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This work presents an alternative methodology for removal of a dyestuff, Rhodamine 6G (R6G), from
aqueous solutions by using a new biosorbent, almond shell (Prunus dulcis), in a batch biosorption technique.
The characterization of the biosorbent was performed by using FTIR and SEM techniques. The biosorption
characteristics of R6G onto almond shell (AS) was investigated with respect to the changes in initial pH of
dye solutions, contact time, initial R6G concentration, AS concentration, temperature etc. The influences of
ionic strength on the biosorption process were also investigated. The biosorption kinetics was followed by
pseudo-second-order model for all investigated initial R6G concentrations. Experimental data showed a good
fit with both the Langmuir and Freundlich isotherm models. The monolayer biosorption capacity of AS was
found to be 32.6 mg g−1 by using Langmuir model equations. Thermodynamic parameters including the
Gibbs free energy (ΔGo), enthalpy (ΔHo), and entropy (ΔSo) changes indicated that the biosorption of R6G onto AS
was feasible, spontaneous and endothermic in the temperature range of 0–40 °C.

Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.
1. Introduction

Most of the industries including textiles, pulp mills, leathers,
plastics, cosmetics, foods and pharmaceuticals require the use of
various raw materials and chemicals so the resulting wastewaters
contain many harmful elements and compounds such as organic
materials and heavy metals. Among the different organic compounds
released along with industrial effluents, dyes and pigments are one of
the most dangerous and considerable water pollutants since some
dyes cause toxic or mutagenic, teratogenic and carcinogenic effects on
aquatic life and also on humans when present in waters even at low
concentrations [1,2]. The presence of dyes in natural streams reduces
light penetration, retards photosynthetic activity, inhibits the growth
of biota, and also has a tendency to chelate metal ions that produce
micro-toxicity to fish and other organisms [3]. In addition, as a result
of direct contact, inhalation or ingestion of dyes can cause eye burns,
rapid or difficult breathing, nausea and vomiting, etc. on humans [4].
There are many structural varieties of dyes, such as acidic, basic,
disperse, azo, diazo, anthroquinone based and metal complex dyes.

The dye R6G, used in present study, is a basic dye and used widely
in acrylic, nylon, silk, and wool dyeing [5]. Because of the common
utilization of R6G in industrial applications, the removal of it from
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industrial wastewaters is important in terms of protection of public
health, environment and aquatic life.

The methods employed for removal of dyes from contaminated
wastewaters include coagulation, flocculation, biological oxidation,
solvent extraction, chemical precipitation, reverse osmosis, ion
exchange, filtration, and membrane processes, etc. [6]. Most of these
techniques have significant disadvantages including incomplete dye
removal, high reagent and energy necessity, low selectivity, high
capital and operational cost and generation of secondary wastes that
are difficult to be disposal. On the other hand, the development of
biosorption technique represents a powerful alternative for the
removal of dyes and also other pollutants like heavy metals from
industrial wastewaters. Biosorption is the process by which a solid
living or non-living biosorbent can attract a component to its surface
in aqueous solution and form an attachment via a physical or chemical
bond, thus removing the component from the liquid phase. The major
advantages of biosorption over conventional treatment methods
include; low cost, high efficiency, minimization of chemical or
biological sludge, no additional nutrient requirement, regeneration
of biosorbent and possibility of sorbate recovery [7,8]. The agricultural
and forestry products have a great potential to be used as biosorbents.
Some of the reported low cost biosorbents include palm ash [9], de-
oiled soya [10], broad bean peels [11], durian peel [12], rice husk [13],
Nordmann fir leaves [14] and neem sawdust [15], etc. These types of
biosorbents contain polysaccharides and proteins having various
functional groups such as carboxyl, hydroxyl and phosphates [16]. The
biosorption of dye molecules by these materials might be associated
with these functional groups.
hts reserved.

mailto:senturk@ktu.edu.tr
mailto:duyguozdes@hotmail.com
mailto:cduran@ktu.edu.tr
http://dx.doi.org/10.1016/j.desal.2009.10.021
http://www.sciencedirect.com/science/journal/00119164


Fig. 1. SEM of (a) AS and (b) R6G loaded AS (magnification: 500×).

82 H.B. Senturk et al. / Desalination 252 (2010) 81–87
The AS is one of the most abundant, effective and cheap material.
Hence, the AS was selected as a biosorbent for removal of R6G from
aqueous solutions, in this study. ‘AS’ is the name of ligneous material
forming the thick endocarp or husk of the almond tree, scientifically
known as Prunus dulcis. When the fruit is processed to obtain the
edible seeds, big ligneous fragments are separated. These materials
remain available as a waste product for which no important industrial
use has been developed [17].

The aim of present study was to evaluate the applicability of a new
biosorbent, AS (P. dulcis), in removal of R6G from aqueous solutions
by biosorption process. The different parameters such as initial
solution pH, contact time, initial R6G and AS concentration,
temperature and ionic strength were evaluated. The isotherm and
kinetics as well as thermodynamic parameters for the adsorption of
R6G dye onto the AS were calculated.

2. Materials and methods

2.1. Sorbate: R6G

The dye R6G, used in present study, is a cationic dye. Its Colour
Index is (CI) 45,160, chemical formula is C28H31ClN2O3, formula
weight (FW) is 479.02 g mol−1, and absorbance maximum (λmax) is
547 nm.

2.2. Preparation of biosorbent

The AS, (P. dulcis) which was used as a biosorbent in this study,
collected from a local market in Turkey. Before use, it was washed
with deionized water for several times to remove surface impurities
then dried for 4 days at 40 °C. The dried AS samples were ground in a
blender and sieved to obtain a particle size of b150 μm and stored in
glass containers to use for biosorption experiments.

2.3. Biosorption experiments

All chemicals were of analytical reagent grade and were purchased
from Merck (Darmstadt, Germany). All glassware and sample bottles
were cleaned by soaking overnight in 10% (w/v) HNO3 and the rinsing
with deionized water for several times. A stock solution of R6G was
prepared as 5000 mg L−1 in deionized water. The required concen-
tration of R6G solutions were prepared by appropriate dilutions of the
stock solutions. The initial pH of the solutions was adjusted to 8.0 by
using either 0.1 M HCl or 0.1 M NaOH solutions. The biosorption tests
of R6G onto AS were studied by using a batch process by mixing
100 mg of AS (10 g L−1) with 10 mL of R6G solutions in the
concentration range of 100–1000 mg L−1 in a polyethylene centrifuge
tube. The mixtures were agitated at a speed of 400 rpm on a
mechanical shaker (Edmund Bühler GmbH) for 2 h to reach
equilibrium. After equilibrium, the biosorbent was separated from
the dye solution by filtration using 0.45 μm nitrocellulose membrane
(Sartorius Stedim Biotech. GmbH) and the remaining concentrations
of R6G in the filtrate were determined by using a double beamUV–Vis
spectrophotometer (Unicam UV-2) at wavelength of 547 nm. All of
the experiments were triplicated to check the reproducibility of data
and the averages of the results were used for data analysis. The
concentration retained in the biosorbent phase (qe, mg g−1) was
calculated by using the following equation;

qe =
ðCo−CeÞV

ms
ð1Þ

Co (mg L−1) is the initial concentration of R6G solution, Ce (mg L−1)
is the equilibrium concentration of R6G in aqueous solution, V (L) is the
volume of solution,ms (g) is themass of the biosorbent and qe (mg g−1)
is the calculated R6G biosorption amount onto AS.
3. Results and discussion

3.1. Fourier Transform Infrared (FTIR) Spectroscopy and Scanning
Electron Microscopy (SEM) studies

The IR spectra of the AS and R6G loaded AS were obtained to
determine the surface functional groups by using Perkin Elmer 1600
FTIR spectrophotometer. The positions of the peaks obtained from
FTIR spectra of AS and R6G loaded AS were approximately similar but
the band intensities decreased from 56 to 52% in the FTIR spectrum of
R6G loaded AS, as expected (figure not shown). The FTIR measure-
ments show the presence of following groups: O–H (3400 cm−1;
stretch vibration), C–H aromatic and aliphatic (2930 cm−1; stretch
vibration), C=O (1740 cm−1; stretch vibration), C=C aromatic (1608
and 1505 cm−1; stretch vibration), C–H (1465 and 1378 cm−1;
deformation vibration) and C–O (1040 cm−1; stretch vibration).
Similar results were obtained by Estevinho et al. [18] with
pentachlorophenol adsorption by AS residues.

SEM analyses were applied on the AS and also R6G loaded AS by a
JSM 6400 Scanning Microscope apparatus in order to disclose the
surface texture and morphology of the biosorbent. The SEM micro-
graphs of AS and R6G loaded AS are shown in Fig. 1a and b. The AS has
considerable numbers of heterogeneous pores where there is a good
possibility for R6G trapped and biosorbed. The structure of AS
changed upon R6G biosorption and exhibited a tendency to form
agglomerates.



Fig. 3. Effect of contact time and initial R6G concentration.

83H.B. Senturk et al. / Desalination 252 (2010) 81–87
3.2. Effect of initial pH

The pH of the dye solution is one of the most important variables
because the protonation of the functional groups on the biosorbent
surface, and the chemistry of dyemolecules are strongly affected by the
pH of the solution. The effect of initial solution pH on the biosorption of
R6Gwas evaluated over a range of pH values from 3 to 9 by using initial
R6G concentration of 100 mg L−1 and AS concentration of 10 g L−1

(Fig. 2).
The amount of dye uptake increased from4.3 mg g−1 (43% removal)

to 8.8 mg g−1 (88% removal) for an increase at pH value from 3 to 9. At
lower pH values, the number of negatively charged biosorbent sites
decreased so the surface of the biosorbent was associated with
hydronium ions. As the pH of the dye solution decreased, the
electrostatic repulsion between positively charged dye cations and AS
surface sites and also competing effects of hydronium ions with dye
cations increased so the uptake of R6G decreased. On the other hand, in
alkaline medium, the biosorbent surface sites were more negatively
charged so the electrostatic interaction of R6G with negatively charged
biosorbent surface increased which favored the removal of dye cations
[19]. As a result, initial pH was selected as 8.0 for further biosorption
experiments.

3.3. Effect of contact time and initial R6G concentration

The effects of initial concentration of R6G on the rate of dye
biosorption onto AS were studied at a constant AS concentration
(10 g L−1) and at different initial R6G concentration (100, 400, 600 and
1000 mg L−1) at initial pH 8.0 for different time intervals from 1 to
480 min at room temperature (Fig. 3). The R6G uptake was rapid for the
first 30 min for all investigated initial dye concentrations, and there-
after it continued at a slower rate and finally reached to the saturation.
This may be explained by the fact that the biosorption sites were open
at the beginning of the biosorption so R6G interacted easily with these
sites. The equilibrium was attained within the contact time of 60 min
for the initial dye concentrations of 100, 400 and 600 mg L−1 and the
contact time of 120 min for the initial dye concentration of 1000 mg L−1.
After these periods of time, the concentration of R6G in liquid phase
remained almost constant. In order to make sure whether the sufficient
contact time was obtained, further biosorption experiments were
carried out for 120 min.

At equilibrium, the amount of R6G uptake increased from 8.8 to
23.5 mg g−1 whereas biosorption percentage decreased from 73 to
22.4% with increasing the initial R6G concentration from 100 to
1000 mg L−1. This can be explained by the fact that the initial R6G
Fig. 2. Effect of pH on R6G uptake by AS (initial R6G conc.: 100mg L−1, AS conc.: 10 g L−1,
contact time: 2 h).
concentration acts as a driving force to overcome mass transfer
resistance for R6G transport between the solution and the surface of
the AS. At lower concentrations almost all the dye molecules were
biosorbed quickly on the surface, but increasing in initial R6G
concentrations led to fast saturation of AS surface so most of the
dye molecules diffuse slowly inside the pores [5].

3.4. Effect of AS concentration

The effects of AS concentration on the uptake of R6G from
aqueous solutions were studied by using initial R6G concentration
of 410 mg L−1 at initial pH 8.0 and varying AS concentration from
1.0 to 20.0 g L−1. As the AS concentrations were increased from 1 to
20 g L−1, the equilibrium biosorption capacity of AS, qe, decreased
from 30 to 9.5 mg g−1, whereas, the R6G removal efficiency
increased from 14.3 to 90.5% (Fig 4). The increase in biosorption
percentage of R6G was probably due to the increased more
availability of active biosorption sites with the increase in AS
concentration. However the decrease in equilibrium biosorption
capacity can be explained with the reduction in the effective surface
area. In other words, the biosorbent surface sites remain unsaturated
during the biosorption process [20].
Fig. 4. Effect of AS concentration on R6G uptake (pH: 8.0, initial R6G conc.: 410 mg L−1,
contact time: 2 h).
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3.5. Effect of temperature

Temperature has significant effects on the biosorption efficiency
depending on the structure and surface functional groups of a sorbent.
Hence the effect of temperature on the biosorption of R6G onto AS
was investigated in the temperature range of 0–40 °C by using initial
R6G concentration of 100 mg L−1 at initial pH 8.0 and AS concentra-
tion of 10 g L−1. The temperature of R6G solutions was controlled by a
cryostat (Nüve BD 402, temperature range from−10 to +40 °C). The
biosorption of R6G onto AS increased from 6.0 mg g−1 (60% removal)
to 8.5 mg g−1 (85% removal) when the temperature increased from 0
to 40 °C, indicating that the biosorption process was endothermic in
nature. The increase in the biosorption capacity of AS with
temperature may be results of increase in the mobility of dye cations
and also increase in number of available active surface sites on the AS
for biosorption.
3.6. Effect of ionic strength

The removal efficiency of dyes may be changed with different
concentrations of electrolytes present in the dye medium, hence the
effects of ionic strength on the uptake of R6G from aqueous solutions
should be studied. For this, biosorption studies were carried out by
adding various concentrations (in the range of 0.01–0.2 M) of KCl,
Na2SO4 and NaNO3 solutions individually, in 105 mg L−1 of R6G
solutions containing 10 g L−1 of AS, and the present biosorption process
was applied to these solutions. The amount of R6G removal was
influenced by the presence of electrolytes. In the absence of salts the
amount of R6G uptake was 8.8 mg g−1 (84% removal). It was observed
that, at lower concentrations of Na2SO4 and NaNO3 solutions (in the
range of 0.01–0.1 M), the R6G uptake was found to gradually increase,
which can be explained by the salting out effect [21] whereas as the
concentrations of Na2SO4 and NaNO3 were increased from 0.1 to 0.2 M,
the amount of R6G uptake decreased from 8.9 and 8.7 mg g−1, to 8.5
and 8.3 mg g−1, and percentage removal efficiency decreased from85.0
and 83.2% to 81.0 and 79.0%, respectively. As the concentration of KCl
was increased from 0 to 0.2 M, the amount of R6G uptake decreased
from 8.8 mg g−1 (84.0% removal) to 5.0 mg g−1 (48% removal) (Fig. 5).
The interfere effects of KCl salt was much more apparent than those of
Na2SO4 and NaNO3 salts. These results can be attributed by the fact that
the active sites of the biosorbent may be blocked in the presence of KCl
salt and higher concentrations of Na2SO4 and NaNO3 salts so R6G
molecules are hindered to bind the surface of the biosorbent.
Fig. 5. Effect of ionic strength on the R6G uptake (pH: 8.0, initial R6G conc.: 105 mg L−1

AS conc.: 10 g L−1, contact time: 2 h).
3.7. Biosorption isotherms

Sorption isotherms define the equilibrium relationship between
sorbent and sorbate. In other words, how the sorbed molecules
interact with sorbents when the sorption process approaches to an
equilibrium state can be described by sorption isotherms [22].
Sorption isotherms also ensure many fundamental physicochemical
data to estimate the applicability of sorption processes. Sorption
isotherms are characterized by certain constants which values express
the surface properties and affinity of the sorbent and can also used to
find the sorptive capacity of a mass [23]. Different isotherm models
are available, and two of them are selected in this study: Langmuir and
Freundlich models, due to their simplicity and reliability.

3.7.1. Langmuir isotherm model
The Langmuir isothermmodel predicts the existence of monolayer

coverage of the sorbate molecules over a homogeneous sorbent
surface, and there is no important interaction among the sorbed
species. The Langmuir model also assumes that the sorbent surface
contains only one type of binding site so the energy of sorption is
constant. The Langmuir isotherm model has the following form [24];

qe =
bqmaxCe

1 + bCe
ð2Þ

where qe (mg g−1) is the amount of the dye sorbed per unit mass of
sorbent, Ce (mg L−1) is the equilibrium dye concentration in the
solution, qmax (mg g−1) is the Langmuir constant related the
maximum monolayer sorption capacity and b (L mg−1) is the
constant related to the free energy or net enthalpy of adsorption.
The Langmuir model in linear form;

Ce

qe
=

Ce

qmax
+

1
bqmax

ð3Þ

The linear plot of Ce/qe versus Ce shows that sorption obeys the
Langmuir model and the constants qmax and b are evaluated from
slope and intercept of the linear plot, respectively.

The essential characteristics of Langmuir isotherm can be described
bymeans of ‘RL’ a dimensionless constant referred to as separation factor
or equilibrium parameter. RL can be calculated using the following
equations [25];

RL =
1

1 + b:Co
ð4Þ

whereCo (mg L−1) is the initial concentration of sorbate and b (Lmg−1)
is the Langmuir constant described above.

The RL parameter is considered as more reliable indicator of
sorption. There are four probabilities for the RL value:

• for favorable sorption 0bRLb1,
• for unfavorable sorption RLN1,
• for linear sorption RL=1,
• for irreversible sorption RL=0.

The experimental equilibrium data of R6G were compared with the
theoretical equilibrium data obtained from Langmuir isotherm model
(Fig 6). The adsorption data were analyzed according to the linear form
of Langmuir isotherm (Eq. (3)). The values of qmax and b obtained from
the slope and intercept of the linear plot of Ce/qe versus Ce (figure not
shown)were found to be 32.6 mg g−1 and 0.0035 L mg−1 respectively,
with correlation coefficient (R2) of 0.981. The RL values ranged from
0.214 to 0.700 between 100 and 1000 mg L−1 of initial R6G concentra-
tion and approached zero with increase in the Co value, indicated that
the AS is a suitable biosorbent for the biosorption of R6G from aqueous
solutions. From the results, the biosorption pattern of R6G onto AS was



Fig. 6. Equilibrium isotherms of R6G onto AS.
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well fitted with the Langmuir isotherm model. This may be due to
homogeneous distribution of active sites on the surface of the AS.

3.7.2. Freundlich isotherm model
The Freundlich isothermmodel assumes a heterogeneous sorption

surface with sites that have different energies of sorption and
provides no information on the monolayer adsorption capacity [26].
The Freundlich model has the form;

qe = KfC
1 = n
e ð5Þ

where Kf is a constant related to sorption capacity (mg g−1) and 1/n is
an empirical parameter related to sorption intensity. The value of n
varies with the heterogeneity of sorbent and gives an idea for the
favorability of sorption process. The value of n should be less than 10
and higher than unity for favorable sorption conditions.

The Freundlich model in linear form;

ln qe = lnKf +
1
n
lnCe ð6Þ

The experimental equilibrium data of R6G were also compared
with the theoretical equilibrium data obtained from Freundlich
isotherm model (Fig. 6). The values of Freundlich constants, Kf and
1/n, were obtained according to the linear form of the Freundlich
isotherm (Eq. (6)) and found to be 0.740 mg g−1 and 0.532
respectively, with correlation coefficient (R2) of 0.989. The Freundlich
constant 1/n was smaller than unity indicated that the biosorption
process was favorable under studied conditions. It is clear that the
biosorption pattern of R6G onto AS was well fitted with both the
Langmuir and Freundlich isotherm models. This may be due to both
homogeneous and heterogeneous distribution of active sites on the
surface of the AS.
Table 1
Parameters of pseudo-first-order, pseudo-second-order and intraparticle diffusion model.

Co
(mg L−1)

qe exp

(mg g−1)
Pseudo-first-order Pseudo-second-order

qe cal

(mg g−1)
k1
(min−1)

R2 qe cal

(mg g−1)
k2
(g mg−1 min−1

100 8.9 1.58 −0.013 0.824 8.91 0.066
400 14.4 3.44 −0.017 0.873 14.45 0.035
600 19.9 4.86 −0.017 0.869 19.92 0.024
1000 24 8.33 −0.016 0.927 24.15 0.011
3.8. Biosorption kinetics

In order to predict the mechanism of the present biosorption
process and evaluate the performance of the biosorbent for dye
removal, three well-known kinetic models were used to fit the
experimental data; pseudo-first-order, pseudo-second-order and
intraparticle diffusion models.

3.8.1. Pseudo-first-order model
The pseudo-first-order kinetic model was described by Lagergren

[27];

dq
dt

= k1ðqe−qtÞ ð7Þ

where qe (mg g−1) and qt (mg g−1) are the amounts of the dye
biosorbed on the biosorbate at equilibrium and at any time t,
respectively; and k1 (min−1) is the rate constant of the first order
model. After integration and applying boundary conditions qt=0 at
t=0 and qt=qt at t= t the integrated form of Eq. (7) becomes;

lnðqe−qtÞ = ln qe−k1t ð8Þ

A straight line of ln(qe−qt) versus t suggests the applicability of
this kinetic model and qe and k1 can be determined from the intercept
and slope of the plot, respectively.

It is important to notice that the experimental qe must be known
for the application of this model. Table 1 shows the pseudo-first-order
constants, qe and k1, along with the corresponding correlation
coefficients for investigated initial R6G concentrations. The calculated
qe cal values were not in a good agreement with the experimental
values of qe exp and the correlation coefficients were found in the
range from 0.824 to 0.927, which were relatively low. There was a
deviation from the straight line of ln(qe−qt) versus t (figure not
shown) after the first 30 min for all investigated initial dye
concentrations, indicating that the pseudo-first-order model was
only applicable for the first 30 min of biosorption. These observations
suggested that the pseudo-first-order model is not suitable for
modeling the biosorption of R6G onto AS.

3.8.2. Pseudo-second-order model
The pseudo-second-order model based on the assumption that the

rate-limiting step is chemical sorption or chemisorption involving
valance forces through sharing or exchange of electrons between
sorbent and sorbate as covalent forces [28,29]. The model has the
following form [30];

dq
dt

= k2ðqe−qtÞ2 ð9Þ

where k2 (g mg−1 min−1) is the rate constant of the second-order
equation; qe (mg g−1) is themaximumbiosorption capacity;qt (mg g−1)
is the amount of biosorption at time t (min).
Intraparticle diffusion model

)
R2 kid,1

(mg g−1 min−1/2)
R2 kid,2

(mg g−1 min−1/2)
R2 C

(mg g−1)

0.999 0.177 0.972 0.011 0.958 5.72
0.999 0.308 0.978 0.035 0.787 9.15
0.999 0.566 0.970 0.046 0.958 12.28
0.999 0.992 0.989 0.044 0.854 12.41
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After definite integration by applying the conditions qt=0 at t=0
and qt=qt at t= t the Eq. (9) becomes the following;

t
qt

=
1

k2q
2
e
+

t
qe

ð10Þ

If second-order kinetics is applicable, the plot of t/qt against t gives
a straight line and qe and k2 can be obtained from the slope and
intercept of the plot, respectively. For investigated initial dye
concentrations, k2 and qe cal values along with the corresponding
correlation coefficients are presented in Table 1. The correlation
coefficients were nearly equal to unity and calculated qe cal values
were much close to the experimental values of qe exp. The results
indicated that the pseudo-second-order biosorption mechanism is
predominant for the biosorption of R6G onto AS, and it is considered
that the rate of the dye biosorption process is controlled by the
chemisorption process.

3.8.3. Intraparticle diffusion models
In order to predict the rate controlling step of the R6G biosorption,

intraparticle diffusion model has been used. Generally any sorption
process involves three main successive transport steps which are
(i) film diffusion, (ii) intraparticle or pore diffusion and (iii) sorption
onto interior sites. The last step is considered negligible since it occurs
rapidly and hence sorption should be controlled by either film
diffusion or pore diffusion depending onwhich step is slower [31] The
intraparticle diffusion model equation is expressed as [32];

qt = kidt
1=2 + c ð11Þ

where qt (mg g−1) is the amount of sorption at time t (min) and kid
(mg g−1 min−1/2) is the rate constant of intraparticle diffusionmodel.
Fig. 7 shows the intraparticle mass transfer curves at various R6G
concentrations. It was observed that the R6G biosorption process
tends to be followed by two distinct phases. The first phase is
attributed to the diffusion of R6G through the solution to the external
surface of AS and the second phase indicates the intraparticle
diffusion of R6G into the pores of AS. The intraparticle rate constants
kid,1 (for the first phase), kid,2 (for the second phase) and c parameters
were obtained from the plot of qt versus t1/2 and the results are given
in Table 1.The values kid,1 are higher than kid,2 so it can be concluded
that the rate-limiting step in present biosorption process is intra-
particle diffusion. However the lines did not pass through the origin
(the plots have intercepts in the R6G concentrations range of 100–
1000 mg L−1) indicating that the intraparticle diffusion model is not
the only rate-limiting mechanism. Therefore it can be concluded that
R6G biosorption onto AS is a complex process and both intraparticle
Fig. 7. Intraparticle diffusion plots for adsorption of R6G onto AS.
diffusion and surface sorption contributes to the rate-limiting step
[33,34].

3.9. Thermodynamic studies

The thermodynamic parameters including Gibbs free energy
change (ΔG o), enthalpy (ΔH o), and entropy change (ΔS o), have a
significant role to determine the feasibility, spontaneity and heat
change for the biosorption process. These parameters can be
calculated using the following equations [35];

ΔGo = −RT lnKd ð12Þ

where R is the universal gas constant (8.314 J mol−1 K−1), T is the
temperature (K), and Kd is the distribution coefficient. The Kd value
was calculated using following equation [36];

Kd = qe = Ce ð13Þ

where qe and Ce are the equilibrium concentration of R6G on
biosorbent (mg L−1) and in the solution (mg L−1), respectively. The
enthalpy (ΔH o), and entropy change (ΔS o) of adsorption were
estimated from the following equation;

ΔGo = ΔHo−TΔSo ð14Þ

This equation can be written as;

lnKd =
ΔSo

R
−ΔHo

RT
ð15Þ

The thermodynamic parameters ofΔH o andΔS o were obtained from
the slope and intercept of the plot between lnKd versus 1/T, respectively
(figure not shown). The valueofΔG o,ΔH o, andΔS o for thebiosorption of
R6G onto AS at different temperatures is given in Table 2. The negative
values of ΔG o in the temperature range of 0–40 °C were due to the fact
that the biosorption process was spontaneous and feasible thermody-
namically. The negative value of ΔG o has decreased from −0.92 to
−4.45 kJ mol−1 with an increase in temperature from 0 to 40 °C,
indicated that the spontaneous nature of biosorption of R6G was
inversely proportional to the temperature. The positive value of ΔH o

(24.14 kJ mol−1) suggested that the endothermic nature of biosorption
while the positive value of ΔSº (91.43 J mol−1 K−1) indicated that the
increasing randomness at the solid/solution interface during the
biosorption of R6G onto AS. In addition, the magnitude of ΔH o gives
an idea about the type of sorption. Two main types of sorption may
occur; physical and chemical. In physical sorption, the equilibrium is
usually rapidly attained and easily reversible, because the energy
requirements are small. The enthalpy for physical sorption is usually no
more than 1 kcal mol−1 (4.2 kJ mol−1) since the forces are weak.
Chemical sorption involves forces much stronger than in physical
adsorption, and the enthalpy for chemical sorption is more than
5 kcal mol−1 (21 kJ mol−1) [37] so it seems that biosorption of R6G
onto AS was almost a chemical process (Table 2).
Table 2
Thermodynamic parameters of the R6G biosorption onto AS at different temperatures.

T (°C) ΔG° (kJ mol−1) ΔS° (J mol−1 K−1)a ΔH° (kJ mol−1)a

0 −0.92
10 −1.56
20 −2.68 91.43 24.14
30 −3.65
40 −4.45

a Measured between 273 and 313 K.
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4. Conclusions

The AS was found to be one of the most promising biosorbent for
the uptake of dyes due to its low cost, easy availability, and high dye
uptake capacity. The utilization of AS may be the main advantage of
the present study because it is an agricultural waste material.

The R6G removal efficiency of the AS was tested in the light of
equilibrium, kinetics and thermodynamics parameters. The kinetics of
R6G biosorption onto AS followed by pseudo-second-order model.
The biosorption pattern of R6G onto AS was well fitted with both the
Langmuir and Freundlich isotherm models. The monolayer biosorp-
tion capacity of AS was found to be 32.6 mg g−1 by using Langmuir
model equations. The thermodynamic parameters indicated that the
biosorption of R6G onto AS was feasible, spontaneous and endother-
mic in nature.

The experimental results indicated that the AS (P. dulcis) can be
successfully used for the removal of R6G from aqueous solutions.
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