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bstract

In this work the use of silkworm pupa, which is the waste of silk spinning industries has been investigated as an adsorbent for the removal of
.I. Basic Blue 41. The amino acid nature of the pupa provided a reasonable capability for dye removal. Equilibrium adsorption isotherms and
inetics were investigated. The adsorption equilibrium data were analyzed by using various adsorption isotherm models and the results have shown
hat adsorption behavior of the dye could be described reasonably well by either Langmuir or Freundlich models. The characteristic parameters
or each isotherm have been determined. The monolayer adsorption capacity was determined to be 555 mg/g. Kinetic studies indicated that the

dsorption follows pseudo-second-order kinetics with a rate constant of 0.0434 and 0.0572 g/min mg for initial dye concentration of 200 mg/l at 20
nd 40 ◦C, respectively. Kinetic studies showed that film diffusion and intra-particle diffusion were simultaneously operating during the adsorption
rocess. The rate constant for intra-particle diffusion was estimated to be 1.985 mg/g min0.5.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Chemical contamination of water by a wide range of pollu-
ants is a serious environmental problem due to their potential
uman toxicity. The textile industry uses large volumes of water
n wet processing operations and, thereby, generates substantial
uantities of wastewater containing large amounts of dissolved
yestuffs and other products, such as dispersing agents, dye bath
arriers, salts, emulsifiers, levelling agents and heavy metals
1,2].

Dyes are synthetic aromatic compounds which are embod-
ed with various functional groups. Some dyes are reported to
ause allergy, dermatitis, skin irritation, cancer, and mutations
n humans. Thus, the removal of dyes from effluents before they
re mixed up with unpolluted natural water bodies is important

3]. Today there are more than 10,000 dyes available commer-
ially [4]. The annual production of dyes worldwide is around
× 105 t, 5–10% of which is discharged into waste streams by

∗ Corresponding author. Tel.: +1 513556 2987; fax: +1 513556 2599.
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extile industries. The majority of these dyes are of synthetic
rigin and toxic in nature with suspected carcinogenic and geno-
oxic effects [5].

Textile wastewaters offer considerable resistance to biodegra-
ation due to presence of the dyestuffs which have a complex
hemical structure and are resistant to light, heat and oxidation
gents. The colored dye effluents are considered to be highly
oxic to the aquatic life and affect the symbiotic process by dis-
urbing natural equilibrium by reducing photosynthetic activity
ue to the colorization of the water [6].

Biological treatment processes such as aerated lagoons and
onventional activated sludge processes are frequently used to
reat textile effluents. These processes are efficient in the removal
f suspended solids but largely ineffective in removing dyes from
astewater [7]. Removal of dyes from effluents in an economic

ashion remains a major problem for textile industries. The need
f treating textile wastewaters by a tertiary treatment, mostly for
esidual dye removal is required [1].
Physico-chemical processes are generally used to treat
yes laden wastewater. These processes include flocculation,
lectro-flotation, precipitation, electro-kinetic coagulation, ion
xchange, membrane filtration, electrochemical destruction,

mailto:George.Sorial@uc.edu
dx.doi.org/10.1016/j.jhazmat.2006.06.021
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Nomenclature

A Tempkin isotherm constant (l/g)
b related to the energy of adsorption in Langmuir

isotherm (l/mg)
B Tempkin isotherm constant
BB41 Basic Blue 41
Bt mathematical function of F
Ce equilibrium concentration of the adsorbate (mg/l)
Ci initial concentration of the adsorbate (mg/l)
F fraction of solute adsorbed at different times t
kad2 rate constant of pseudo-second-order model

adsorption (g/min mg)
kp rate constant for intra-particle diffusion

(mg/g min0.5)
K saturation constant in generalized isotherm

equation (mg/l)
Kf constant of Freundlich isotherm (mg/g)/(mg/l)n

m dry weight of adsorbent (g)
n constant of Freundlich isotherm
nb cooperative binding constant in generalized

isotherm equation
qe amount of solute adsorbed at equilibrium (mg/g)
qmax maximum adsorption capacity of the adsorbent

(mg/g)
qt amount of dye adsorbed at time t (mg/g)
Q0 the adsorption capacity in Langmuir isotherm

(mg/g)
R2 square of the correlation coefficient
SEM scanning electron microscopy
SWP silkworm pupa
V volume of solution used in the adsorption exper-
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rradiation and ozonation. However, all these processes are
ostly and cannot be used by small industries to treat the wide
ange of dye wastewater [8]. Adsorption is one of the most
fficient methods of removing pollutants from wastewater, espe-
ially if the adsorbent is inexpensive and readily available.
dsorbents may be of mineral, organic or biological origin [9].

lmost all the work related to adsorption techniques for dye

emoval from industrial effluents was based on studies using
ctivated carbon [10–12], however, activated carbon suffers from
igh-cost production and regeneration [7,13]. Hence, attempts

w
1
w

able 1
atural adsorbents used for dyes removal

dsorbate Adsorbent

cid dyes Cationized sawdust [17], compost sorbent [18], m
[23], shale oil ash [24]

ationic dyes Bagass flyash [8], blast furnace sludge [3], clinop
ash [26], giant duckweed [27], linseed Cake [28],

irect dyes Chitosan [30], coal based sorbent [31], compost s
isperse dyes Polysaccharides [22]
eactive dyes Chitin [32], eggshell membrane [33], eucalyptus
Materials B139 (2007) 167–174

ave been made to utilize natural as well as waste materials
s alternative adsorbents. Natural materials, biosorbents, and
aste materials from industry and agriculture represent poten-

ially more economical alternative adsorbents [14]. Since the
ost is an important parameter in most developing countries,
fforts have been made to explore the possibility of using var-
ous low cost adsorbents such as sphagnum peat, sulphonated
oal, fly ash, lignite, wood sawdust, boiler bottom ash, rice husk,
lant portions, chitin and chitosan and clay materials. Most of the
dsorbents explored for decolorization studies are cheap, require
ittle or no processing, are easily available and are biodegrad-
ble or easily disposed by incineration thereby providing energy
15]. Table 1 shows some adsorbents, which have been used for
yes removal. The major advantages of an adsorption system for
ater pollution control are less investment in terms of initial cost,

imple design and easy operation, less energy intensiveness,
on-toxic, and superior removal of organic waste constituents
s compared to the conventional biological treatment processes
16]. An adsorption process produces an effluent that is free of
armful substances such as carcinogenic aromatic amines which
re produced by microbial degradation or by photodegradation
sing UV light [5].

Adsorption of dyes is mainly dependent on the dye’s proper-
ies and structure and to an equal extent on the surface chemistry
f the adsorbent. For any batch adsorption process, the main
arameters to be considered are pH, temperature, particle size
nd time. Hence, it is necessary to investigate extensively the
elationship between adsorption efficiency and the parameters
ffecting it.

In the present work adsorption of Basic Blue 41 (BB41) dye
y silkworm pupa (SWP), a natural adsorbent, has been inves-
igated and the obtained experimental data were correlated by
our adsorption isotherm models namely, Langmuir, Freundlich,
empkin, and a generalized isotherm model. The effect of tem-
erature and initial pH of dye solution has been studied. Kinetic
xperiments have been also conducted to determine the rate of
B41 adsorption by SWP.

. Materials and methods

.1. Dye stuff
The dye BB41 was purchased from Sigma–Aldrich, Mil-
aukee, WI. This dye is a monoazo-basic dye with C.I. no.:
1105, λmax = 610 nm, color of bright blue hue and molecular
eight of 483 g/mol. It is particularly suitable for dyeing of

aize waste [19], orange peel [20], peat [21], polysaccharides [22], red mud

tilolite and amberlite [7], compost sorbent [18], dried activated sludge [25], fly
maize waste [19], natural zeolite [13], peat [29], shale oil ash [24]
orbent [18], fly ash [26]

bark [34], maize waste [19], polysaccharides [22]
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crylic substrates and can also be applied to some polyamide
nd polyester types, viscose, cotton, and wool. It is also effec-
ive as a stainer for the identification of avian leukocytes and
lood and bone-marrow cells [35]. Stock aqueous solution of
he dye was prepared in deionized water in the concentration
ange of 1000 mg/l.

.2. Preparation of adsorbent

SWP wastes obtained from silk spinning process of Pileh
a Abrisham Shomal Co., Rasht, Iran, were washed with dis-
illed water, dried, and ground. The powdered pupa was sieved
50–100 mesh) and used as an adsorbent. The adsorbent before
ny experimental run was dried in the oven at 110 ◦C overnight.
he general analysis of SWP showed that it contains about 58%
rotein, 24% minerals, 8% fat, 5% water and 5% ash. Scan-
ing electron microscopy (SEM) was used for determining the
tructural and morphological characteristics of the adsorbent.

.3. Methods

.3.1. Impact of initial pH and temperature
To study the effect of initial pH on the dye removal by SWP,

he pH was adjusted by adding a few drops of dilute NaOH or
2SO4 before each experiment. Experimental conditions con-

isted of 0.2 g SWP; 50 ml of 200 mg/l dye solution, temperature
qual to 30 ◦C and contact time of 2 h. It should be noted that for
hese experiments no pH buffer was used and the pH rise by the
nd of the experiment was less than 0.5 units. The effect of tem-
erature (at 20, 40 and 50 ◦C) on the adsorption of BB41 by SWP
as explored at pH 7.0, 4 g/l SWP and initial dye concentration
f 200 mg/l for 1 h.

.3.2. Equilibrium studies
Batch studies were carried out at 22 ± 1 ◦C. A weighed quan-

ity of adsorbent was placed in a bottle (125 ml) with a lid
ontaining 100 ml of a dye solution. Three initial concentra-
ions of 100, 250, and 400 mg/l were considered. Masses of
WP ranged from 10 to 180 mg/bottle, 12–240 mg/bottle and
5–280 mg/bottle for initial dye concentration of 100, 250 and
00 mg/l, respectively. The pH of the adsorbent–adsorbate sys-
em was buffered to 7 by adding potassium dihydrogen phos-
hate and sodium hydroxide. The bottles were rotated for 2
eeks using a horizontal shaker operated at 150 rpm. To elimi-
ate any change in the nature of dye solution during the experi-
ent, two bottles for each concentration with no adsorbent added
ere run in the shaker. A Cintra 10 UV–vis spectrophotome-

er was used to determine the maximum absorption wavelength
f the dye. After equilibration, the solutions were filtered and
nalyzed by high performance liquid chromatography (HPLC
gilent 1100 Series) with a diode array detector. Analysis was
erformed on Supelco column (15 cm × 4.6 mm, 5 �m). The
obile phase composed of 50% acetonitrile and 50% water at
0 ◦C with a flow rate of 0.8 ml/min and post-time of 4 min. The
quilibrium concentration of each solution was determined by
nterpolation within the obtained calibration curve by the HPLC
t the maximum absorption wavelength of the dye, i.e., 610 nm.

l

w
a
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.3.3. Kinetic studies
Kinetic experiments were carried out by stirring a known

mount of the adsorbent with 500 ml of the solution containing
he dye on a magnetic stirrer equipped with temperature con-
roller. At pre-determined time intervals, portions of the mixture
ere drawn by a syringe and then centrifuged. The dye concen-

ration was then determined. This procedure has been done at
wo temperatures, 20 and 40 ◦C.

. Results and discussion

.1. SEM studies

SEM is one of the most widely used surface diagnostic tools.
EM photographs for SWP shown in Fig. 1a and b reveal surface

exture and low porosity. It is also seen from Fig. 1a and b that
WP has heterogeneous surface with insignificant macropores
tructures. Microscopy studies were conducted after adsorption
see Fig. 1c and d) indicates that no significant changes in the
urface structure of the SWP were observed and also reveals that
here is a tight binding between the dye and the adsorbent.

.2. Adsorption isotherm studies

Fig. 2 represents the adsorption of BB41 on the SWP at 22 ◦C.
quilibrium surface loading, qe, was calculated from the mass
alance equation around the isotherm bottle:

e = V (Ci − Ce)

m
(1)

here V is the volume of solution used in the adsorption experi-
ent (l), Ci and Ce are the initial and equilibrium concentrations

f the adsorbate (mg/l), respectively, and m is the dry weight of
dsorbent (g).

The obtained experimental equilibrium adsorption data
Fig. 2) were then compared with the adsorption isotherm mod-
ls. Four models were used: Langmuir [36], Freundlich [37],
empkin [38] and a generalized adsorption isotherm [39].

The linearized Langmuir model is given by:

Ce

qe
= 1

Q0b
+ Ce

Q0
(2)

here Ce is the concentration of adsorbate (mg/l) at equilib-
ium, qe the amount of solute adsorbed at equilibrium (mg/g),
onstant Q0 signifies the adsorption capacity (mg/g) and b (l/mg)
s related to the energy of adsorption.

The Freundlich model assumes a heterogeneous adsorption
urface with sites that have different energies of adsorption
nd are not equally available. The Freundlich isotherm is more
idely used but provides no information on the monolayer

dsorption capacity in contrast to the Langmuir model and can
e written as:
og
x

m
= log qe = log Kf + log Ce

n
(3)

here x is the amount of adsorbate (mg), m the weight of the
dsorbent used (g), qe or x/m the amount of adsorbate at equi-
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Fig. 1. SEM photographs of the SWP powder before adsorp

ibrium (mg/g), Ce the adsorbate concentration in the solution
mg/l) at equilibrium and Kf and n are constants incorporating
ll factors affecting the adsorption process such as adsorption
apacity and intensity. In general, as the Kf value increases, the
dsorption capacity of the adsorbent, for the given adsorbate,
ncreases. n values between 1 and 10 show beneficial adsorption.
f n is close to 1, the surface heterogeneity could be assumed to
e less significant and as n approaches 10 the impact of surface
eterogeneity becomes more significant [19].

Tempkin and Pyzhev [38] considered the effects of indirect
dsorbate–adsorbate interactions on adsorption isotherms. They

oted that the heat of adsorption of all the molecules on the
dsorbent surface layer would decrease linearly with coverage
ue to adsorbate–adsorbate interactions. The Tempkin isotherm

Fig. 2. Adsorption isotherm of BB41 on SWP at 22 ◦C.

b
a
a
a
f

u
c
t

T
R

M

L

F

T

G

[30×],b [200×]) and after adsorption (c [30×],d [250×]).

an be expressed in its linear form as:

e = B ln A + B ln Ce (4)

here B and A are the Tempkin constants and can be determined
y a plot of qe versus ln Ce.

A linear form of the generalized isotherm equation [39] is
iven by:

og

[
qmax

qe
− 1

]
= log K − nb log Ce (5)

here K is the saturation constant (mg/l); nb the cooperative
inding constant; qmax the maximum adsorption capacity of the
dsorbent (mg/g) (obtained from Langmuir model); qe (mg/g)
nd Ce (mg/l) are the equilibrium dye concentrations in the solid
nd liquid phases, respectively. A plot of the equilibrium data in
orm of log((qmax/qe)−1) versus log Ce gives K and nb constants.
Parameters related to each isotherm were determined by
sing linear regression analysis and the square of the correlation
oefficients (R2) have been calculated. A list of the parame-
ers obtained together with R2 values is provided in Table 2. A

able 2
egression parameters for the different isotherm equations

odel equations R2 Parameters

angmuir isotherm 0.904
Q0 (mg/g) b (l/mg)
555.5 0.01138

reundlich isotherm 0.946
Kf (mg/g)/(mg/l)n n
16.15 1.586

empkin isotherm 0.904
A (l/g) B
0.0778 160.5

eneralized isotherm 0.894
K (mg/l) nb

157.25 1.161
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omparison of the experimental isotherms with the adsorption
sotherm models showed that the generalized equation repre-
ented the poorest fit of experimental data as compared to the
ther isotherm equations (R2 = 0.894). It has been found that the
est fitted isotherm equation was Freundlich with R2 = 0.946.
he n parameter of the Freundlich equation reveals that the
dsorption sites have narrow energy distribution since its value
as close to 1 (n = 1.586). The correlation coefficient of Temp-
in isotherm equation (R2 = 0.904) is lower than that obtained
or the Freundlich equation. Although the Langmuir equation
escribes adsorption on strongly homogeneous surfaces, which
s not the case for natural adsorbents because they exhibit a
hemical heterogeneity as represented by the different functional
roups, however, the n parameter of the Freundlich adsorption
quation reveals adsorption sites with low energetically hetero-
eneity of this natural adsorbent [19]. Based on this reason it
an be seen from the obtained data that Langmuir equation can
e fitted with a desirable R2 = 0.904 with a monolayer capacity
f 555 mg/g. The obtained monolayer capacity was significantly
igher than other reported natural adsorbents. Davila et al. [19]
btained a value of 75 mg/g for maize waste at 25 ◦C and Liver-
idge et al. [28] obtained a value of 363 mg/g for peat at 30 ◦C.
his could indicate the superiority of SWP in removing BB41
s compared to other adsorbents.

Fig. 3 shows the effect of the initial pH of the dye solution
n the amount of adsorption of BB41 by SWP. Significant dye
dsorption occurred between pH 4 and 9. At pH higher than 11
he dye was not stable and hence no investigations were con-
ucted. At a pH less than 4 there was very small amount of
emoval of dye by the adsorbent. These results could be due to
he chemisorption occurring between the dye and SWP. As it is
nown, chemisorption is a type of adsorption occurring with a
ingle layer. The BB41 dye is cationic with –NH3

+ groups in
ts structure. The amino acid groups in the structure of SWP are
oth positively and negatively charged when they are in ionic

olutions due to the acidity of aqueous solutions of BB41. A
hemical affinity then forms between the negative charges of
WP and the positive charges in the structure of the dye. As a

ig. 3. Effect of initial pH on the adsorption of BB41 by SWP (initial dye
oncentration: 200 mg/l; temperature: 30 ◦C; time: 2 h; SWP: 4 g/l).
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ig. 4. Effect of temperature on the adsorption of BB41 by SWP (initial dye
oncentration: 200 mg/l; SWP: 4 g/l; pH 7).

esult of this chemical affinity, the resistance of the boundary
ayer surrounding the adsorbent weakens [9]. In a media with
cidic pH the pre-dominant charge of the adsorbent is positive,
ence, there will be repulsion between species with the same
harge, i.e., the dye molecule and the surface of the adsorbent.
his will provide low removal of the dye from solution.

Fig. 4 shows the effect of temperature on the adsorption of
B41 by SWP from aqueous solution. As can be seen there

s a small effect between 40 and 50 ◦C but a significant effect
etween 20 and 40 ◦C. This can be attributed to the endothermic
ature of adsorption. According to the nature of the adsorbent
nd the type of dye used, the process of dye adsorption can
e discussed similar to dyeing process where intermolecular
nteractions between the functional groups of the dye and the
urface chemistry of the substrate may play an important role.

.3. Kinetic studies

Batch experiments were conducted to explore the rate of
B41 adsorption by SWP at pH 7.0, SWP of 4 g/l and initial dye
oncentrations of 100 and 200 mg/l. The kinetic adsorption data
an be processed to understand the dynamics of the adsorption
eaction in terms of the order of the rate constant. The process
f dye removal from aqueous phase by a certain adsorbent may
e represented by pseudo-first-order kinetics (reversible or irre-
ersible) or pseudo-second-order kinetics [31,40].

The pseudo-second-order kinetic model is expressed as:

t

qt

= 1

kad2q2
e

+ t

qe
(6)

here kad2 (g/min mg) is the rate constant of pseudo-second-
rder model adsorption. kad2q

2
e considered as the initial adsorp-

ion rate (mg/g min). If pseudo-second-order kinetics is appli-
able, a plot of t/qt versus t should provide a linear rela-
ionship. The calculated regression coefficients for reversible

seudo-first-order model (R2 = 0.823 at 20 ◦C and R2 = 0.810
t 40 ◦C for C0 = 200 mg/l; R2 = 0.870 for C0 = 100 mg/l at
0 ◦C) and irreversible pseudo-first-order model (R2 = 0.859 at
0 ◦C and R2 = 0.846 at 40 ◦C for C0 = 200 mg/l; R2 = 0.849 for
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ig. 5. Pseudo-second-order kinetic model for the adsorption of BB41 by SWP
SWP: 4 g/l; pH 7).

0 = 100 mg/l at 20 ◦C) were below 0.9. On the other hand,
he pseudo-second-order model (R2 = 0.999 at 20 and 40 ◦C for

0 = 100 and 200 mg/l) revealed to be the best in representing
dsorption of BB41 by SWP.

Fig. 5 shows the plot of the pseudo-second-order model for
wo initial concentrations (100 and 200 mg/l) of BB41. For the
00 mg/l initial concentration two temperatures were consid-
red. From Fig. 5, it is seen that the plots for the 200 mg/l
nitial concentration at the two temperatures studied almost
oincide. However, the rate constants, kad2, were 0.0434 and
.0572 g/min mg at 20 and 40 ◦C, respectively, which is con-
istent with Arrhenius form of equation. The calculated rate
onstant, kad2, for initial concentration of 100 mg/l at 20 ◦C
as 0.0299 g/min mg. The initial adsorption rate, kad2q

2
e , for

0 = 200 mg/l at 20 ◦C is 73.0 mg/g min while for C0 = 100 mg/l
he initial rate was only 5.5 mg/g min. This could be due to the
reater concentration gradient between the solid and liquid phase
t the higher dye concentration.

.4. Intra-particle diffusion studies

Adsorption is a multi-step process involving transport of
olute molecules from the aqueous phase to the surface of the
olid particles and, then, diffusion of the solute molecules into
he interior of the pores, which is likely to be a slow process, and
s therefore, rate determining. Webber and Morris [41] provided
he rate, qt, for intra-particle diffusion by:

t = kpt
0.5 (7)

here qt is the amount of dye adsorbed (mg/g) at time t, and kp

mg/g min0.5) is the rate constant for intra-particle diffusion. The
lot of qt against t0.5 may present a multi-linearity correlation,
hich indicates that two or more steps occur during adsorption
rocess. The first sharper portion is the external mass transfer

film diffusion) or instantaneous adsorption stage. The second
ortion is the gradual adsorption stage where the intra-particle
iffusion can be rate controlling. The third portion is the final
quilibrium stage where the intra-particle diffusion starts to slow

T
u
t
u

ig. 6. Intra-particle diffusion plot for BB41/SWP system (SWP: 1 g/l; initial
ye concentration: 110 mg/l; temperature: 30 ± 0.2 ◦C; pH 7; time: 2 h).

own due to the extremely low solute concentration in solution
42].

The fraction of dye uptake against t0.5 is shown in Fig. 6
or the studied adsorbate–adsorbent system. The linear portions
etween t = 5 and 75 min could be due to intra-particle diffusion
ffects. The slope of this linear portion, kp1 = 1.985 mg/g min0.5,
an be defined as a rate parameter and characteristic of the rate of
dsorption in the region where intra-particle diffusion is occur-
ing. Initially, within a short time period, it is postulated that
he dye was transported to the external surface of the adsorbent
hrough film diffusion and its rate have been very fast. After sat-
ration of the surface, the dye molecule entered into the SWP
article by intra-particle diffusion through pore and interior sur-
ace diffusion until equilibrium is attained which is represented
y the second straight line in Fig. 6 with kp2 = 0.205 mg/g min0.5.
ince the qt versus t0.5 plot does not go through the origin it may
e concluded that both film diffusion and intra-particle diffusion
ere simultaneously operating during the process of the adsorp-

ion of BB41 by SWP [31,43]. In order to determine the actual
ate-controlling step involved in the dye adsorption process, the
dsorption data can be further analyzed using Eq. (8) [44]:

= 1 − 6

π2 exp(−Bt) (8)

here F is the fraction of solute adsorbed at different times t and
t is a mathematical function of F and F can be expressed as:

= qt

qe
(9)

here qt and qe represent the amount adsorbed (mg/g) at any
ime t and at infinite time. Substituting Eq. (9) into Eq. (8), the
inetic expression becomes:

t = −0.4977 − ln

(
1 − qt

qe

)
(10)
hus, the value of Bt can be calculated for each value of F
sing Eq. (10). The calculated Bt values were plotted against
ime as shown in Fig. 7. The linearity of this plot will provide
seful information for distinguishing between film diffusion and
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ntra-particle diffusion rates of adsorption. If a plot of Bt versus
is a straight line passing through the origin, then adsorption
ill be governed by a particle-diffusion mechanism, otherwise
overned by film diffusion [13]. From Fig. 7, it is observed that
he plot has not a desirable linear form (R2 = 0.85); indicating
hat film diffusion mainly governs the rate-limiting process. It
s speculated that it could be due to the electrostatic interaction
etween the adsorbent surface and the cationic dye.

. Conclusion

Equilibrium and kinetic studies were studied for the adsorp-
ion of BB41, a cationic dye, from its aqueous solutions by
WP. The equilibrium data have been analyzed against Fre-
ndlich, Langmuir, Tempkin models, and a generalized isotherm
quation. The characteristic parameters for each isotherm have
een determined. The results showed that the experimental data
ere best correlated by the Langmuir and Freundlich adsorption

sotherms. This adsorbent has high adsorption capacity with a
onolayer adsorption capacity of 555 mg/g. The adsorption was

ependent on the pH of the solution because of the ionization
f amino acid groups existing on the surface of the adsor-
ent. Significant dye adsorption occurred between pH 4 and
. A good agreement of the experimental kinetic data with the
seudo-second-order model at two different temperatures (20
nd 40 ◦C) was obtained. The calculated rate constant, kad2, for
0 = 200 mg/l was 0.0434 and 0.0572 g/min mg at 20 and 40 ◦C,

espectively. The rate constant for C0 = 100 mg/l at 20 ◦C showed
he lowest amount (kad2 = 0.0299 g/min mg). Intra-particle dif-
usion study showed that both film diffusion and intra-particle
iffusion were simultaneously operating during the process of
he adsorption of BB41 by SWP and the rate constant for intra-
article diffusion was estimated to be 1.985 mg/g min0.5.
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