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ABSTRACT

The biosorption of Bordeaux S dye onto sericin powder derived from silkworm cocoons was
studied in a batch adsorption system to determine the kinetic mechanism, the equilibrium, and
thermodynamic parameters. The Langmuir, Freundlich, and Temkin isotherm models were
used for the equilibrium modeling. In order to describe the kinetics, the fits of pseudo-first-
order, pseudo-second-order, Weber–Morris, Crank, and external liquid film diffusion models
were evaluated. The adsorption occurs favorably at pH below 3.2. The kinetic and equilibrium
studies showed fast adsorption and interaction were limited to the monolayer surface, with
pseudo-second-order and Langmuir models providing the best fits. Thermodynamic studies
indicated that the system is spontaneous and exothermic and that physical interactions govern
the adsorption process. The results revealed that sericin powder has the potential to be used as
a biosorbent for the treatment of wastewater containing the dye Bordeaux S.
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1. Introduction

The synthetic dye Bordeaux S, commonly referred
to as amaranth, is a dye widely used as a coloring
agent for textiles, papers, phenol–formaldehyde resins,
wood and leathers, and before its legal prohibition to
be used as a coloring agent for food and beverages, it
was also employed as a food additive in jams, jellies,
ketchup, and cake decoration [1,2]. Although its car-

cinogenic nature is still under debate, it has been veri-
fied that a high concentration of this dye can
adversely affect human/animal health and can cause
tumors, and allergic and respiratory problems [2]. Fur-
thermore, the dye content in effluents originating from
the food industry, even in low concentrations, may
interfere with the passing of light, which, in turn,
makes it difficult for the coloring components to be
degraded, causing serious adverse effects on the aqua-
tic ecosystems receiving such discharges [3].
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The treatment of wastewaters containing dyes
involves chemical and physical methods including:
coagulation, precipitation, oxidation by ozone, ioniz-
ing radiation and membrane filtration, ion-exchange,
ozonation, and electrokinetic coagulation. However,
these technologies are generally ineffective for color
removal, besides being expensive, and they can also
result in waste production and present low applicabil-
ity or adaptability to a wide range of dye containing
wastewaters [4,5]. As a viable alternative, biosorption
using biomass and biomaterials has received increas-
ing interest owing to its cost-effectiveness, ability to
produce less sludge, and environmental friendliness
and thus a practical bioprocess for dye-containing
wastewater needs to be developed [6,7].

Sericin is a water-soluble globular protein derived
from silkworm cocoons. It belongs to a family of pro-
teins with molecular masses in the range of 10–
310 kDa and comprises 18 amino acids, most of which
have strong polar side groups, such as hydroxyl, car-
boxyl, and amino groups, being especially rich in
aspartic acid and serine, which represent around 19
and 32% of the sericin molar amino acid composition,
respectively [8,9]. In general, sericin is discharged in
silk-manufacturing wastewater during the silk degum-
ming step where, sericin is removed by partial hydro-
lysis in the synthetic soap solution (Marseille soap
and sodium carbonate, at 95˚C for 1 h) from the silk
cocoon, and the natural molecular weight is reduced
to 20 kDa [10,11].

However, in recent years, the range of possible
applications of sericin that was recovered during the
degumming process, along with the natural com-
pound fibroin, has been increasing considerably
[12,13]. The recovered sericin, with its natural struc-
ture, can be applied in the development of many types
of biofilms and structural materials [14,15]. In tissue
engineering, sericin with a high molecular weight can
be used to induce the oriented crystallization of bio-
materials or to improve the biocompatibility of some
biomaterials for instance, hydroxyapatite [16,17]. In
the development of industrial processes, proteins
derived from the silkworm cocoons has been shown
to be an interesting natural source material for the
development of biofilms applied in membrane pro-
cesses [18,19] and biosorbents for adsorption processes
[20,21].

In this context, we focus on the study of the
adsorption of Bordeaux S dye in aqueous solution
onto silk sericin powder derived from the degumming
of the cocoons of Bombyx mori silkworm. To achieve
this aim, equilibrium batch experiments were per-
formed and the thermodynamics, equilibrium, and
adsorption kinetics were investigated.

2. Materials and methods

2.1. Biosorbent

The biosorbent used in this study was obtained
from the process applied for the degumming of silk-
worm cocoons, according to the methodology
described by Silva et al. [22]. The degumming pro-
cess was conducted by hot water extraction, with
cocoons of Bombyx mori obtained from the northwest
region of Paraná State, Brazil. The cocoons were cut
into small pieces to help the extraction and 10 grams
of the chopped cocoons were placed in 250 mL of
deionized water, in an Erlenmeyer flask, for the de-
gumming process which was carried out in an auto-
clave (Phoenix, model AV-30, São Paulo, Brazil) at
120˚C for 20 min. Sericin was obtained from the de-
gumming solution by freezing it at −20˚C, followed
by lyophilization for 24 h in a compact system (Lio-
topTM, model L101, São Paulo, Brazil). The dried
material was ground (MarconiTM, model MA630/1,
São Paulo, Brazil) for 5 min at 150 rpm to reduce it
to a fine powder.

Bordeaux S (trisodium 2-hydroxy-1-(4-sulfonate-1-
naphthylazo) naphthalene-3,6-disulfonate, molecular
formula C20H11N2O10S3Na3), was obtained free of
charge from Duas Rodas Company, Brazil. Concentra-
tions of the aqueous dye solution were monitored on
a spectrophotometer (FEMTO—model 600 plus) at a
wavelength of 520 nm [23]. The pH of the aqueous
solution of the dye was adjusted with 0.1 mol L−1 HCl
or 0.1 mol L−1 NaOH, both reagents being of AR
grade.

2.2. Biosorbent characterization

The sericin powder obtained from silkworm
cocoons of Bombyx mori was examined by scanning
electron microscopy using a Jeol JSM-6360LV micro-
scope. The surface area was determined by the BET
method [24], with nitrogen adsorption/desorption
measurements taken at 77.4 K using a Quanta-
chromeTM Autosorb-1 instrument. X-ray diffraction
(XRD) data of the sericin powder were collected on a
PANalytical X-ray powder diffractometer using Cu Kα
radiation (λ = 1.5406 Å, 40 kV and 30 mA), in the 2θ
position within the range of 3–70˚ and with a step size
of 0.02. The potential surface charge (Zp) of sericin at
different pH values was determined considering the
isoionic point, according to the methodology described
by Salis et al. [25].

The silk sericin amino acids and molecular weight
profiles were obtained by high performance liquid
chromatography (HPLC) and the separation was
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carried out on a Merck Hitachi LaChrom system, con-
sisting of an L-7100 quaternary pump, L-7250 pro-
grammable auto-sampler, L-7455 diode array detector,
and L-7300 column oven. Merck HSM software ver-
sion 4.1 was used for the data treatment. The amino
acids profile was determined using a Waters C-18 col-
umn (3.9 × 150 mm ID, Nova-Pak, end capped, 4 μm
particle size). The mobile phases were water contain-
ing acetate buffer at pH 6.4 with acetonitrile:water
94:6 (v/v) (phase A) and acetonitrile:water 60:40 (v/v)
(phase B). The sericin molecular weight distribution
was measured by size exclusion chromatography on
the same HPLC system, with a Waters Ultrahydrogel
linear column (300 nm × 7.8 in), using Pululan polysac-
charide as the standard with molecular weights of 20,
50, 100, 200, 400, and 800 kDa.

2.3. Batch adsorption studies

The batch adsorption experiments were carried out
in a temperature-controlled orbital shaker (TecnalTM

TE-421, Sorocaba, Brazil) at a constant speed
(150 rpm) and at three controlled temperatures (20.0
± 0.5˚C, 30.0 ± 0.5˚C, and 40.0 ± 0.5˚C). In each test,
30 mL of an aqueous solution of Bordeaux S was
placed into a 125 mL conical flask with 0.030 ± 0.005 g
of biosorbent, and the flasks were hermetically sealed.
The uptake of Bordeaux S dye at time t, q (mg g−1),
was obtained through the mass balance, according to
the Eq. (1):

q ¼ Co � C½ � � V
w

(1)

where V (mL) is the solution volume, Co (mg L−1) is
the initial concentration of Bordeaux S dye, C (mg L−1)
is the liquid-phase concentration of Bordeaux S dye at
time t (min), and w (g) is the mass of the biosorbent.

2.4. Adsorption kinetic models

In this study, five kinetic models were used to fit
the experimental adsorption kinetics data. They are:
the pseudo-first-order, pseudo-second-order, Weber–
Morris intraparticle diffusion, Crank, and external
liquid film diffusion models.

The pseudo-first-order Eq. (2) and pseudo-second-
order Eq. (3) models assume that the adsorption
mechanism is similar to the chemical reaction process
[26], where q(t) and qEQ are the amount of Bordeaux S
adsorbed onto sericin at time (t) and at equilibrium,
respectively, and K1 and K2 are the kinetic constants

of the pseudo-first-order and pseudo-second-order
models, respectively.

dqðtÞ
dt

¼ K1 � qEQ � qðtÞ� �
qð0Þ ¼ 0 (2)

dqðtÞ
dt

¼ K2 � qEQ � qðtÞ� �2
qð0Þ ¼ 0 (3)

The diffusion models used in this study were the
Weber–Morris intraparticle diffusion Eq. (4) and
Crank Eq. (5) models. As reported by Qiu et al. [27],
these models consider that the restrictive adsorption
mechanism involves the diffusion of the liquid film
surrounding the solid surface through the internal
pores of the adsorbent.

qðtÞ ¼ KW �
ffiffi
t

p
(4)

qðtÞ ¼ qEQ � 1� 6

p2
�
X1
n¼1

1

n2
� expð�n2 � KD � tÞ

( )
(5)

where KW and KD are the diffusion constants of the
Weber–Morris and Crank models, respectively.

The external liquid film diffusion model adopted,
was described by Puranik et al. [28]. This model is
generally used to describe the mass transfer from the
bulk of the liquid through the liquid film surrounding
the solid surface Eqs. (6) and (7).

dCðtÞ
dt

¼ KTM � CðtÞ � CIðtÞð Þ Cð0Þ ¼ Co (6)

dCIðtÞ
dt

¼ V � KTM

w � qM � KL
� 1þ KL � CIðtÞð Þ2 � CðtÞð

�CIðtÞÞ CIð0Þ ¼ 0

(7)

where C(t) and CI(t) are the Bordeaux S concentration
in the bulk solution and in the liquid film surrounding
the sericin surface, respectively, and KTM is the con-
vective mass transfer coefficient.

2.5. Adsorption equilibrium

The adsorption capacity of an adsorbent can be
described by its equilibrium sorption isotherm, which
is characterized by certain constants whose values
express the surface properties and the affinity of the
absorbent with the solute.
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The Langmuir isotherm is a non-linear model
which assumes that the monolayer uptake of the sol-
ute is on a homogeneous surface, with uniform
adsorption energy for all binding sites and with no
interaction between the adsorbed molecules [29]. The
model is given in the Eq. (8)

qEQ ¼ qM � KL � CEQ

1þ KL � CEQ
(8)

where qEQ (mg g−1) is the amount adsorbed at equilib-
rium, CEQ is the equilibrium concentration of the Bor-
deaux S dye (mg L−1), KL is Langmuir equilibrium
constant (Lmg−1), and qM is the maximum adsorption
capacity of the adsorbent (mg g−1).

The empirical Freundlich isotherm [29] is obtained
based on the assumption that the sorption takes place
on a heterogeneous adsorbent surface, where the sorp-
tion energy distribution decreases exponentially. This
equation is also applicable to multilayer adsorption
and is expressed by the Eq. (9)

qEQ ¼ KF � CEQ
1
n (9)

where KF is the Freundlich constant and n is the heter-
ogeneity factor. The KF value is related to the adsorp-
tion capacity and the n−1 values indicate the
adsorption intensity.

The Temkin isotherm considers the effect of indi-
rect interactions between the adsorbate molecules.
This model assumes that adsorption is characterized
by a uniform distribution of binding energies, up to a
maximum binding energy, and the heat of adsorption
of all molecules in the layer decreases linearly with
the degree of cover, due to adsorbent–adsorbate inter-
actions. The Temkin isotherm is given by Eq. (10):

qEQ ¼ R � T
b

� ln KT � CEQ

� �
(10)

where KT (L g−1) is the Temkin constant, R is the ideal
gas constant (8.314 J mol−1 K−1), T is the adsorption
temperature, and b is related to the heat of adsorption.

2.6. Estimation of thermodynamic parameters

The thermodynamic parameters of the adsorption
were determined from equilibrium constants (KEQ), i.e.
the constants corresponding to the distribution of the
solute between the solid and liquid phases at equilib-
rium for each temperature. Equilibrium constants, for
each temperature, were calculated according to the

method of Khan and Singh [30]. The standard Gibbs
free energy (ΔGADS) of adsorption was calculated
according to Eq. (11). The slope and intercept of the
Van’t Hoff equation, along with the corresponding
plots of ln (KEQ) vs. T−1 Eq. (12) were used to deter-
mine the enthalpy (ΔHADS) and entropy (ΔSADS) of
adsorption:

DGADS ¼ �R � T � lnKEQ (11)

lnKEQ ¼ DSADS
R

� DHADS

R � T (12)

2.7. Validating the kinetic and isotherm models

The parameters and coefficients of determination
(R2) of the kinetic and isotherm models were obtained
by non-linear least squares regression analysis consid-
ering a 95% confidence interval. The Levenberg–Mar-
quardt algorithm was employed as the interactive
method and the StatSoftTM STATISTICA software
(version 7.0) was used for all calculations. The param-
eters and predicted values for the external liquid film
diffusion model were obtained by stochastic optimiza-
tion of the simulated annealing algorithm [31], in a
computer routine run in Fortran Visual Compaq 6.6.
The coefficient of determination (R), sum of the
squares of residues (SSR), and mean absolute percent-
age error (ME) were obtained to determine the valid-
ity of the models and to reproduce the experimental
data.

3. Results and discussion

3.1. Characterization of the biosorbent

The XRD (Fig. 1) results showed a large peak at
19.2˚. According to Lee et al. [32], this peak is charac-
teristic of the conversion of the random coil structure
into the β-sheet structure due to intermolecular hydro-
gen bonding between the hydroxyl groups of the
amino acids present in sericin, indicating that the seri-
cin powder obtained from the degumming and freeze-
drying processes is insoluble in water. The micrograph
of sericin (Fig. 2) shows that the lyophilized sericin
degummed without chemicals has a sponge-like thin
layer structure without pores, as observed by Lee
et al. [32].

The BET analysis indicated that the sericin had a
surface area of 18.52 m g−1 and pore volume of 2.04 ×
10−2 cm g−1, indicating a non-porous morphology.
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Chen et al. [21] used hydrolyzed sericin obtained from
a commercial source with a surface area of 1.5 m g−1.
The sericin powder obtained in this study, applying
the hot water process without chemicals, had a higher
molecular weight, between 20 and 400 kDa, with a
predominant peak at 200 kDa, as shown by the molec-
ular weight profile (Fig. 3), which reveals a larger sur-
face area than the hydrolyzed commercial sericin.

The analysis of the silk sericin to determine the
amino acids composition indicated that the major
amino acids were glycine (23.20%), serine (21.56%),
aspartic acid (14.00%), and arginine (11.95%), respec-
tively. The amount of polar amino acids with hydro-
xyl groups (serine), acid groups (aspartic acid), and
basic groups (arginine) were very high (up to 61.36%)
which was similar to the observations of Zhang et al.
[8].

3.2. Adsorption studies

The behavior of the Bordeaux S dye adsorption
onto silk sericin was studied over a wide range of pH
(1.75–8.00) and the findings are shown in Fig. 4. The
sericin powder showed biosorption at pH below 3.5,
but for pH above 3.5 the adsorption did not occur. A
similar result was reported by Mittal et al. [2] who
observed that Bordeaux S adsorption onto de-oiled
soya and bottom ash occurred only at pH below 3.0

The isoionic point of the sericin indicates neutral
charge at pH between 3.20 and 3.35 (Fig. 5) and posi-
tive charge at pH lower than 3.20, with the proton-
ation of the amide groups (–NH2) and some functional
groups of the polar amino acids, such as arginine
(¼ NHþ

2 ). The Bordeaux S adsorption onto sericin
powder occurs due to the interaction between the

Fig. 1. XRD sericin powder.

Fig. 2. SEM of silk sericin powder.

Fig. 3. Molecular weight profile of sericin solution.

Fig. 4. Effect of pH on Bordeaux S biosorption.
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positive charges of the surface amino acids, at pH
below the isoelectric point, and the negative charge of
the sulfonate group of the acid dye (–SO�

3 ). Therefore,
the kinetics and equilibrium studies were conducted
at pH 2.0.

3.3. Adsorption kinetics

The kinetics of the adsorption of Bordeaux S onto
sericin was measured through the curves of the
adsorption capacity as a function of time at pH 2.0
with a dye concentration of 300 mg L−1 and the capac-
ity for biosorption onto sericin was observed at differ-
ent temperatures. As shown in Fig. 6, independently
of the temperature applied, the adsorption of the Bor-
deaux S dye onto the sericin powder was a fast pro-
cess, with a high amount of dye adsorbing within the
first 10 min of contact. However, after the first 10 min,
the adsorption rate decreased over time until satura-
tion of the silk sericin was reached. After 180 min, the
percentage removal of Bordeaux S solution was
between 65.3 and 72.7%, for an initial Bordeaux S con-
centration of 300 mg L−1 in a batch process with 30 mL
of solution and 30 mg of sericin powder.

The adsorption process at 20˚C showed the best
performance with an average mass of Bordeaux S dye
adsorbed of 214.06 ± 3.06 mg g−1. For 30 and 40˚C, the
corresponding values were 197. 98 ± 2.36 and 192.03
± 2.46 mg g−1, equivalent to 7.5 and 10.3% less than
the value obtained at 20˚C, respectively. This slight
reduction in the adsorption performance can be attrib-
uted to the destabilizing of the electrostatic interac-
tions between the sericin functional groups and the
sulfonate group of the dye as the temperature
increased.

Table 1 reports the kinetic parameters of the Bor-
deaux S adsorption onto the sericin powder. It was
observed that the pseudo-second-order model pro-
vided a good fit with the experimental data, with R
values of 99.72–99.99%, the lowest residual values
(SSR) of between 2.44 and 87.35, and mean errors

Fig. 5. Isoionic potential of sericin against pH.

Fig. 6. Kinetics of Bordeaux S adsorption by silk sericin.
(a) T = 20˚C, (b) T = 30˚C, (c) T = 40˚C experimental data
(●), pseudo-first-order (…+…), pseudo-second-order (–),
and Crank model (- - -).
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(ME) of 2–10%. The pseudo-second-order model
assumes that the adsorption occurs due to the differ-
ence between the concentrations at the adsorbate sur-
face and in solution, and mass transfer is limited only
by external resistance. Due to the specific morphology
(non-porous) and the selective interaction between the
protonated functional groups of the sericin and the
negatively charged sulfonate groups of the Bordeaux S
dye, the interaction is specific and superficial and
external mass transfer is predominant. Therefore, the
superficial models showed the best fit for the kinetic
behavior of Bordeaux S biosorption onto sericin.

The Weber–Morris model provided very low R
values, between 25.69 and 34.63% and the highest SSR
(62,829–89,317), and EM (3.40–3.45) values. This indi-
cates that internal mass transfer is not a relevant resis-
tance mechanism. The Crank diffusion model
approaches the pseudo-first- and pseudo-second-order
models, but this model did not describe the initial
transient adsorption.

The external liquid diffusion model describes the
external mass transfer between the bulk liquid and the
liquid film surrounding the solid surface, considering
equilibrium at the interface. Fig. 7 shows the kinetics
predicted by this model and as with the pseudo-
first-order and pseudo-second-order models, the
profile indicates a fast adsorption process reaching

equilibrium after 10 min. Fig. 8 shows the estimated
Bordeaux S dye concentrations in the bulk liquid and
in the liquid film surrounding the particle surface for
each temperature evaluated and for all temperatures,
the Bordeaux S dye concentrations in the bulk liquid
and film liquid approach equilibrium after 10 min,
when the kinetics model reaches the equilibrium.

Table 1
Kinetic parameters of Bordeaux S adsorption onto sericin powder

Kinetic models 20˚C 30˚C 40˚C

Pseudo-first-order model K1 1.26 ± 0.13 1.31 ± 0.67 0.67 ± 0.06
qMAX 214.49 ± 0.87 199.15 ± 7.47 195.10 ± 3.16
SSR 138.33 34.17 254.09
R2 99.78 99.93 99.34
EM 0.10 0.05 0.15

Pseudo-second-order model K2× 102 2.72 ± 0.28 3.25 ± 0.15 0.81 ± 0.01
qMAX 213.99 ± 0.14 199.37 ± 0.06 197.16 ± 0.13
SSR 15.54 2.44 87.35
R2 99.96 99.99 99.72
EM 0.04 0.02 0.10

Intraparticle diffusion Weber–Morris model KW 23.18 ± 4.94 21.59 ± 4.64 20.87 ± 4.14
SSR 89,317 78,801 62,829
R2 26.66 25.69 34.63
EM 3.45 3.45 3.40

Intraparticle diffusion Crank model KC 0.86 ± 0.11 0.91 ± 0.07 0.35 ± 0.02
qMAX 214.95 ± 4.75 199.12 ± 7.47 192.8 ± 3.46
SSR 706.29 533.78 733.78
R2 98.52 98.76 98.67
EM 0.11 0.07 0.16

External liquid film diffusion model KTM× 102 1.66 ± 0.01 1.65 ± 0.01 1.63 ± 0.01
SSR 8,129 6,734 3,771
R2 96.56 95.82 96.45
EM 0.66 0.74 0.61

Fig. 7. External mass transfer kinetics: Fit curves at 20˚C
(....), 30˚C (- - -), and 40˚C (––), experimental data at 20˚C
(+), 30˚C (*), and 40˚C (˚).
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3.4. Adsorption equilibrium and thermodynamic parameters

Equilibrium adsorption isotherms provide very
important information for the design and implementa-
tion of adsorption processes. Thus, to better under-
stand the adsorption process, the Langmuir,
Freundlich, and Temkin isotherms were applied in

equilibrium studies carried out at 20, 30, and 40˚C and
pH 2.0. Fig. 9 shows the relationship between the
amount of Bordeaux S dye adsorbed per gram of seri-
cin powder (qeq) and the equilibrium concentration

Fig. 8. Dye concentration at film surrounding the particle
(- - -) and bulk liquid (––) for 20˚C (a), 30˚C (b), and 40˚C
(c) and experimental values of dye concentration at bulk
liquid (˚). Fig. 9. Bordeaux S dye adsorption equilibrium, experimen-

tal data (●) obtained at 20˚C (a), 30˚C (b), and 40˚C (c),
and Langmuir (—), Freundlich (- - -), and Temkin (…..) iso-
therms.
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(Ceq) at 20˚C (Fig. 9(a)), 30˚C (Fig. 9(b)) and 40˚C
(Fig. 9(c)). The maximum Bordeaux S dye adsorption
was 222.89 ± 0.80 mg g−1 at 20˚C, compared with
215.50 ± 0.85 and 207.68 ± 0.93 mg g−1 at 30˚C and
40˚C, respectively. The results indicated that the
amount of adsorbed solute decreased with an increase
in temperature, indicating that the adsorption process
was exothermic.

The isotherm parameters and statistical analysis
are summarized in Table 2. The Langmuir isotherm
shows the best fit for all temperatures evaluated at
equilibrium, with R ranging from 98.67 to 99.71% and
the lowest values for SSR (147–537), and ME (0.15–
0.29). The monolayer adsorption process, characteristic
of the Langmuir isotherm, is compatible with the spe-
cific interaction between some functional groups of
the adsorbate; in this case, the sulfonate group of the
Bordeaux S dye, and in the adsorbent, the amino acids
of the sericin powder have a positive charge in the
liquid phase.

The Freundlich and Temkin isotherms, which are
typically multilayer adsorption isotherms, predicted
adsorption values which differed from the experimental

data, with higher values for EM (0.51–0.66) and
SSR (1,349–2,334), as expected since the electrostatic
interaction between the Bordeaux S dye and sericin
occurs predominantly through an adsorption mecha-
nism, and the interaction between adsorbate–adsorbate
molecules is reduced due to the repulsion between the
negatively charged sulfonate groups of each molecule.

Table 3 reports the equilibrium thermodynamic
parameters, that is, the adsorption equilibrium con-
stant for the Bordeaux S adsorption onto sericin (KEQ),
Gibbs free energy (ΔGADS), and the enthalpy (ΔHADS)
and entropy (ΔSADS) of adsorption. The ΔGADS values
were negative for all temperatures evaluated in the
range of −15.19 to −13.46 kJ mol−1, which indicates
that the adsorption process is spontaneous at pH 2.0,
while the ΔHADS of −0.27 kJ mol−1 shows that the pro-
cess is exothermal.

The ΔSADS value of +46.12 J mol−1 K−1 suggests an
increase in the randomness at the solid/solution inter-
face with some structural changes in the adsorbate
and adsorbent and an affinity between Bordeaux S
and the sericin powder, due to the difference between
the liquid positive charge at the sericin surface at pH

Table 2
Freundlich, Langmuir, and Temkin isotherm constants; equilibrium parameters and the statistical analysis of Bordeaux S
dye adsorption

Isotherm models Parameters 20˚C 30˚C 40˚C

Langmuir qMAX (mg g−1) 222.52 ± 0.22 215.87 ± 1.09 208.04 ± 0.42
KL (Lmg−1) 1.68 ± 0.24 1.16 ± 0.62 1.77 ± 0.61
SSR 147 455 537
EM 0.15 0.28 0.29
R2 99.71 98.67 99.52

Freundlich KF (Ln mg1-n g−1) 141.34 ± 15.96 136.68 ± 14.10 137.66 ± 14.66
N 0.098 ± 0.029 0.096 ± 0.026 0.088 ± 0.027
SSR 2,153 1,597 2,334
EM 0.59 0.54 0.66
R2 80.85 83.85 79.79

Temkin KT (Lmg−1) 1,919.68 ± 4,504.06 2,316.92 ± 5,004.15 5,357.53 ± 14,345.12
B (J g mg−2) 218.90 ± 51.81 239.36 ± 50.57 271.75 ± 66.01
SSR 1,613 1,349 1,919
EM 0.51 0.52 0.59
R 85.60 88.17 84.89

Table 3
Equilibrium constants, standard Gibbs free energy, and enthalpy and entropy of adsorption of Bordeaux S dye onto seri-
cin powder

Temperature (˚C) KEQ ΔGADS (kJ mol−1) ΔHADS (kJ mol−1) ΔSADS (J mol−1 K−1)

20 337.53 − 14.19
30 208.41 − 13.46 −0.27 +46.12
40 331.67 − 15.11
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2.0 and the negative charge of the sulfonate group of
the Bordeaux S dye. Moreover, the ΔHADS value of
−0.27 kJ mol−1 suggests that the adsorption of Bor-
deaux S dye onto the sericin powder is governed by
physical interaction mechanisms, suggesting that elec-
trostatic interaction may be one of the mechanisms
involved.

4. Conclusion

The results of this study revealed that sericin pow-
der obtained from the degumming process has good
potential for the treatment of aqueous solutions of the
dye Bordeaux S. The adsorption process occurred at
pH below 3.2, due to the interaction between the posi-
tive surface charge of sericin and negative charge of
the sulfonate groups of the Bordeaux S dye.

The maximum adsorption rate obtained at equilib-
rium was 222.89 ± 0.80 mg g−1 at 20˚C and pH 2.0,
while an increase in the temperature reduced the
adsorption capacity of the sericin. The kinetic and
equilibrium study showed fast biosorption and mono-
layer interaction, with the pseudo-second-order and
Langmuir isotherm models providing the best fits.
According to the thermodynamic analysis, the adsorp-
tion of Bordeaux S dye onto sericin is an exothermic
and physical process with electrostatic interaction
being the predominant adsorption mechanism.
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(Brazilian Agencies) for the financial support and
scholarship.

References

[1] B. Zargar, H. Parham, A. Hatamie, Fast removal and
recovery of amaranth by modified iron oxide magnetic
nanoparticles, Chemosphere 76 (2009) 554–557.

[2] A. Mittal, L.K. Kurup, V.K. Gupta, Use of waste mate-
rials—Bottom ash and de-oiled soya, as potential
adsorbents for the removal of amaranth from aqueous
solutions, J. Hazard. Mater. 117 (2005) 171–178.

[3] C. Fernandez, S. Larrechi, M.P. Callao, An analytical
overview of processes for removing organic dyes from
wastewater effluents, Trends Anal. Chem. 29 (2010)
1202–1211.

[4] A. Ergene, K. Ada, S. Tan, H. Katircioğlu, Removal of
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