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ABSTRACT

The removal of a cationic dye (crystal violet) from aqueous solution by two red seaweeds
(Gracilaria edulis and Kappaphycus alvarezii) under different environmental conditions was
investigated. Biosorption of crystal violet was studied by varying particle size
(0.712-2.36 mm), biomass dosage (2-8 g/L), solution pH (2-9), initial dye concentration
(50-1,000 mg/L) and contact time (0-360 min). At optimum seaweed particle size (1.18 mm),
seaweed dosage (5 g/L), equilibrium pH (8), initial dye concentration (100 mg/L) and equilib-
rium time (360 min), G. edulis and K. alvarezii recorded crystal violet uptakes of 181.0 and
171.9 mg/g, respectively. The kinetic data obtained at different initial crystal violet concentra-
tions indicated that biosorption rate was fast for both seaweeds and the data were successfully
modelled using the pseudo-first and pseudo-second-order models. The Langmuir, Freundlich
and Redlich-Peterson and Sips models were used to describe the crystal violet isotherm data;
of which the Sips model described the isotherm data with high correlation coefficients.
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1. Introduction

Crystal violet (CV) dye, belongs to the triphenyl-
methane group, is extensively applied in colouring
paper, temporary hair colourant, dyeing cottons and
wools [1]. It is also widely applied in animal and vet-
erinary medicine as a biological stain [2]. Hence, spent
wastewaters emanating from these processes contain
high CV concentrations. Crystal violet is harmful by
inhalation, ingestion and skin contact, and has also
been found to cause cancer and severe eye irritation to

*Corresponding author.

human beings [2,3]. It is also non-biodegradable and
can persist in variety of environments [4]; hence its
removal from wastewaters before their discharge is
essential for environmental safety.

Currently, various physico-chemical methods are
used to remove dyes and heavy metals from effluents,
including coagulation and flocculation, electrochemical
destruction precipitation, chemical oxidation and
adsorption using activated carbons [5]. In particular,
adsorption has been reported to be efficient and eco-
nomical for wastewater treatment in order to remove
dyes, pigments and other colourants [6]. Granular
activated carbon has been used successfully, but it is
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cost-prohibitive. This has led to search for cheaper
adsorbent substitutes derived from bacterial, fungal
and industrial wastes [7-9]. However, these sorbents
either involve cost-input pretreatments or they are not
abundantly available as wastes. The present report
attempts to eliminate such preparatory steps and limi-
tations of availability using two commonly available
seaweeds. Marine algae, apart from very few cases
[10,11] have not been utilized for the removal of dyes.
They are well-established metal biosorbents and are
abundantly available in most of the world’s oceans.
However, their efficiency in dye removal is often
questionable and not well researched. Thus, the focus
of the present study has to investigate the biosorption
potential of two red seaweeds (Gracilaria edulis and
Kappaphycus alvarezii) towards CV.

2. Materials and methods

Two red seaweeds (G. edulis and K. alvarezii) were
collected from the beaches in Mandapam region,
Tamil Nadu, India. After collection, the seaweed sam-
ples were thoroughly washed with tap water to
remove wastes, salt debris and other contaminants.
They were subsequently washed with deionized water
and then dried in an oven at 70°C overnight. Biosor-
bent particles were prepared by grounding the dried
red seaweeds in a blender and subsequently sieved to
obtain desired particle sizes.

The stock dye solution at desired concentration
was prepared by dissolving crystal violet (Sigma-—
Aldrich, India) in deionized water.

The pH of the CV solution was initially adjusted to
the desired value using 0.1 M HCl or 0.1 M NaOH. In
all experiments, 0.5 g of red seaweed biomass was
contacted with 100 mL of dye solution in 250 mL
Erlenmeyer flasks. The contents of the flask were agi-
tated in an incubated rotary shaker at 150 rpm for 6 h
at 30°C. Once the equilibrium condition was reached,
the suspension was centrifuged at 3,500 rpm for 5 min
and the supernatant was analysed in a spectropho-
tometer (Merck, Spectroquant Phara 300) at 584 nm
after appropriate dilution for CV concentration.
Kinetic experiments were conducted in similar manner
except that the samples were withdrawn at predeter-
mined time intervals.

The amount of CV biosorbed by red marine algae
was calculated from the differences between the initial
amount of dye added and that left in the supernatant,
using the following equation:

Q=V(Cy - Cr)/M (1
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where Q is the CV uptake (mg/g), Co and C; are the
initial and final CV concentrations in the solution
(mg/L), respectively, V is the volume of dye solution
(L) and M is the weight of red seaweed added (g).

Four isotherm models were used to describe CV
isotherm experimental data as follows:

Langmuir model: Q = %ﬁxi:ig: 2
Freundlich model: Q = K¢ C}/™ 3)
Redlich —Peterson model: Q. = chﬁ @)
1+ age CI
K Cﬁs
Sips model: Q. = Sifﬁ 5)
1+ ag Cfs

where Quax is the maximum CV uptake (mg/g), by, is
the Langmuir equilibrium coefficient (L/mg), K is the
Freundlich coefficient (L/ g)l/ " ng is the Freundlich
exponent, Kgp is the Redlich-Peterson isotherm coeffi-
cient (L/g), agp is the Redlich-Peterson isotherm coef-
ficient ((L/ mg)ﬁ ® and prp is the Redlich-Peterson
model exponent, Ks is the Sips model isotherm coeffi-
cient (L/g)’s, as is the Sips model coefficient
((L/mg)”s and ps is the Sips model exponent.

Two kinetic models were used to represent CV
biosorbents kinetics experimental data as follows:

Pseudo-first-order model: Q; = Q.(1 — exp(—kit)) (6)

Q2 kot

1 4+ Qe kot @

Pseudo-second-order model: Q; =

where Q. is the amount of CV biosorbed at equilib-
rium (mg/g), Q; is the amount of CV biosorbed at
time t (mg/g), k; is the pseudo-first-order rate con-
stant (1/min) and k;, is the pseudo-second-order rate
constant (g/mg min). All the model parameters were
evaluated by non-linear regression using Sigma Plot
(version 4.0, SPSS, USA) software.

The functional groups on the surface of red sea-
weed which are responsible for the removal of CV
were determined using a Bruker-ATR IR (ACPHA)
Fourier Transform IR spectrophotometer (Germany).
The samples were prepared in the form of pellets
using KBr. To understand the biosorbent surface mor-
phology, the samples prior and after adsorption of CV
were dried, coated with thin layer of gold and
subsequently analysed using scanning electron micro-
scopy (Hitachi 54800, Japan).
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3. Results and discussion
3.1. Influence of particle size

Fig. 1 illustrates the effect of seaweed particle size
on CV biosorption at solution pH of 8. Several sizes of
seaweed particles were used, which include 0.712,
1.18, 2 and 2.36 mm. For both seaweeds, significant
variations in CV uptake capacity were observed at dif-
ferent particle sizes. To be precise, CV biosorption
capacity was found to be increased by decreasing the
particle size of seaweed [12]. This behaviour may be
due to the larger external surface area for biosorption
as seaweed particles became smaller. The larger sur-
face area to volume ratios of seaweed particles would
increase the availability of exterior surface for CV
binding and enhance dye uptake capacity. Although
the smallest particle size (0.712 mm) resulted in
slightly better CV biosorption performance compared
to 1.18 mm particles, the increase in uptake was less
than 2.8% compared to 1.18 mm particles. It is also
desirable to use rigid and relatively big particles in
continuous sorption processes as it can tolerate
extreme operating conditions [13]. Considering these
aspects, seaweed particle size (1.18 mm) was selected
for further experiments.

3.2. Influence of algal dosage

Data obtained from the experiments to study the
influence of seaweed dosage are presented in Fig. 2.
Seaweed dosages were varied from 2 to 8 g/L. From
the analysis of experimental data obtained for two red
algal biomasses, it was observed that the CV removal
efficiency increased with the increase in seaweed
dosage. For instance, CV removal efficiency of G. edu-
lis and K. alvarezii increased from 58.9 to 94.4% and
39.2 to 88.1%, respectively, when the biomass dosage
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Fig. 1. Effect of seaweed particle size on CV biosorption.
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Fig. 2. Effect of seaweed dosage on CV biosorption.

increased from 2 to 8 g/L. The observed increment in
removal efficiency with the increase in seaweed
dosage could be due to an increase in the number of
possible functional groups and surface area of the sea-
weed biomass [14-16]. On the other hand, the CV
uptake decreases on increasing the seaweed dosage.
For example, CV uptake capacity of G. edulis and K.
alvarezii decreased from 29.5 to 11.8 mg/g and 19.6 to
11.0 mg/g, respectively, when the biomass dosage
increased from 2 to 8 g/L. At low sorbent dosages, the
available dye molecules are higher than the amount of
binding sites, hence sorptional uptake is higher. In
contrary, at high biosorbent dosages, the available dye
molecules are insufficient to cover all the exchangeable
sites on the seaweed biosorbent usually resulting in
low dye uptake. Similar results were obtained in other
studies [17,18]. Comparing the % removal efficiency
and sorption uptake values, algal dosage of 5 g/L was
selected as optimum for further experiments.

3.3. Influence of equilibrium pH and removal mechanism

The pH of wastewater is one of the major parame-
ters controlling the efficiency of biosorption process.
Considering this, experiments were conducted at a
wide range of pH (2-9). Fig. 3 shows the influence of
pH on the CV biosorption capacity of two red sea-
weeds. The results confirmed that the removal of CV
from aqueous solution was strongly influenced by
equilibrium pH. Biosorption of CV increased from
3.45 mg/g at pH 2 to 18.6 mg/g at pH 8 for G. edulis,
whereas 1.98 mg/g observed at pH 2 increased to
16.9 mg/g at pH 8 for K. alvarezii. Lower CV uptake at
strong acidic pH values is due to the presence of
excess H' ions in the solution under strong acidic
pH conditions [19], which in turn makes the sea-
weed surface protonated. As the pH increased, the
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Fig. 3. Effect of equilibrium pH on CV biosorption by G.
edulis and K. alvarezii.

concentration of H* ions decreases, which in turn
increases the number of negatively charged sites. The
surface of the seaweed thus becomes negatively
charged, and this increases the biosorption of the posi-
tively charged cationic dye molecules through electro-
static forces of attraction. Comparing the extent of
removal, G. edulis sorbed 8.73% more CV compared to
K. alvarezii. The influence of pH on biosorption capac-
ity of seaweeds can also be correlated with point of
zero charge (pHp,) of seaweed biomass. The point of
zero charge provides information regarding the type
of surface active centres and it was determined by
solid addition method [20]. The pHy,. of G. edulis and
K. alvarezii biomass were found to be 5.2 and 4.9,
respectively. Solution pH values less than pH,,.
would result in positively charged biomass [15],
resulting in a decreased interaction between the bio-
mass and cationic dyes. Above pHp,., the biosorbent
gets a negative charge and electrostatic interaction
between dye molecules and biomass increases which
results in high dye removal.

In an effort to understand the nature of functional
groups associated with CV biosorption, FT-IR analyses
were performed on raw and CV-loaded red seaweed
biomasses. As illustrated in Fig. 4, the FT-IR spectrum
of raw G. edulis and K. alvarezii displayed a number of
absorption peaks, indicating the complex nature of the
biomass. Nevertheless, some characteristic peaks can
be assigned for each red alga as illustrated in Table 1
[21,22]. After exposure to CV, significant changes in
seaweed functionalities were observed (Fig. 4). This is
basically due to the participation of binding groups
during interaction with CV and thus causing the
changes in the observed wave numbers. In particular,
major shifts were observed with asymmetric and sym-
metric C=0 and C-O stretches in CV-loaded samples
of red seaweed biomasses on comparison with raw
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Fig. 4. FT-IR spectra of (a) raw G. edulis, (b) CV-loaded G.
edulis, (c) raw K. alvarezii and (d) CV-loaded K. alvarezii.

biomasses (Table 1). These results confirm the involve-
ment of negative binding groups on the surface of red
seaweed during biosorption of CV molecules.

Fig. 5 illustrates the SEM photographs of raw and
CV-loaded red seaweed biomasses. The SEM pictures
of both red seaweeds (Fig. 5) revealed surface protu-
berance and microstructures, which may be due to Ca
and other salt crystalloid deposition. After biosorption,
the surfaces of G. edulis and K. alvarezii were covered
with CV molecules and hence appeared relatively
smooth (Fig. 5).

3.4. Influence of initial CV concentration and kinetics
modelling

Biosorption of CV onto G. edulis and K. alvarezii with
respect to contact time was studied within the range of
10-360 min. The initial CV concentration was varied
from 50 to 1,000 mg/L at pH 8. The CV biosorption pro-
file at different time intervals has been presented in
Figs. 6 and 7. For G. edulis, around 90% removal
occurred within 50 min for 100 mg CV/L, whereas K.
alvarezii removed 90% within 60 min. This rapid initial
uptake of the CV onto algal biomass is due to the avail-
ability of excess vacant sites [23]. As the sorption pro-
gresses, binding sites got occupied and less number of
vacant sites will be made available on the surface of the
adsorbent which results in the decrease in sorption rate
as evident in Figs. 6 and 7. After 120 min, the system
reached the equilibrium state where there was no sig-
nificant change in CV concentration in the solution
as the available binding sites are occupied by the CV
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Table 1
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Stretching frequencies observed in raw and CV-loaded red seaweed biomasses [20,21]

Wavenumber (cm %)

CV-loaded G. edulis

Raw K. alvarezii

CV-loaded K. alvarezii

Assignment Raw G. edulis

—-OH, -NH stretching 3,264 3,262
Asymmetric C=0 stretch of COOH 1,636 1,634
Symmetric C=O 1,415 1,413
C-0O (COQOH) stretch 1,238 1,247
C-O (alcohol) band 1,022 1,016

3,292 3,340
1,634 1,638
1,398 1,428
1,226 1,224
1,028 1,026

3.0kV 10.7mm x1.00% SE(M)

Fig. 5. SEM images of (a) raw G. edulis, (b) CV-loaded G. edulis, (c) raw K. alvarezii and (d) CV-loaded K. alvarezii.

molecules. The time taken to attain equilibrium
increased with increase in initial CV concentration
(Figs. 6 and 7). In general, the equilibrium contact time
for CV biosorption onto red seaweeds was found to be
360 min. It is also evident from Fig. 6 that the increase
in initial CV concentration improved the CV uptake

capacity of both red seaweeds. A higher initial dye con-
centration was identified to have a higher driving force
for transporting cations from ambient liquid to the cell
surface, resulting in a faster sequestration and higher
adsorption capacity [24]. On increasing initial CV con-
centration from 50 to 1,000 mg/L, equilibrium CV



J. Jegan et al. | Desalination and Water Treatment 57 (2016) 25812-25821

25817

180 5 somer
® 100mglL
A 250mglL
160 L ;g: mlﬁ o
& 1000 gl R T s '4%,
——Pseudo-first arder model é T
140 | === Pseudo-second order modd o
P e . Conlitil I
— 4 : 4
120 3
T
‘En 100 I
€ m— ¢
g
=)
60
== -‘ ------- -
20 = -
0 :
0 100 200 300 400
Time (min)
Fig. 6. Biosorption kinetics of CV by G. edulis.
&
LT
E
4
£
=)
0 100 00 300 400
Time (min)

Fig. 7. Biosorption kinetics of CV by K. alvarezii.

uptake capacities of G. edulis and K. alvarezii increased
from 9.16 to 149.7 mg/g and 8.01 to 139.5mg/g,
respectively.

The kinetic data of CV onto G. edulis and K. alvare-
zii have been examined using the pseudo-first- and
pseudo-second-order models. These models were

based on the assumption that the rate of biosorption is
proportional to the number of vacant binding groups
on the surface of the biosorbent, respectively, to the
first and second power. Application of CV kinetics
data to the pseudo-first-order model resulted in good
prediction with high correlation coefficient (R?) values
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(Table 2). The model constants (Q. and k;) increased
with the increase in initial CV concentration, which
indicates that high CV concentration favoured rate
and amount of biosorption. Also, the model predicted
uptake values close to that of experimental observed
values. In the case of pseudo-second-order kinetics,
the model over-predicted CV uptake values along
with relatively low R? values (Table 2). The CV kinetic
curves predicted by two models in comparison with
experimental kinetics data are presented in Figs. 6
and 7.

3.5. Biosorption isotherm and modelling

Experimental CV biosorption isotherms obtained
for G. edulis and K. alvarezii at pH 8 are plotted in
Figs. 8 and 9. Each of these isotherms could be consid-
ered as L-shaped [25], i.e. the ratio between the CV
concentration in the solution and that biosorbed onto
the red seaweed decreases with the increase in CV
concentration, providing a concave curve without a
strict plateau. Comparing both biosorbents, G. edulis
exhibited high CV uptake of 149.7 mg/g compared to
K. alvarezii (139.5 mg/g).

Several two- and three-parameter models were
used to analyse experimental CV isotherm data.
Application of the Langmuir model to the experimen-
tal CV isotherm data provided good R? values. The
Langmuir isotherm [26] is valid for monolayer adsorp-
tion onto a surface comprising a limited number of
identical sites [27]. The Langmuir constant, Qmax, rep-
resents maximum dye uptake values that can be
achieved by the system. On the other hand, by repre-
sents the affinity between the sorbate and biosorbent.

Table 2

J. Jegan et al. | Desalination and Water Treatment 57 (2016) 25812-25821
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Fig. 8. Biosorption isotherm of CV by G. edulis.

Both constants (Qmayx and by) were observed maximum
for G. edulis compared to K. alvarezii (Table 3). Since
the Langmuir isotherm model is able to predict the
maximum biosorption capacity of any biosorbent
under controlled conditions, comparison among sor-
bent performance towards the particular dye is possi-
ble. In that way, efforts were made to compare the CV
sorption performance of seaweed species with other
sorbents reported in the literature. Artocarpus
heterophyllus (jackfruit) sorbed 43.4mg CV/g [28],
iron-manganese oxide-coated kaolinite sorbed 20.6 mg
CV/g [29], coco-peat sorbed 119.2 mg CV/g [30] and
Ananas comosus (pineapple) leaf sorbed 158.7 mg CV/g
[31] compared to 181.0 and 171.9 mg CV/g exhibited
by G. edulis and K. alvarezii, respectively, in this study.

The Freundlich isotherm [32] was originally empir-
ical in nature, but was later interpreted as sorption to
heterogeneous surfaces or surfaces supporting sites of
varied affinities. It is assumed that the stronger

Kinetic model parameters during biosorption of CV onto G. edulis and K. alvarezii

Biosorbent Model 50 (mg/L) 100 (mg/L) 250 (mg/L) 500 (mg/L) 750 (mg/L) 1,000 (mg/L)
G. edulis Pseudo-first-order Q. 9.18 18.4 46.7 92.7 132.0 148.1
ki 0.039 0.0370 0.0342 0.0247 0.0210 0.0242
R* 0.998 0.998 0.992 0.992 0.992 0.995
Pseudo-second-order Q. 10.1 20.4 52.2 106.8 155.1 171.1
k, 0.0056 0.0026 0.0009 0.0003 0.0002 0.0002
R* 0972 0.990 0.964 0.968 0.970 0.981
K. alvarezii Pseudo-first-order Q. 8.02 17.1 45.2 89.8 129.3 141.3
ki 0.0334 0.0285 0.0223 0.0229 0.0245 0.0192
R* 0991 0.991 0.990 0.993 0.982 0.996
Pseudo-second-order Q. 8.98 19.4 52.7 104.3 149.6 167.6
k, 0.0049 0.0018 0.0005 0.0003 0.0002 0.0001
R* 0.960 0.962 0.965 0.971 0.953 0.979
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Fig. 9. Biosorption isotherm of CV by K. alvarezii.

Table 3
Isotherm model parameters during biosorption of CV onto
G. edulis and K. alvarezii

Models G. edulis K. alvarezii
Langmuir Qmax 181.0 171.9
by 0.0226 0.0186
R? 0.993 0.986
Freundlich Kg 14.8 13.0
nE 2.29 2.30
R? 0.929 0.911
Redlich—Peterson Kgp 3.23 2.34
aRp 0.0051 0.0019
Brp 1.22 1.34
R? 0.998 0.997
Sips Kg 1.54 0.715
as 0.0097 0.0049
Bs 1.34 1.48
R? 0.999 0.999

functional groups are occupied first and the binding
strength decreases with the increasing degree of site
occupation. From the results (Table 3), it was clear
that G. edulis recorded high K and 1/ng values than
K. alvarezii. This implies that binding capacity of G.
edulis was the highest and the affinity between G. edu-

lis biomass and CV was also high. However, the
description of CV experimental data by the Freundlich
model was not satisfactory as relatively low R* values
were observed (Table 3). In an effort to enhance pre-
diction of CV isotherm data, the Redlich-Peterson
model (three-parameter) was used in the present
study. This model combines the features of both the
Langmuir and Freundlich model into a single equation
and suggested the mechanism of adsorption as hybrid
and does not follow ideal monolayer adsorption [33].
As expected, the Redlich-Peterson model described
CV isotherm data with good accuracy (Table 3). All
model constants were observed maximum for G. edu-
lis. The Redlich-Peterson exponent was close to unity
which confirms that CV isotherm was more of the
Langmuir form. Furthermore, the Sips model was
used to describe CV isotherms obtained for two red
seaweeds. The Sips isotherm [34] is a combined form
of the Langmuir and Freundlich equations, developed
for the prediction of heterogeneous systems. The Sips
model exponent (fs) denotes the heterogeneity of the
system, ie. larger value of ps implies high
heterogeneity of the system. At low solute
concentrations, the Sips model reduces to Freundlich
form; while at high concentrations, it predicts the
Langmuir model. Table 1 denotes that fs values were
closer or greater than unity; this indicates that the pre-
sent system was more of Langmuir and heteroge-
neous. Application of the Sips model resulted in high
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R? values for all isotherm data examined (Table 3).
The isotherm curves as predicted by all four isotherm
models examined are presented in Figs. 8 and 9.

4. Conclusions

The following conclusions can be summarized
from the present study:

(1) The biosorption capacity of G. edulis and K.
alvarezii strongly dependent upon sorbent par-
ticle size and dosage. Optimization experi-
ments indicate that maximum CV uptake was
achieved at 1.18 mm seaweed particle size and
5 g/L seaweed dosage.

(2) Solution pH strongly influenced biosorption
capacity of G. edulis and K. alvarezii with pH 8
as an optimum for maximum removal of crys-
tal violet.

(3) FT-IR and SEM analyses suggested a possible
involvement of various functional groups with
crystal violet molecules on the surfaces of red
seaweeds.

(4) The rate of biosorption was found to be fast
with and equilibrium was attained within
360 min. Application of CV kinetics data to the
pseudo-first-order model resulted in good pre-
diction compared to pseudo-second-order
model.

(5) The maximum CV biosorption capacity was
identified as 181.0 and 171.9 mg/g for G. edulis
and K. alvarezii, respectively, according to the
Langmuir model.

(6) From these results, it can be concluded that
both red seaweeds showed high potential to
act as an efficient and practical biosorbent for
the removal of CV molecules from wastewater.

List of symbols

agp —  Redlich-Peterson isotherm constant (L/mgh,)

as —  sips model coefficient (L/ mg)g

by, —  Langmuir equilibrium constant (L/mg)

Co —  initial dye concentrations (mg/L)

Ct — final dye concentrations (mg/L)

kq — first-order equilibrium rate constant (min ")

ks —  second-order equilibrium rate constant
(g/mg min)

Kg —  Freundlich constant (mg/g (L/mg) )"/™)

Kgrp —  Redlich—Peterson isotherm constant (L/g)

Ks —  sips model isotherm coefficient (L/ g)g

M — mass of biosorbents (g)
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ng —  Freundlich exponent

Q — dye uptake (mg/g)

Qcal — calculated dye uptake (mg/g)

Qe — amount of dye biosorbed at anytime ¢ (mg/g)
Qexp —  experimental dye uptake (mng/g)

Qmax — maximum dye uptake (mg/g)

Vv —  volume of dye solution (L)

Prp —  Redlich-Peterson model exponent

Ps —  sips model exponent
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