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ABSTRACT

Batch biosorption experiments were carried out for the removal of malachite green (MG)
from its aqueous solution using raw Sargassum swartzii biomass (RSSB) as biosorbent. The
effect of various operating parameters was optimized for enhancing biosorption capacity.
The biosorption capacity was found to increase with contact time and initial malachite green
concentration. The biosorption of the dye was pH dependent and maximum uptake was
observed at a pH of 10. The experimental data were analyzed using Langmuir, Freundlich,
and Temkin equilibrium isotherm models. Langmuir isotherm (R2 = 0.98) was found to fit
the experimental data well. The biosorption kinetics of MG was found to follow pseudo-
second-order kinetic model (R2 = 0.967). The mechanistic study revealed that the biosorption
of malachite onto RSSB was controlled by film diffusion. The characteristics of the RSSB
biosorbent were studied using Fourier transform-infrared spectroscopy and scanning
electron microscopy.
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1. Introduction

Nowadays, one of the key environmental issues
faced by humanity is contamination of fresh water
with several industrial contaminants [1]. Among the
contaminants present in the industrial sewage, dyes
are the most undesired pollutant, which are easily rec-
ognized by human eye. Furthermore, it significantly
affects the photosynthetic activity in aquatic living sys-
tem. Some of the dyes are degraded into toxic com-
pounds which in turn have mutagenic or carcinogenic
effects on living beings [2]. Several methods have been
investigated for the removal of dyes from wastewater.
Chemical precipitation is a common conventional

treatment where a large quantity of chemical is neces-
sary for the dye treatment which in turn generates a
large volume of sludge [3,4]. Other treatment methods
are ion exchange, activated carbon, filtration, electroly-
sis, and reverse osmosis which requires high capital
investment and operational costs [5]. Thus, deliber-
ately there is a need of alternative low-cost method
that is more benign toward environment.

Therefore, much of the research works are focused
on biological methods for the treatment of dye-bearing
effluents [6–8], some of which are in the commercial-
ization process. Among the biological method of dye
decolorization, biosorption has been demonstrated to
be an invariable potential method to replace the
conventional method of dye removal. Biosorption is an
emerging technology which is highly effective,*Corresponding author.
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economical, and widely used for the treatment of the
textile effluent. It is the process based on the interac-
tion between biomaterial–contaminant resulting in the
sequestration of organic or inorganic pollutants [6].
Biosorption is the process of transfer of the dyes from
the aqueous phase to a solid phase; thus reduces the
degree of bioavailability in the environment [9]. The
success of biosorption process depends on various fac-
tors such as right choice of biomaterials, renewable
source, low cost, and their high sorption capacity [6]
for the removal of contaminant. Biosorption is a finish-
ing technology which completely removes the dye or
reduces to very small levels [10]. Regeneration of
biosorbent, greater efficiency, and ease of operation are
the significant advantages of this method. Hence, these
advantages together with their potent property have
richly admired the researchers to exploit the various
bio-resources as biosorbents for the wastewater treat-
ment [11]. Number of biosorbents including bacteria
[12], fungi [13], yeast [14], algae [15], and other agricul-
tural waste [16], have indomitable affinity to bind with
pollutants. The high biosorption capacity, easy avail-
ability, and low cost make the biosorption process
more attractive. The sequestration of dye can be done
by dead algal biomass. Particularly, macroalgae is sup-
posed to have a predominant adsorptive behavior.
Three main groups of macro algae are red algae, green
algae, and brown algae. Among these, brown alga has
peculiar properties like rich functional groups reusabil-
ity for several cycles of adsorption. The algae collected
from the ocean are recognized to have an impressive
biosorption capacity [17]. Sargassum, a well-acknowl-
edged species of brown algae are locally available in
plenty of quantity. These algal species found mainly in
the littoral zone of the marine environment are scat-
tered in the brackish environment and known to exhi-
bit as salt fenland fauna [18]. There are 13 different
orders coming under the brown algal division Phaeo-
phyta. Among those, Laminariales and Fucales are
abundantly available in the marine environment. It is
reported that they have lofty of biosorption potential
[19]. Fucales are noteworthy and diversified order with
a range of morphological diversity [19]. One of the
most excellent genus of Fucales testified for the
glorious biosorption is Sargassum. The biosorption per-
formance is also due to the presence of two common
moieties such as sulfate esters in the cellular polysac-
charides and the presence of polyuronides [20]. Hence,
the presence of functional groups in the uronic acids
and availability of sulfated moieties could obviously
serve as excellent ligand for the sorption of ions from
the aqueous solution [21]. Therefore, the present inves-
tigation was undertaken to assess biosorption capacity
of marine brown algae in the removal of cationic

malachite green dye from aqueous solution. In this
work, we have attempted to utilize the marine alga
Sargassum Swartzii as biosorbent for the removal of
malachite green from aqueous solution by batch pro-
cess. The batch experiments were aimed to optimize
the operational parameters. In the present study, the
biosorption isotherm and kinetics for the sequestration
of malachite green are also analyzed.

2. Materials and methods

2.1. Preparation of biosorbent

Raw S. Swartzii biomass (RSSB), collected from
Mandapam, Tamil Nadu, India, was washed with
large quantity of distilled water and sun-dried and
subsequently dried in oven at 60˚C for 24 h to remove
the complete moisture. Dried samples were ground to
an average particle size ranging from 0.5 to 1.0 mm
and consequently used for the biosorption experi-
ments without any further modification.

2.2. Dye solution and determination of dye concentration

Stock solution (1,000 mg/L) of dyes was dissolved
in the distilled water and diluted to get the desired
concentration of dyes. Fresh diluted dye solution was
prepared for each experiment. The initial pH of the
solution was adjusted with 1 mol/L of NaOH or HCl.
Standard curves were developed through the mea-
surement of absorbance at 617 nm at various concen-
tration of MG by UV–visible spectrophotometer (2201;
Systronics, India).

2.3. Characterization of biosorbent

The surface morphology of biosorbent and the
involvement of functional groups are characterized
using scanning electron microscopic (SEM) and Fourier
transform-infrared spectroscopy (FTIR), respectively.
Scanning electron micrograph shows the changes in the
surface texture before and after biosorption of dye.
Fourier transform infrared spectroscopy (FT-IR) spectra
of RSSB before and after MG biosorption was collected
in 4,000–500 cm−1 using FT-IR spectrophotometer
(Nicolet Avatar 370, Thermo Scientific, India). Further,
to know the percentage of elements C, H, N, and S in
percentage, the RSSB was analyzed using C-H-N-S
Analyzer (Vario EL III, Elementar, Germany).

2.4. Batch experimental program

Classical method of optimization is followed to
determine the important process parameters such as
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pH, contact time, biomass dosage, agitation rate,
temperature, initial dye concentration for the removal
of malachite green form aqueous solution. The experi-
ment was conducted in a 250 mL Erlenmeyer flask
with 100 mg/mL of dye solution. The flasks were agi-
tated at 150 rpm for 3 h in a rotary shaker by adding
0.1 g of biosorbent. The initial pH of the solution was
adjusted using 0.1 M HCl or NaOH in multiparameter
portable meter (H19829; Hanna Instruments, USA).
pH of the solution is monitored throughout the run
and controlled using the same chemicals. After attain-
ing equilibrium, the supernatant was withdrawn from
the reaction mixture and the residual dye content was
analyzed using double beam U-V spectrophotometer
at a wavelength of 617 nm. In biosorption isotherm
experiment, a predetermined quantity of biosorbent
was added to the varied concentration of malachite
green dye solution. Similarly, in batch kinetic experi-
ment, the biomass was added to the dye solution of
different initial concentration. At regular time inter-
vals, samples were withdrawn and subjected to U-V
analysis. The uptake of MG by RSSB was calculated
using the mass balance:

qe ¼ ðC0 � CeÞV
M

(1)

where V is the solution volume (L), M is the mass of
the biosorbent (g), and C0 and Ce are the initial
and equilibrium dye concentrations in the solution,
respectively.

The rate of biosorption was calculated by
conducting batch kinetic experiment in Erlenmeyer
flask. Biomass was added to the solution at different
concentration of MG dye and the samples were with-
drawn at periodic time intervals and subsequently ana-
lyzed for the dye concentration. The dye uptake at time
t, qt (mg/g), was estimated using the mass balance:

qt ¼ ðC0 � CtÞV
M

(2)

2.5. Desorption and regeneration studies

The reusability of the biosorbent is the peculiar
advantage of biosorption process. To assess the
biosorption capacity of spent biosorbent, the dye
loaded RSSB was subjected to the consecutive biosorp-
tion–desorption process. A maximum of three cycles
of biosorption–desorption process was carried out.
The spent RSSB was regenerated using 0.1 M HCl,
where dye loaded RSSB was agitated at 150 rpm, 30˚C

in Erlenmeyer flask containing 100 mL of 0.1 M HCl
for 60 min. The supernatant was subjected to the U-V
analysis and the dye uptake was determined.

3. Results and discussion

3.1. Characterization of biosorbent

3.1.1. SEM analysis

The morphology of the RSSB is obtained using the
scanning electron microscope to study surface charac-
teristics of the biosorbent [22,23]. The scanning elec-
tron micrograph shows morphological changes in the
surface texture before and after biosorption. Prior to
the biosorption process, the biosorbent is rough and
rigid as shown in (Fig. 1(a)) after the biosorption, the
surface of the biosorbent seems to have a smooth mor-
phological structure as shown in (Fig. 1(b)). This is
due to the biosorption of dye onto the surface of the
biomass [24]. Similar kinds of changes were noticed in
the biosorption of dye by various biosorbents such as
diatomaceous earth, Ricinum communis, and Tamarind
fruit shell [25–27].

3.1.2. FT-IR analysis

The possible interaction between the biomass and
dyes were investigated using the Fourier Transform
Infrared Spectroscope. Fig. 2(a) and (b) shows the
spectra before and after biosorption, respectively. The
spectra indicate the absorption signals and the
resultant functional groups present in the biomass.
FTIR-spectra were obtained in the range of 4,000–
500 cm−1. The absorption bands 3,478, 1,622, 1,356,
1,012, and 839 cm−1 which indicated the presence of
NH2, C=O, C–O, C–O, and C–H groups, respectively
(Fig. 2). Therefore, it is understood that the biomass
consists of heterogeneous surface with various classes
of active sites. Among these functional groups, amino
groups play a vital role in the biosorption of MG. The
other groups also have shown a less contribution in
the binding of cationic MG dye. In fact, the relative
importance of these functional groups depend on fac-
tors such as the quantity of sites, their accessibility,
chemical state, and affinity between site and dye
[28,29]. In most of the brown algae, carboxylic groups
are generally richly present in the functional groups.
About 70% of C=O groups are found in the dried
algal biomass. Generally, the adsorption capacity is
directly proportional to the presence of the active sites
on the alginate which is ubiquitously present in the
cell wall of brown algae both in the cell wall matrix
and in the mucilage or intercellular material. The
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polygulucronic acid can accommodate various mono-
valent and divalent ions. Also, they dimerizes in the
presence of calcium ions. The hydroxyl groups also
play an equal role in the biosorption of malachite
green. At pH 10, the hydroxyl groups in the polysac-
charides are negatively charged which enhances the
sorption process.

3.1.3. EDAX analysis

The elemental composition of the biosorbent is
obtained using EDAX analysis which provides the
elemental information by means of X-ray emission. In
the present investigation, RSSB was subjected to
EDAX analysis before and after biosorption. EDAX

(a) (b)

Fig. 1. Scanning electron microscopy images of S. swartzii: (a) before MG biosorption and (b) after MG biosorption.

Fig. 2. (a) FT-IR spectra of RSSB and (b) FT-IR spectra of dye-loaded RSSB.
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spectrum of RSSB indicated the presence of the natu-
ral species such as O, Na, Mg, Al, Si, S, K, Ca, and
Fe before MG biosorption (Fig. 3(a)). The response
signals were due to the emission of X-ray from the
biomolecules (proteins and polysaccharides) on the
surface of the biomass, whereas after biosorption
some of the elements like Na, Al, and Fe (Fig. 3(b))
disappeared which indicated the influence of the ele-
ments in the biosorption process. Thus, it revealed

that ion-exchange mechanism is involved in the
process of dye biosorption [30].

3.1.4. CHNS analysis

Based on the elemental composition, the percent-
age of carbon content in the RSSB is higher (Table 1).
So, RSSB is a highly carbon-containing molecule and
plays an important role in the biosorption of dye,

Fig. 2. (Continued).

Fig. 3. EDAX spectrum of S. swartzii: (a) before MG biosorption and (b) after MG biosorption.
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particularly the cellular polysaccharides and the
presence of polyuronides [20].

3.2. Effect of pH

Initial experiments pertaining to the effect of equi-
librium pH on dye removal revealed that alkaline con-
ditions suit well for the maximum and effective dye
removal. Thus at pH 10.0, there was maximum dye
uptake of 59.33 mg/g as shown in Fig. 4. When the
pH of the solution is decreased there is a reduction in
the dye uptake. It is because at a higher pH the bio-
mass surface gets negatively charged, which enhances
sorption of positively charged cationic dye through
electrostatic force of attraction and at lower pH, the
protonation occur on the cell wall of the biomass (i.e.)
formation of positive charged ions (H+) which
competes with cationic dye, therefore the sorption of
dye is decreased [31,32]. More works have been done
on biosorption of MG using various biosorbents. In
all of these works, the analysis over a pH range of
4–10 showed that there is a threefold increase in
decolorization.

3.3. Effect of biosorbent dosage

The effect of biosorbent dosage on the removal of
MG by RSSB at Co = 100 mg/L is shown in Fig. 5. It is
observed that as the biosorbent concentration
increased, there was a negative influence in the uptake
of the dye. The decrease in MG uptake at higher
adsorbent dose may be due to the competition of sor-
bate for the active sites available. This phenomena is
due to the splitting effect of flux (concentration gradi-
ent) between the sorbent and sorbate [31]. However,
percentage removal was increased due to rapid super-
ficial biosorption at an increased biosorbent dosage
and less solute concentration [33,34].

3.4. Effect of initial dye concentration and contact time

The effect of initial concentration on MG biosorp-
tion was investigated by varying the dye concentration
between 20 and 100 mg/L. A plot of dye uptake q vs.

time t at various initial dye concentrations is shown in
Fig. 6. The uptake of the dye was increased with an
increase in the initial dye concentration due to
increase in the driving force. At initial stage, dye
uptake was rapid on the external surface of the biosor-
bent followed by an internal diffusion which was the
rate controlling step. This happened mainly due to lar-
ger number of active sites available in the biosorbent
during the initial stage. Later, repulsion exerted and
the active sites were occupied, thus there was a delay
in the equilibrium attainment. Therefore, the initial
dye concentration comprising of larger ions competing
for the vacant active sites on the biosorbent resulted
in higher biosorption capacity which in turn increased
the dye uptake rate.

3.5. Effect of agitation

Agitation influences the biosorption of MG. Hence,
the effect of agitation was studied by varying the
agitation speed from 50 to 200 rpm using 1 g/L of
biosorbent and 100 mL of 100 mg/L of dye solution at

Table 1
CHNS analysis of RSSB

Element Percentage (%)

C 30.11
H 4.66
N 0.96
S 0.45
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Fig. 4. Effect of pH (V: 100 mL; C0: 100 mg/L; M: 0.1 g;
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pH 10.0. At lower agitation (50 rpm), the uptake of the
dye was recorded as 21.5 mg/g. But when the rate of
agitation was increased from 50 to 150 rpm there was
an appreciable increase in the uptake of the dye from
21.5 to 56.2 mg/g, respectively, as shown in Fig. 7. It
is basically due to the enhancement of turbulence, the
rate of diffusion of dye molecules from bulk liquid to
the liquid boundary layer surrounding the particle
becomes higher and decrease of thickness of the liquid
boundary layer. External sorption kinetic control plays
a significant role [35]. Further, increase in agitation
leads to the down regulation of dye uptake. This is
probably due to the collision of the sorbate molecules
which is attributed to an increase in desorption
tendency of dye molecules. Higher mixing results in
higher shear force which causes bond breakage
between MG and biosorbent [36].

3.6. Biosorption isotherms

In the design and analysis of biosorption process,
isotherms bestow a piece of information underlying

biosorption mechanism as well as the surface proper-
ties and affinity of the biosorbent. Generally, the
biosorption isotherms are the computation of the con-
centration of adsorbate in the bulk phase and interface
of biosorbent at equilibrium [37]. Three different
mathematical isotherm models (Langmuir, Freundlich,
and Temkin) were used for validating the experimen-
tal results. Langmuir is the most widely used model
for the description of adsorption process [38]. It has
two assumptions (a) the adsorbed molecules have no
further interaction between the adsorbate and (b) the
formation of saturated monolayer of solute molecules
on the surface of the adsorbent. The linearized form of
the Langmuir isotherm equation is as follows:

1

qe
¼ 1

KL qmax

1

Ce

� �
þ 1

qmax
(3)

where qe (mg/g) is the amount of dye adsorbed per
unit mass of the biosorbent and Ce (mg/L) is the
amount of adsorbed dye per unit mass of sorbent and
unadsorbed dye concentration in solution at equilib-
rium. qmax maximum uptake of dye per unit mass of
the biosorbent in order to form monolayer on the sur-
face of algal biomass at an equilibrium concentration,
and KL is a binding affinity constant related to the
affinity toward the sorbate (L/mg).

The plot of specific adsorption (1/qe) against the
equilibrium concentration (1/Ce) (Fig. 8) is linear. So it
is concluded that particular adsorption system obeys
the Langmuir model. The slope and intercept of the
plot reciprocates the Langmuir constants qmax and KL,
respectively, and are tabulated in Table 2.

The Langmuir separation factor RL is a dimension-
less constant which is the important characteristic of
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Langmuir isotherm. Langmuir isotherm is presented
in the following equation:

RL ¼ 1

1 þ KLC0ð Þ (4)

where C0 is the maximum initial concentration of
adsorbate (mg/L), and KL (L/mg) is Langmuir
constant.

The separation factor RL can be described on the
shape of isotherm either unfavorable (RL > 1), linear
(RL = 1), favorable (0 < RL < 1), or irreversible (RL = 0).
In the case of favorable isotherm, the RL values are
between 0 and 1. In the present study, biosorption of
MG onto RSSB, the RL value was found to be 0.617
(Table 3). Therefore, the adsorption is favorable.

Freundlich isotherm model describes the biosorp-
tion in a heterogeneous system [39]. It is being noted
that at pH 10 both KF and n (Freundlich constants)
reached their maximum values. Thereby, there is an
inclination in the biosorption capacity as well as the
affinity between biomass and dye [40]. The linearized
Freundlich equation is:

ln qe ¼ ln KF þ 1

n
ln Ce (5)

where KF (mg/g) is the biosorption capacity of the
sorbent and n represents the biosorption favorability.
The purpose of Freundlich isotherm is that the deduci-
ble constants are integrated in these isotherms. The
degree of exponent, 1/n describes the favorability of

biosorption process. Suppose, n > 1 then it naturally
reflects that adsorption is favorable [41]. A plot
(Fig. 9) of ln(qe) against ln(Ce) derived from linearized
Freundlich equation is used to determine the constant
values KF and 1/n.

The Temkin isotherm model takes into account the
interactions between adsorbate and adsorbent species.
Temkin isotherm assumes that the heat of adsorption
decreases linearly on a surface [42] and the molecules
adsorbed over the surface are epitomized with consis-
tent binding energies up to a notable maximum value.
Consequently, Temkin and Pyzhev suggested that due
to the effect of indirect interaction of sorbate
molecules, there is a significant reduction in the heat
of adsorption of the sorbate on the surface of
the adsorbent. The linearized Temkin isotherm is
presented as follows:

qe ¼ B ln A þ B ln Ce (6)

where B = RT/b, b is the Temkin constant related to
heat of sorption (J/mol); A is the Temkin isotherm
constant (L/g), R the universal gas constant
(8.314 J/mol K), and T the absolute temperature (K).

Table 2
Langmuir, Freundlich, and Temkin isotherm model con-
stants and correlation coefficients for adsorption of MG
onto RSSB

Isotherm Parameters

Langmuir
qmax (mg/g 76.92
KL (L/mg) 0.0062
R2 0.998

Freundlich
KF (mg/g) 7.830
n 1.862
R2 0.980

Temkin
A (L/g) 1.750
B 17.20
R2 0.987

Table 3
Langmuir separation factor for RSSB

Initial MG dye concentration (mg/L) RL

20 0.889
40 0.801
60 0.728
80 0.668
100 0.617

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 1 2 3 4 5

ln
 q

e

ln Ce

Fig. 9. Freundlich isotherm for MG sorption onto RSSB at
30˚C.
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Therefore, by plotting qe vs. ln Ce the constants A
and B are determined as shown in Fig. 10. The con-
stants A and B are listed in Table 2.

The experimental data were analyzed using
Langmuir, Freundlich, and Temkin isotherms. From the
analysis, the experimental data of MG biosorption onto
RSSB fitted well with Langmuir isotherm than with
Freundlich and Temkin isotherms as in Table 2. The
results indicated the homogeneous nature of biosorbent
by the monolayer coverage on surface between the
sorbed molecules. The maximum Langmuir biosorption
capacity was found to be 76.92 mg/g. Table 4 compares
the bisorption capacity of different types of adsorbent
used for removal of MG. The most important parameter
to compare is the qmax value since it is a measure of
adsorption capacity of the biosorbent. The value of qmax

in this study is larger than those in most of previous
works. This suggests that MG could be easily adsorbed
on surface of RSSB.

3.7. Biosorption kinetics

Lagergren pseudo-first-order model [51] is
presented as follows:

log qe � qtð Þ ¼ log qe � k1t

2:303
(7)

A linear plot of log(qe − qt) vs. time gives the rate con-
stant of the reaction. The linearity of the plot with
good coefficient of determination indicated Lagergren
pseudo-first-order model is appropriate to the biosorp-
tion of MG onto RSSB [52]. In the present investiga-
tion, respective constants of the first-order kinetics (k1)
and qe are evaluated from the Lagergren’s model and
presented along with their corresponding R2 values in
Table 4.

The linearized pseudo-second-order kinetics can be
expressed as [53]:

t

qt
¼ 1

k2 q2e
þ t

qe
(8)

where (qe) equilibrium adsorption capacity and
k2 (g/mg h), the second-order constant can be deter-
mined from the plot of t/qt vs. t. The values of k2 and
qe are computed from the model and are presented
along with their respective correlation coefficients in
the Table 5. In pseudo-second-order model, it is
assumed that the sorption capacity is proportional to
the number of active sites occupied on the sorbent,
hence the kinetic rate law [53] can be written as:

t

qt
¼ 1

h
þ t

1

qe

� �
(9)

where h = k2/q
2
e . The values (1/h) and qe can be deter-

mined from the intercept and slope, respectively, from
a linear plot of t/qt and time.

From Table 5, it is observed that the experimental
data fitted well with pseudo-second-order model than
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Fig. 10. Temkin isotherm for MG sorption onto RSSB at
30˚C.

Table 4
Comparison of biosorption capacities of various adsorbents for Malachite Green

Adsorbents qmax (mg/g) T (˚C) Refs.

RSSB 76.92 30 This study
Turbinaria conoides 66.6 30 [43]
Pleurotus ostreatus 32.33 25 [44]
Arundo donax root carbon 8.70 30 [45]
Bentonite clay 7.72 35 [46]
Tamarind fruit shell 1.95 30 [47]
Immobilized S. Cerevisae 17.0 35 [48]
Cellulose powder 2.42 25 [49]
Rubber wood sawdust 25.8–36.3 – [50]
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with pseudo-first-order model. Hence, the pseudo-sec-
ond-order model better represented the adsorption
kinetics.

3.8. Mechanism of biosorption

The two familiar kinetic models such as pseudo-
first-order model and pseudo-second-order model
have failed to explain the mechanism and rate-limiting
steps in the biosorption process. Hence, the study was
extended to deal with Weber and Morris intra-particle
diffusion model [54] and Boyd kinetic plot. The trans-
fer of solute from solid to liquid biosorption process is
characterized by the film diffusion and/or particle dif-
fusion [55]. The following steps occur repeatedly dur-
ing the biosorption of MG onto RSSB (film diffusion):

(1) Transfer of sorbate (MG) from the bulk solu-
tion to the exterior solid (RSSB) surface (film
diffusion).

(2) Diffusion of MG into the pores of RSSB—trivial
amount of biosorption in the exterior surface of
RSSB is neglected (particle diffusion).

(3) A considerable amount of biosorption of MG
on the interior surface of RSSB [29].

To study the adsorption mechanism, the kinetic
data of adsorption are fitted into intra-particle diffu-
sion equation and Boyd kinetic equation.

3.8.1. Intra-particle diffusion

Intra-particle diffusion model empirically noted
that most common functional relationship to describe
the mechanism of adsorption process. Weber’s intra-
particle diffusion equation [54] illustrates the mecha-
nism and the rate controlling steps which causes the
adsorption kinetics. The experimental data are fitted
with the Weber’s intraparticle diffusion. The diffusion
mechanism is obtained by elucidating the kinetics
with the intraparticle diffusion model. The model is
expressed as:

qt ¼ Kidt
1=2 þ C (10)

where C and kid are intercept and intraparticle diffu-
sion rate constant (mg/g h1/2), respectively, the values
can be evaluated from the plot qt vs. t1/2 [54] and
listed in Table 5. The boundary layer effect explains
the rate controlling steps. The intercept of the plot rep-
resents the boundary layer effect. Larger the intercept,
greater the contribution of the surface sorption in the
rate controlling step. If the plot qt vs. t1/2 is linear and
the regression of the line passes through the origin,
one can say that rate-limiting step is governed by
intraparticle diffusion. However, in the present study
at various concentrations, an absolute linearity was
not obtained, and hence they did not pass through the
origin (R2 < 0.93). This clearly illustrates that the intra-
particle diffusion was not only the sole rate controlling
step. Also, it can be seen from the small value of the
intra-particle diffusion constant that the boundary
layer has less significant effect on the diffusion mecha-
nism of dye uptake with the algal biosorbent.

3.8.2. Boyd kinetic model

The slow biosorption of MG on to RSSB is vali-
dated by subjecting the experimental data to Boyd
kinetic model analysis. The Boyd kinetic equation is:

F ¼ qt
qe

¼ 1� 6

p2
eð�BtÞ (11)

Eq. (11) rearranged and written as [31]:

Bt ¼ �0:4977� lnð1� FÞ (12)

where qe is the equilibrium biosorption capacity
(mg/g), qt is the biosorption capacity at any time
(mg/g), F is the fraction of MG adsorbed at any time
(t), and Bt is a function of F. The linear plot of “Bt vs.

Table 5
Kinetic parameters for the MG biosorption onto RSSB

Kinetic model Parameters

Pseudo-first-order
K1 (1/min) 0.018
R2 0.917

Pseudo-second-order
K2 (g/mg min) 0.001
R2 0.988
h (mg/g min) 1.79 × 10−5

qe,cal (mg/g) 90.90 55.56

Intraparticle diffusion
Kid (mg/g h1/2) 3.744
C 10.02
R2 0.824

Boyd Kinetic model
B 0.021
Di 4.185 × 10−5

R2 0.898
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t” indicates that particle diffusion is the slowest step
in the biosorption of MG on to RSSB. In the present
study, an absolute linearity was not obtained at vari-
ous concentrations hence they did not pass through
the origin (R2 < 0.93) which indicated that film diffu-
sion controls the biosorption of MG onto RSSB. The
constant values are obtained from the plot and tabu-
lated in Table 5. The biosorption diffusion coefficient
Di (m

2/s) is calculated using the following equation:

B ¼ p2Di

r2
(13)

where Di is the effective diffusion coefficient and r is
the radius of RSSB.

3.9. Thermodynamic studies

Biosorption is a temperature-dependent process.
Thermodynamic analysis of equilibrium sorption data
assist to determine the spontaneity and heat exchange
of malachite green biosorption onto the RSSB as well
as gives a brief knowledge on the thermodynamic
parameters such as change in free energy (ΔG),
enthalpy (ΔH), and entropy (ΔS). The Gibbs free
energy change for biosorption of MG onto RSSB is
estimated using the following expression:

DG� ¼ �RT ln Kc (14)

Vant Hoff’s equation gives a general relation between
the standard enthalpy change and standard entropy
change which is expressed as follows:

ln Kc ¼ �DH�

RT
þ DS�

R
(15)

where Kc is equilibrium constant for sorption, R gas
constant, T temperature (K). The value of ΔH˚ was cal-
culated from the slope of the linear regression of ln Kc

vs. 1/T. The Kc value was determined by the relation
given below:

Kc ¼ qe
Ce

(16)

where qe denotes the quantity of MG adsorbed on
RSSB at equilibrium (mg/L), Ce is the malachite green
in solution at equilibrium concentration (mg/L).
Table 6 illustrates the thermodynamic parameters that
were calculated by above equations. ΔG˚ gives a hint
about the type of adsorption. In the present investiga-
tion, negative ΔG˚ value indicates the feasibility and
spontaneous nature for the biosorption of malachite
green. Hence, it confirms the affinity of RSSB for MG
sorption. Another thermodynamic parameter, ΔH˚ was
found to be positive, which indicates the endothermic
nature of the biosorption processes. In addition, the
positive standard entropy reveals that there is an
increase in randomness at the solid–liquid interface
during the sorption of MG onto the surface of RSSB.

3.10. Desorption and regeneration studies

Regeneration and recycle of the spent biosorbent
are novel features of the biosorption process which
can be executed by means of the desorption process.
RSSB is effectively utilized for the biosorption of MG.
From this study, it was observed that the biosorption
capacity of RSSB tends to reduce after each cycle of
operation viz 57.2, 49.5, and 35.67 mg/g, respectively.
Thus, it is understood that RSSB has good biosorption
capacity due to the presence of thick thallus [17]. The
acid treatment eliminates the impurities and other sor-
bate molecules and creates vacancy of binding sites in
the biomass.

4. Conclusion

RSSB is found to be an effective biosorbent for the
sequestration of dye bearing wastewater. RSSB is a
low-cost biosorbent which is effectively utilized for
the removal of MG from aqueous solution. The SEM
images of RSSB before and after biosorption have
revealed the effective biosorption of MG. The opti-
mization of physical parameters were carried out by

Table 6
Thermodynamic parameters of RSSB at different temperature

Temp. (K) KC ΔG˚ (kJ/mol) ΔH˚ (kJ/mol) ΔS˚ (kJ/mol/K)

303 1.164 −383.69 37604.22 125.29
313 1.816 −1,554.09
323 2.968 −2,922.02
333 4.405 −4,105.80
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varying pH, biosorbent dosage, initial dye concentra-
tion, agitation rate, contact time, and temperature for
the maximum removal of MG. Biosorption Isotherm
was analyzed by Langmuir, Freundlich, and Temkin
models for the experimental data. Of which, Langmuir
model fits well with the experimental data and the
Langmuir monolayer biosorption capacity is found to
be 76.92 mg/g. The biosorption kinetics was better to
be explained by pseudo-second-order rather than the
pseudo-first-order. In addition, Boyd kinetic study has
explained the mechanism behind the biosorption of
MG and it revealed that film diffusion controlled the
biosorption process. Desorption and regeneration
studies have showed that RSSB has immense property
of reusability with minor decrease in biosorption
capacity. In a nutshell, RSSB is a most promising
biosorbent which can be used for the treatment of dye
bearing wastewater.
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