potential of various adsorbents
for CR removal from aqueous solution

Adsorbent Jmax (Mg/g) Reference
(1) Coir pith carbon 6.7 [9]

(2) Rice husk ash 7.04 [10]

(3) Aspergillus niger 14.16 [7]

(4) Raw pine 32.65 [5]

(5) Jute stick powder 35.7 [11]

(6) Cattail root 38.79 [12]
(7)Azadirachta indica 41.2 [3]

(8) Trametes versicolor 51.81 [13]

(9) Jujuba seeds 55.56 [14]

(10) SB 125.41 Present work

4. Conclusion

It can be concluded that SB is an effective and eco-
friendly biosorbent for the removal of CR dye from
aqueous solutions. The uptake of CR dye on SB is
highly dependent on the chemical structure of the
dye, pH, and the functional groups present in SB bio-
mass. The biosorption kinetics can be determined by
pseudo-second-order kinetics. The Langmuir model is
found to provide the best fit to the experimental data
with a maximum biosorption capacity of 125mg/g.
Thermodynamic studies show that adsorption of CR
on SB is a feasible, spontaneous, and favorable pro-
cess. SB has been compared with various biosorbents
in terms of adsorption capacity (mg/g). It is easily
observed that the adsorption capacity of SB is high as
compared to a number of other adsorbents and it may
be concluded that SB is an effective biosorbent for the
removal of toxic CR dye from aqueous water.
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