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ABSTRACT

The biosorption of redwine dye from aqueous solution onto aquatic fern Azolla filiculoides
has been studied. The factors affecting the sorption process, such as solution pH, contact
time and initial concentration, adsorbent size, and dosage were determined in the batch
mode. Equilibrium sorption isotherms and kinetics were investigated. Sorption isotherm data
were fitted with Langmuir and Freundlich models and Langmuir monolayer coverage was
determined as 86.21 mg/g. The kinetic data obtained at different initial concentrations were
analyzed using pseudo-first-order and pseudo-second-order equations. Biosorption mecha-
nism using Boyd’s plot confirmed the film diffusion was the rate-limiting step. The morpho-
logical characteristics and functional groups responsible for the binding of dyes were done
using Scanning Electron Microscopy and Fourier Transform Infrared Spectroscopy analysis,
respectively. The ability of A. filiculoides to remove redwine dye from aqueous solution was
also examined in an up-flow packed column (continuous mode) at different experimental
conditions. The maximum uptake (5.4mg/g) was obtained at bed height of 15cm, flow rate
of 2mL/min, and initial dye concentration of 70mg/L. The Bed Depth Service Time,
Thomas, and Yoon and Nelson models were used to analyze the experimental data and the
model parameters were evaluated. Thus, A. filiculoides has a potential to be a biosorbent for
the removal of reactive redwine dye from aqueous solutions.

Keywords: Azolla filiculoides; Aquatic fern; Redwine dye; Adsorption isotherms; Biosorption
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1. Introduction

The world’s ever increasing population and its
progressive adaptation to industry-based lifestyle have
inevitably led to an increased anthropogenic impact
on the biosphere [1]. In that, textile dyeing is a major
industry to consume a large quantity of water and
producing large volume of wastewater. Textile waste-
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water is a complex and highly variable mixture of
many polluting substances, including dye which
includes persistent color coupled with organic load
leading to the disruption of the total ecological
balance of the receiving water stream [2].

The variable nature of effluents makes the treat-
ment process complex in nature and needs special
attention towards the combination of processes for
efficient dye removal. A number of processes like
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chemical coagulation, flocculation, precipitation, ozon-
ation, and adsorption have been employed for the
treatment of dyes containing wastewaters. The above
processes possess inherent limitations such as forma-
tion of hazardous by-products, high cost, and higher
energy requirements. To overcome these demerits, a
number of biological processes such as biosorption,
bioaccumulation, and biodegradation have been pro-
posed as having potential application in removal of
dyes. Furthermore, biosorption methods often provide
better results than activated carbon and natural zeo-
lites and are comparable to synthetic ion-exchange
resins [3]. The main attractions of biosorption are high
selectivity and efficiency, cost effectiveness, and good
removal performance. The use of waste material in
biosorption is most advantageous; in fact, the dead
organisms, tree leaves, ferns, and seeds are not
affected by toxic wastes, do not require a continuous
supply of nutrients, and are reused for many cycles
and extended periods at room temperature without
putrefaction. Many investigators have studied the fea-
sibility of using low cost materials, such as waste
banana pith [4], walnut shells [5], eucalyptus bark [6],
mango seed husks [7], Luffa cylindrica [8], and Aspergil-
lus niger [9] as adsorbents for the removal of various
dyes from effluents. Materials such as Spirogyra rhizo-
pus [10], Corynebacterium glutamium [11], Hazelnut
shell ash [12], and Sargassum muticum [13] have shown
extraordinary uptake capacities.

Aquatic ferns have been found to be potential
biosorbents because of their fast and easy growth,
their wide availability, and their special surface prop-
erty that enable them to adsorb different kinds of
metallic and organic pollutants from solutions. Their
cell wall offers a host of functional groups including
amino, carboxyl, sulfate, phosphate, and imidazoles
associated with polysaccharides, alginic acid, and pro-
teins for binding various pollutants [14]. The aquatic
fern Azolla filiculoides has been used as adsorbent for
acidic and basic dyes by Padmesh et al. [15] and Chi-
yun Tan et al. [16], respectively. No work has been
carried out on biosorption behavior of A. filiculoides on
reactive dyes. Hence, in this study, we have investi-
gated the biosorption potential of A. filiculoides on
reactive redwine dye by batch and continuous modes.

2. Materials and methods
2.1. Biosorbent and chemicals

A. filiculoides was collected from the Tamil Nadu
Agricultural University, Coimbatore, India. The
collected Azolla was shade-dried, crushed, and sieved to
particles in the range of 0.25-3.35 mm. Crushed particles
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were then treated with 0.1M HCI for 5h in orbital sha-
ker at a speed of 150 rpm followed by washing with dis-
tilled water, and then kept in oven at 60°C for drying
and the dry biomass was used in sorption experiments.

Reactive redwine dye (synthetic dye) was obtained
from Chemistor dye manufacturer in powder form
and aqueous stock solution (1,000mg/L) was pre-
pared using distilled water. Then, the desired concen-
tration of experimental solutions was obtained by
dilution. The required solution pH was achieved by
adding 0.1M HCI or 0.1 M NaOH solution.

2.2. Batch experiments

About 100mL of dye solution was taken in a
250mL Erlenmeyer flask with a biomass of 0.1g. The
biomass and dye solution were allowed to contact
well by using a rotary shaker at 150 rpm. At various
time intervals, an aliquot of dye solution was centri-
fuged and the supernatant was used for the determi-
nation of dye content using a UV spectrophotometer
at 555nm. The amount of dye biosorbed was
calculated by the following equation

= (G5 )

where g. is the equilibrium dye uptake (mg/g), Co
and C, are the initial and equilibrium concentration of
dye solution (mg/L), V is the volume of the dye solu-
tion (L), and M is the Mass of biosorbent added (g).

Similarly, series of experiments were carried out to
optimize the process conditions such as pH, contact
time, concentration, particle size, and dosage by vary-
ing the particular parameter and keeping other
parameters constant.

The equilibrium data were analyzed using Lang-
muir [17] and Freundlich [18] isotherms.

maXK Ce
Langmuir isotherm: g, = %KECE (2)
Freundlich isotherm: g. = KFCi* (3)

where gmax is the maximum dye uptake (mg dye/g
biomass) and Kj, is the Langmuir equilibrium constant
(L/mg); K is the Freundlich constant (L/g) and #n is
the Freundlich exponent.

The kinetics of the dye uptake was described with
pseudo-first-order [19] and pseudo-second-order
[20,21] models. The linearized forms of pseudo-
first- and pseudo-second-order models are shown
below:



P. Suganthi Rani et al. | Desalination and Water Treatment 51 (2013) 61156129

K
log(qe — g1) = log(qe) — ﬁt (4)
¢ 1 1
R b+t 5
7 Ko?  ge ®)

where g; is the amount of dye sorbed at time t (mg/
8), ge the equilibrium dye uptake (mg/g), K; the first-
order rate constant (1/min), and K, is the second-
order rate constant (g/mg/min).

Scanning Electron Microscopy (SEM) and Fourier
Transform Infrared Spectroscopy (FTIR) analysis had
been carried out to determine the morphological
changes before and after sorption of dyes, and the func-
tional groups responsible for the sorption of dyes onto
Azolla, respectively. Chemical Oxygen Demand (COD)
analysis was also performed for dye solution kept at
optimum process conditions by open reflux method [22].

2.3. Column studies

Continuous-flow  sorption experiments were
conducted in a glass column of internal diameter
1.5cm and length of 35cm. Since the ratio of column
diameter to particle diameter is high, the effect of
channeling has negligible effect [15]. The column was
loaded with 3.1, 5.3, and 7.6g of biomass to yield 5,
10, and 15cm bed heights, respectively. The dye solu-
tion at a concentration of 35 and 75mg/L was
pumped through the column using peristaltic pump
at a flow rate of 2, 4, and 6 mL/min. At regular time
intervals, the dye solution was collected at the outlet
of the column and analyzed for its concentration.

The breakthrough time (t,, the time at which dye
concentration in the effluent reached 5% of the inlet
concentration) and the bed exhaustion time (t., the
time at which dye concentration in the effluent equals
inlet concentration) were used to evaluate the break-
through curves. The mass of dye adsorbed (m,q4) in
the column was calculated from the area above the
breakthrough curve (concentration vs. time) multi-
plied by the flow rate [23]. Dividing the dye mass
adsorbed (m,q) by the sorbent mass (M) leads to
uptake capacity (ge) of the biomass.

The breakthrough time and the bed exhaustion
time were used to evaluate the mass transfer zone (At)
given by equation as follows [23],

At =t — (6)

Total amount of dye sent to the column (11,,)) can
be calculated as follows [24],
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o COQ te
Miotal = < ]7 000 > (7)

Total dye removal (%) with respect to flow volume
can be calculated from the ratio of dye mass adsorbed
(m,q) to the total amount of dye sent to the column
(Myora1) as described [23],

Total dye removal (%) = < Mad )100 (8)

Miotal

Using the column details, various models like Bed
Depth Service Time (BDST) [25], Thomson [26], and
Yoon and Nelson [27] were employed.

3. Results and discussion
3.1. Batch experiments
3.1.1. Effect of pH

The pH of the dye solution played an important
role in the biosorption of dyes. To study the effect of
pH on equilibrium uptake capacity of biomass, experi-
ments were conducted at 50 mg/L initial dye concen-
tration, 120 min of contact time, and 0.10g biomass
dose at 30°C.

The dye uptake was sensitive to pH variations in
the examined range of 2-8 (2, 3 ... 8) and the amount
of dye adsorbed decreased with increase in pH. This
indicated that the reactive groups of the dye mole-
cules are cationic while the functional groups (such as
carboxyl, phosphate, and sulfonyl group) present on
the surface of biosorbent were anionic type [28]. As
the pH increased, the cationic charge decreased and
hence, biosorption of reactive redwine dye decreased.
The maximum uptake of 10.32mg/g was obtained at
pH of 3.0. Similarly, Hu reported that the maximum
adsorption of different reactive dyes on the Aeromonas
sp. biomass was observed at pH 3.0 [29]. Yakup Arica
and Gulay Bayramoglu studied biosorption of reactive
red 120 dye on Lentinus Sajor-caju biomass and the
maximum dye biosorption was observed at pH 3.0
[30].

3.1.2. Effect of contact time and initial concentration

The effect of initial concentration (50, 100, and
150 mg/L) on adsorption of the redwine dye onto pre-
treated A. filiculoides was studied at pH 3, 0.1g/L of
biomass dosage, and 30°C. The results are shown in
Fig. 1. From the figure, it could be seen that the
amount of redwine dye adsorption increased from
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Fig. 1. Effect of contact time and initial concentration on
the adsorption of redwine dye by A. filiculoides (pH 3,
0.10 g biomass, and 30°C).

10.47 to 25.16mg/g with the increase in initial dye
concentration from 50 to 150 mg/L. This suggests that
initial concentration provides an important driving
force to overcome all mass transfer resistance of the
redwine dye between the aqueous and solid phase.
Therefore, a higher initial concentration of dye will
enhance the adsorption process [31].

Fig. 1 also shows the rapid adsorption of redwine
dye during the first 30min for all initial concentra-
tions, and thereafter, the adsorption rate decreases till
it reaches equilibrium. The rapid adsorption was due
to the bare surface of sorbent at the initial stage.
Hence, the sorption rapidly occurred and usually con-
trolled by the diffusion process from the bulk to the
surface. But in later stage, the stabilized sorption was
due to less available sites indicating that the biosor-
bent was saturated at that level [32].

3.1.3. Effect of particle size and biomass dosage

Influence of particle size (Fig. 2) on dye uptake
upon A. filiculoides was studied (at pH 3, initial con-
centration of 50mg/L, and 30°C) using five different
particle sizes from 0.25 to 3.35mm, and found that
dye uptake capacity decreased as the particle size
increased from 10.41 to 4.58 mg/g. This might be due
to the fact that the smaller particles favor biosorption
with very high uptake because of higher surface area
per unit weight.

The effect of biosorbent dosage on the removal of
redwine dye by the biosorbent A. filiculoides was
examined at 50mg/L dye concentration by varying
the dosage from 0.1 to 0.6g of biomass in 100mL of
the dye solution and the results are shown in Fig. 3.
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Fig. 2. Effect of particle size on the adsorption of redwine
dye by A. filiculoides (pH 3, 50mg/L dye concentration,
0.10 g biomass, and 30°C).
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Fig. 3. Effect of biosorbent dosage on the adsorption of
redwine dye by A. filiculoides (pH 3, 50mg/L dye
concentration at 30°C).

It could be seen from the figure that removal
efficiency (%) increased from 78.35 to 95.21% while
the dye uptake per wunit weight of adsorbent
decreased from 10.45 to 2.2mg/g. The decrease in dye
uptake with increase in dosage might be due to the
decrease of surface area of the biosorbent by the over-
lapping or aggregation during the sorption [33].
Hence, the biomass dosage of 0.1g/L was chosen for
biosorption study.

3.2. Kinetic studies

In order to obtain the first-order rate constants and
an equilibrium dye uptake, the straight line plots of In
(ge — gy against t were made. If the plot was found to
be linear with good correlation coefficient, it indicates
that pseudo-first-order would be appropriate and the
adsorption process would be a pseudo-first-order
process. The rate constants and equilibrium uptake
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determined from the modeling are summarized along
with corresponding correlation coefficients in Table 1.
It could be seen from the table that the values of the
correlation coefficients of the pseudo-first-order model
were higher than those of the second-order model;
further, the estimated g. values of first-order model
were much more accurate than the second-order
model. The accurate prediction of g. values and good-
ness-of-fit indicated that the pseudo-first-order model
better described the adsorption of redwine dye on A.
filiculoides. Similar results are obtained by Vilar et al.
for algal biomass based materials [34].

The pseudo-second-order model is based on the
sorption capacity on the solid phase. Contrary to other
well-established models, it predicts behavior over the
whole range of studies and it is in agreement with
chemisorptions mechanism. In order to obtain the sec-
ond-order rate constants and equilibrium dye uptake,
the straight line plots of t/g; against t were made for
A. filiculoides at various initial dye concentrations. The
rate constants, equilibrium uptake, and the corre-
sponding correlation coefficients are summarized in
table 1. It could be seen from the table that there was
no agreement between g, experimental and g. calcu-
lated values for the pseudo-second-order model.

3.3. Biosorption mechanism

To find the rate-limiting step is an important factor
to be considered in adsorption process [35]. The over-
all rate of adsorption is controlled by the slowest step,
which would be either film diffusion or pore diffu-
sion. From the slope of the plot of square root of time
(t*®) vs. dye uptake (mg/g), the intraparticle diffusion
coefficient for the adsorption of redwine dye has been
calculated (Fig. 4(a)). It was observed that the biosorp-
tion process comprised of two phases, suggesting that
the intraparticle diffusion was not the rate limiting
step for the whole reaction [36]. A first linear portion
ended with a smooth curve followed by a second
linear portion. The double nature of the curve
reflected two-stage external mass transfer followed by
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Fig. 4. Biosorption mechanism of redwine dye uptake by
A. filiculoides (a) Intraparticle diffusion model (b) Boyd
plot.

intraparticle diffusion. The initial curved portion of
the plot indicated boundary layer effect while the
second linear portion was due to intraparticle or pore
diffusion. The slope of the second linear portion of the
plot has been defined as the intraparticle diffusion
parameter k; (mg/gmin). The calculated k; values at
various initial dye concentrations are shown in Table 2.
The presence of both film and pore diffusion was
confirmed by the biphasic nature of intraparticle
diffusion plot.

Table 1
Pseudo-first-order and second-order kinetic parameters for the dye sorption onto A. filiculoides at various dye
concentrations
Co (mg/L) ge (exp) (mg/g) Pseudo-first-order Pseudo-second-order

K; (I/min) g (cal) (mg/g)  R? K, (g/mg/min) g (cal) (mg/g)  R*
50 10.48 0.0967 11.24 0.994  2.09x107° 14.70 0.992
100 19.28 0.0875 19.68 0999  4.775x107* 34.48 0.951
150 26.67 0.0737 27.66 0.993  9471x10°* 37.03 0.976
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In order to predict the actual rate limiting step, the
data were further analyzed using Boyd kinetic expres-
sion [37],

6
F=1- ?exp(—Bt) 9)
and F :Z—t (10)

where g. is the amount of dye adsorbed at infinite
time (mg/g), g the amount of dye sorbed at any time
t (mg/g), F the fraction of dye mass adsorbed, and B,
is the mathematical function of F.

To compute B, Eq. (9) could be expressed as
By = —0.4977 —In(1 — F) (11)

Thus, the value of B; could be computed for each
value of F, and then plotted against time (Fig. 4(b)) to
configure the so-called Boyd plots. The linearity of
these plots was employed to distinguish between
external-transport- (film diffusion) and intraparticle-
transport-controlled rates of sorption. A straight line
passing through the origin indicated that the sorption
processes were governed by particle diffusion mecha-
nisms; or else they were governed by film diffusion
[38]. In our case, the plots were neither linear nor
passed through the origin (Fig. 5(b)). This indicated
that film diffusion was the rate-limiting biosorption
process for the adsorption of redwine dye onto A. fili-
culoides. The calculated B; values were used to calcu-
late the effective diffusion coefficient, D; (cm?/s) using
the relation:

2D

where r represents the radius of the particle calculated
by sieve analysis assuming the particles as spheres
[39]. The calculated D; values at different initial dye
concentrations are provided in Table 2.

3.4. Biosorption isotherms

The experimental biosorption isotherms obtained
were analyzed using Langmuir and Freundlich iso-
therm models and the best-fit model was determined
on the basis of non-linear regression correlation coeffi-
cient (R?), Root Mean Square Error (RMSE), and Chi
test. The equilibrium data reasonably well represented
by two isotherm models are shown in Fig. 5.

Langmuir sorption model served to estimate the
maximum dye uptake values where these could not

P. Suganthi Rani et al. | Desalination and Water Treatment 51 (2013) 6115-6129

25

20 o 4
frory 7
&0
~
o0
g 15+ .
=
o
<
<
=
= 10 ° 1
o
>
a Y

w
50 P O  Expt. |
,/ — Langmuir
’,
(/ ----- Freundlich
4
0 L L
0 50 100 150

Final dye concentration (mg/L)

Fig. 5. Application of Langmuir and Freundlich isotherm
models to experimental data obtained during adsorption
of redwine dye by A. filiculoides.

Table 2
Intraparticle diffusion constant and effective diffusivity at
various initial dye concentrations

Co (mg/L) K; (mg/gmin) D; (cm?®/s)
50 0.5699 3.13x107°
100 1.3686 1.56 x 107
150 1.6766 9.49 x 1077

be reached in the experiments. A maximum dye
uptake of 86.21mg/g was obtained. The Freundlich
isotherm constants of 1/n and Kg were 0.807 and
0.4536, respectively. The value of 1/n was between 0
and 1, represented that the biosorption of redwine
dye on Azolla filiculoides was favorable [16]. On com-
paring the isotherm models, RMSE, and Chi-square
tests, it is concluded that the redwine biosorption data
obtained in this study better fitted with the Langmuir
form as well as Freundlich form (Table 3).

3.5. Thermodynamic parameters

Based on fundamental thermodynamics concept,
the Gibbs free energy change, AG’, is the fundamental
criterion of spontaneity. The free energy of the sorp-
tion reactions, considering the sorption equilibrium
constant, K,, is given by the following equation:
AG’ = —RTInK, (13)
where R is the universal gas constant, 8.314]/mol/K
and T is the absolute temperature (K). The Gibbs free
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Table 3
Isotherm constants of various models for redwine dye
biosorption onto A. filiculoides

Isotherms Isotherms constants at pH 3
and temperature 30 C

Langmuir

Jmax 86.21

Ky, 0.00281

R? 0.989

RMSE 1.1

X2 2.421

Freundlich

Kg 0.4536

n 1.239

R? 0.9857

RMSE 1.274

X2 3.248

energy change, AG’, can also be represented as fol-
lows:
AG’ = AH" — TAS® (14)
A plot of AG® vs. T was linear. Enthalpy change,
AH®, and entropy change, AS°, were determined from
the slope and intercept of the plots. The values for the
sorption equilibrium constant, K,, decreased with
increasing temperature. The Gibbs free energy change,
AG®, for the sorption processes at various tempera-
tures 300, 303, and 308K were -—14.22, —14.54,
—15.16k]J/mol, respectively. The negative values of
AG° confirmed the feasibility of the process and the
spontaneous nature of sorption with a high preference
of redwine dye on A. filiculoides. The positive value of
AS° (0.1182 kJ/mol K) reflected the affinity of the Azo-
lla for the dye and suggested some structural changes
in dye and Azolla [40] and also showed the increase of
randomness at the solid/liquid interface during the
sorption of dye on Azolla [41]. The value of AH’ was
positive (21.242kJ/mol), indicating that the sorption
reaction was endothermic and might involve chemi-
sorption since it was in the range of 20.9-418.4k]/
mol. Similar result was obtained by Cai-yun Tan et al.
who studied biosorption of basic orange dye on A. fili-
culoides [16].

3.6. Column studies
3.6.1. Effect of flow rate

Flow rate is one of the important parameters in
evaluating the sorbent for continuous treatment of
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Fig. 6. Breakthrough curves for sorption of redwine dye by
A. filiculoides at different flow rates (70mg/L dye solution,
5cm bed height, and 30°C).

dye effluents on an industrial scale. The influence of
flow rate was investigated by keeping the initial dye
concentration at 70mg/L adjusted to pH 3 as con-
stant. At a bed height of 5cm, flow rates of 2, 4, and
6mL/min were changed and different breakthrough
curves obtained were shown in Fig. 6 and related
parameters were tabulated in Table 4. In this study, as
the flow rate increased, both the dye uptake and per-
centage of removal get decreased. The increase in flow
rate decreased both breakthrough and exhaustion time
and volume, which might be due to insufficient resi-
dence time of the solute in the column and the diffu-
sion limitations of the solute into the pores of the
sorbent [42].

3.6.2. Effect of bed height

In column experiments, breakthrough curves were
obtained at different bed heights (5, 10, and 15cm)
and the inlet dye concentration of 70mg/L and flow
rate of 2mL/min were kept constant. As shown in
Fig. 7 and Table 4, breakthrough and exhaustion time
as well as volume increased on increasing the bed
height, which resulted in a broadened mass transfer
zone. The dye uptake at different bed heights were
2.9, 4.09, and 5.4mg/g, respectively. On contrary, to
the flow rate results, high uptake was observed at
higher bed height of 15cm which was due to an
increase in the surface area of the biosorbent that pro-
vided more binding sites for the sorption [15,43].

3.6.3. Effect of initial dye concentration

The effect of initial dye concentration was deter-
mined by keeping the bed height at 15cm and flow
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Table 4

Column data and parameters obtained at different flow rates, bed heights, and initial dye concentrations

Bed

Throughput volume vs. C/Cy

Time vs. C/Cy

Initial dye

Flow rate

concentration

(mL/min)
(mg/L)

height
(cm)

Volume at Bed Volume at Bed (@o)exp

(@o) exp  Bed

te
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(mg/g)

volumes
at Vb

exhaustion V,
(mL)

volumes
at Vb

breakthrough

(mL)

volume V
(mL)

(mg/g)

(min)

tp
(min)

2.09
3.16
4.01
2.06
1.45

26
33
37
29
30

230
580
950
260
262

55

8.83

29

130
390
570
85

18

70
70
70
70
70
35

120
280
32

17.66
26.5

4.09
5.4

375
60

10
15

11

8.83
8.83
8.83

2.6

1.8
3.0

55

560

120

15
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Fig. 7. Breakthrough curves for sorption of redwine dye by
A. filiculoides at different bed heights. (70mg/L dye
solution, 2mL/min, and 30 C).

rate at 2mL/min as constant. The breakthrough
curves obtained for different initial dye concentrations
were shown in Fig. 8. Delayed breakthrough curves
were seen as the inlet dye concentration increased; the
lower concentration gradient caused slower transport
due to decreased diffusion coefficient. The bed gets
saturated quickly as the concentration increased. In
our study (Table 4) as the dye concentration increased,
dye uptake and % removal got increased [44], which
might be due to the high driving force observed at
higher concentration [15]. The driving force for sorp-
tion seemed to be the concentration difference
between the dye on the sorbent and dye in the solu-
tion. Similar observation was reported by Padmesh
et al. [15].

0.8 -
0.6 -
%
~ 041
0.2 1 -©—35ppm
—A—70ppm
0 : . .
0 200 400 600 800

Fig. 8. Breakthrough curves for sorption of redwine dye by
A. filiculoides at different initial concentrations (15cm bed
height, 2mL/min, and 30 C).
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3.7. Modeling of column data
3.7.1. Application of BDST model

The BDST model is based on physically measuring
the capacity of the bed at different breakthrough val-
ues. This model ignores the intraparticle mass transfer
resistance and external film resistance such that the
adsorbate is adsorbed onto the adsorbent surface
directly [15]. The linearity of the plot of the service
time against bed height indicated the validity of the
BDST Model. The expression is as follows [25]:

=2 (S
 Cpv K.Gy Co

The service time was chosen as time when the
effluent dye concentration reaches 1mg/L. From the
slope of the BDST plot represented in Fig. 9, sorption
capacity of the bed per unit volume, Ny, was calcu-
lated by assuming the initial dye concentration, Cy,
and linear velocity, v as constant during the column
operation.

The rate constant, K,, is calculated from the inter-
cept of the plot and characterizes the rate of solute
transfer from the fluid phase to the solid phase [38].
The values of Ny and K, were 331.63mg/g and 0.0173
L/(mg min), respectively. This model helps to scale
up the process for other flow rates without further
experimental run.

(15)

3.7.2. Application of the Thomas model

The column data were fitted to the Thomas model
to determine the Thomas rate constant (ktp) and max-

Service time (min)
L
o

0 5 10 15 20
Bed Depth (cm)

Fig. 9. BDST model plot for sorption of redwine dye by A.
filiculoides.
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imum solid phase concentration (go) [26,45]. The line-
arized form of Thomas model can be expressed as
follows [46],

C k
i exp <%(Q0M — COVeff)> (16)

C

As flow rate increased, the value of Kyy got
increased and the g, got decreased [24]. Also, the bed
capacity g, increased and the Thomas coefficient Kryy
decreased with increasing dye concentration. It is evi-
dent from Table 5 that there was a negligible differ-
ence between the experimental data from model
predicted values of g9 showing that there was a good
fit of Thomas model to the column sorption data.

3.7.3. Application of the Yoon and Nelson Model

Yoon and Nelson [27] developed a relatively sim-
ple model based on the assumption that the rate of
decrease in the probability of adsorption for each
adsorbate molecule is proportional to the probability
of adsorbate adsorption and the probability of adsor-
bate breakthrough on the adsorbent [25]. The Yoon
and Nelson equation regarding the single component
system is expressed as [24]:

C
In <—Co — C) = kynt — thyn

(17)
The rate constant kyn and T were determined from the
Yoon and Nelson model. From Table 5, it was
observed that the time required for 50% adsorbate
breakthrough (1) obtained from the Yoon and Nelson
model agreed well with the experimental data at all
conditions examined.

3.7.4. Capacity of column

The total or stoichiometric capacity of the packed
bed column, if the entire bed comes to equilibrium
with the fed, can be shown to be proportional to the
area between the curve and a line at C/Cy at 1.0. The
total capacity of the bed is calculated as follows:

o C
te = 1——)dt
' /0 ( C0>

where f, is the time equivalent to the total or stoichi-
ometric capacity.

The usable capacity of the bed up to the break
point time t, is calculated as follows:

(18)
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Table 5
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Thomas and Yoon and Nelson model parameters at different experimental conditions

Bed Flow rate Dye (Go)exp (Dexp Thomas model Yoon and Nelson
height (mL/min) concentration (mg/g) (mg/g) model
L
(cm) (mg/L) Kopg (L) 4 R P . R
mgmin) (mg/ (min~Y)  (min)
g)
5 2 70 2.9 65 1x107° 2.98 0.956 0.0704 67.77 0.956
5 4 70 2.6 32 128 x107% 2.67 0.992 0.0901 3226  0.992
5 6 70 1.8 11 1.68x107° 1.7 0.994 0.1189 12.59  0.994
10 2 70 4.09 195 371x107* 422 0.976 0.026 197.25 0.991
15 2 35 3.0 375 483x107* 3.32 0.979 0.0169 379.93 0.979
15 2 70 5.4 300 256x107* 5.28 0.994 0.0178 302.7 0.994
- /tb (1 - C£> d (19) 3.8. Instrumental methods of analysis
0 0

The ratio t,/t, is the fraction of the total bed capac-
ity or length utilized up to the break point. Hence, for
a total bed length of Hy, Hg is the length of the bed
used up to the break point.

Hg (20)

t
up
"

The length of unused bed Hyng is then the unused
fraction times the total length:

ty
1

H
t)T

t

Hinp = ( @)

The results obtained at various experimental
conditions are given in Table 6. From Table 6, it is
found that almost half of the bed got saturated on
reaching the breakthrough point at all experimental
conditions.

3.8.1. Scanning electron microscopy

Morphological characteristics of A. filiculoides were
evaluated using SEM. The surface texture of A. filiculo-
ides biomass without pretreatment, after pretreatment,
and after dye binding is shown in Fig. 10(a)-(c). It was
observed that the pores present in the surface of Azolla
before pretreatment (Fig. 10(a)) was found to be less
when compared to the Azolla after pretreatment with
HCI (Fig. 10(b)). This may be due to the shrinkage of
Azolla surface. From Fig. 10(c), it was observed that the
surface became rough because it was covered by dye
molecules.

3.8.2. FTIR analysis

FTIR technique is an important tool to identify
some characteristic functional groups like carboxyl,
hydroxyl, amine, etc. which are capable of adsorbing
dye ions. In order to determine the functional groups,
Azolla was analyzed using FTIR after pretreatment

Table 6

Capacity of column at different column experimental conditions

Hr (cm) Flow rate (mL/min) Dye concentration (mg/L) t, (min) t; (min) Hg (cm) Hyng (cm)
5 2 70 25 40.71 3.07 1.93

5 4 70 10 17.9 2.8 2.2

5 6 70 7.86 14.29 2.75 2.25

10 2 70 85.71 160.7 5.3 4.7

15 2 35 180 3429 7.9 7.1

15 2 70 150 278.6 8.08 6.92
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Fig. 10. SEM images of A. filiculoides (a) before treatment, (b) after pretreatment with HCI, and (c) after adsorption of dye.

and after dye binding. Fig. 11(a) shows Azolla before
adsorption in the spectral region of 400—4,000cm '
and displays a number of absorption peaks, indicating
the complex nature of the Azolla. The FTIR spectro-
scopic analysis showed a strong band at 3,800-
2,500 cm’l, indicative of -OH in the carboxyl group.
The band 2,917.83cm ™" and 2,850.25cm ™" indicate N-
H and C-H aliphatic stretch, respectively. The FTIR
spectrum showed some characteristic adsorption
bands of an amine group N-H bending band at
1,652.11cm ™ ". Some absorption bands (P=O stretching
at 1,157.08cm™}; P-OH stretching at 954 cm” L P-O-C
stretching at 1,067.56cm™ ' were considered to be
indicative of a phosphonate group. Absorbance peaks
around 1,157.08cm™' corresponds to the asymmetric
and symmetric stretching of SO; bonds in sulfonic
acid [47]. Fig. 11(b) shows FTIR analysis of Azolla sub-
jected to sorption. Shift in bands and the functional
groups peaks reported in Fig. 11(a) were not seen.
This confirmed the binding of dye ions to the func-
tional groups carboxyl, sulfonyl, and phosphate.

3.9. COD analysis

COD analysis was performed for dye concentra-
tion of 1,000 ppm kept at optimum process conditions
before and after sorption and the reduction was
observed after treatment with A. filiculoides, which
indicated that A. filiculoides could be a good biosor-

bent for dye bearing wastewater. The results are tabu-
lated in Table 7.

3.10. Comparison of adsorbent capacities for different
biosorbent

The results of this study and the comparison of
recent studies are given in Table 8. There are number
of studies on the removal of basic and acid dyes by
Azolla. This study indicated that A. filiculoides have
potential to be a biosorbent for the removal of reactive
dyes from aqueous solution.

4. Conclusion

The following conclusions were drawn from the
present study.

e A. filiculoides exhibited a maximum uptake at pH
3.0, time 120 min, biomass 1.0 g/L, and temperature
30°C.

* Biosorption isotherms were modeled with the
Langmuir and Freundlich isotherms. The maximum
uptake capacity of pretreated A. filiculoides for reac-
tive redwine dye biosorption was 86.21mg/g,
according to the Langmuir model.

* The experimental kinetic data showed that the reac-
tion was a pseudo-first-order reaction.
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Fig. 11. FTIR analysis of A. filiculoides (a) before adsorption and (b) after adsorption.

Table 7

COD analysis before and after treatment

Process parameters COD values % Removal
Before sorption After sorption

Optimum process parameters obtained at batch conditions 5,330mg/L 1,330 mg/L 75.05

¢ Further the linearity of Boyd plot indicated that film tion showed better uptake on sorption of reactive

diffusion was the rate-limiting step for the adsorp-
tion of redwine dye onto pretreated A. filiculoides.
Thermodynamic parameters confirmed that the
sorption process was endothermic and spontaneous
in nature.

Column study concluded that the highest bed
height, lowest flow rate, and highest dye concentra-

redwine dye onto pretreated A. filiculoides.

SEM analysis showed the structural changes of bio-
sorbent before and after sorption. The FTIR spectra
revealed that the pretreated A. filiculoides contained
OH group, phosphate, sulfonyl, and carboxyl
groups on the surface which might be responsible
for the sorption of reactive redwine dye.
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Table 8

Comparison of adsorbent capacities for different biosorbents

Adsorbent

Azolla filiculoids

Lentinus sajor-caju
Wheat bran

Aspergillus foetidus
Phanerochaete chrysosporium
Waterworks sludge

Barley straw
Corynebacterium glutamicum

Nostoc linckia
Rhizopus arrhizus

Dye

Basic orange

Acid red 88

Acid green 3

Acid orange 7
Reactive redwine
Reactive red 120
Reactive red 180
Reactive orange 16
Reactive black 5
Reactive black 5
Reactive blue 4
Reactive orange 16
Reactive black 5
Reactive black 5
Reactive yellow 2
reactive red 198
Reactive blue 19

* COD analysis revealed the fact that A. filiculoides
was a good biosorbent for the treatment of dye con-
taining wastewater.

¢ Finally, it could be concluded that Azolla filiculoides
have a potential to be a biosorbent for the removal
of reactive redwine dye from aqueous solutions.

maximum monolayer biosorption capacity

Redlich-Peterson model equilibrium constant

Symbols

Amax ~— Mmaximum wavelength

Je — equilibrium dye uptake

C — concentration

Co — initial dye concentration

Ce — final dye concentration

Vv —  volume of dye solution

M — mass of biomass added

Jmax -

Ky — Langmuir equilibrium constant
Ky —  Freundlich constant

n —  Freundlich exponent

Krp  —

agp — Redlich-Peterson model constant
p —  Redlich-Peterson model exponent
K —  sips model equilibrium constant
as —  sips model constant

Ps —  sips model exponent

G — dye uptake at time “t”

K —  pseudo-first-order rate constant
K> —  pseudo-second-order rate constant
Mm,q — mass adsorbed

ty —  breakthrough time

te —  bed exhaustion time

Maximum adsorption capacity (mg/g) Ref.
833.33 [16]
109.0 [15]
133.5 [15]
109.6 [15]
86.21 This work
117.8 [30]
39.42 [48]
34.03 [48]
36.03 [48]
65.0 [49]
132.5 [50]
47 (511
254 [52]
419.0 [11]
178.5 [53]
93.5 [54]
90.0 [55]
Miotal total amount of dye
Q volumetric flow rate
ki intraparticle diffusion parameter
F fraction of dye mass adsorbed
D; effective diffusion coefficient
Ka sorption equilibrium constant
AG® standard Gibbs free energy
AH® standard enthalpy change
AS® standard entropy change
Cp breakthrough dye concentration
N, sorption capacity of the bed
z bed height
v linear velocity
ka rate constant of BDST Model
kta Thomas model rate constant
Qo maximum solid-phase concentration of the
solute
Vgt volume of dye solution passed into the
column
F volumetric flow rate
kyn Yoon and Nelson Model rate constant
T time required for 50% adsorbate breakthrough
t time equivalent to the total or stoichiometric
capacity
tu usable capacity of the bed up to the break
point time
Hg length of the bed used up to the break point
Hr total length of the bed
Hyns length of unused bed
SEM scanning electron microscopy
FTIR Fourier transform infra red spectrophotometer
COD chemical oxygen demand
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