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bstract

The adsorption of Acid Red 14 (AR14) and Acid Blue 92 (AB92) onto the microporous and mesoporous egg shell membrane (ESM) was
nvestigated in aqueous solution in a batch system with respect to initial dye concentration, pH, contact time, particle size and biosorbent doses at
0 ± 1 ◦C. The surface area, Fourier transform infrared (FTIR) and scanning electron microscopy (SEM) of ESM were obtained. The surface area
f ESM was found to be 2.2098 m2/g. The pseudo-first-order, pseudo-second-order kinetics and the intraparticle diffusion models were used to
escribe the kinetics data. The rate constants at different pH values (2–12) were evaluated. The experimental data fitted well to the pseudo-second-
rder kinetics model at pH values of 2–8 and pseudo-first-order kinetics model at pH values of 10 and 12 for both dyes. Equilibrium isotherms

ere analyzed by Langmuir, Freundlich and Redlich–Peterson adsorption models. Maximum desorption of ≥89.6% was achieved for AR14 and
2.8% for AB92 in aqueous solution at pH 12. The results indicate that ESM could be fruitfully employed as effective biomaterial for the removal
f residual color from effluents.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The textile dyeing industry consumes large quantities of
ater at its different steps of dyeing, finishing, etc. processes.
ue to the large volume of water consumption, the produc-

ion of huge volume of wastewaters is inevitable. Generally,
he wastewater from printing and dyeing units in a textile plant
s rich in color, containing residue of dyes and chemicals. Due
o more and more increasingly stringent restrictions on the haz-
rdous organic content of industrial effluents, it is necessary
o eliminate organic pollutants by proper treatment methods
efore being released it into the water courses [1–3]. Various

echniques, such as adsorption [4,5], nanophotocatalysis [6–13],
lectrochemical [14], membrane processes [15], etc. have been
sed for the removal of organics as well as inorganics from
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astewaters. The non-degradable nature of dyes and their stabil-
ty toward light and oxidizing agents complicate the selection of
suitable method for their removal. In comparison to the removal
ethods of colors, it has been well established that adsorption

s the most convenient and effective technique to remove color
rom wastewater [16]. Adsorption is considered to be relatively
uperior to other techniques because of its low cost, simplicity of
esign, high efficiency, availability and ability to separate wide
ange of chemical compounds [17,18].

It is considered that one of the major challenges faced with
dsorption by activated carbon is its cost effectiveness. So, the
esearch of the recent years mainly focused on utilizing natural
aterials as alternatives to activated carbon [19–21]. Several nat-

ral adsorbents, such as peat [22], banana peel [23], orange peel
24], rice husk [5], eucalyptus bark [25] and bagasse pith [26]
re some of the waste materials which have been tried for this
urpose. The acid dyes are one of the most important and widely
sed dye groups in the textile dyeing industries. However, only

limited number of studies on the removal of AR14 and AB92
yes have been found in literature [5,27–29]. AR14 and AB92
re water-soluble dyes with high solubility and thus difficult to
emove by common chemical treatment methods. Keeping these
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Nomenclature

AR14 Acid Red 14
AB92 Acid Blue 92
Ce equilibrium concentration of dye solution
ESM egg shell membrane
FTIR Fourier transform infrared
I intercept
k equilibrium rate constant of pseudo-second order

(g/mmol min)
kp intraparticle diffusion rate constant
k1 equilibrium rate constant of pseudo-first-order

kinetics (min−1)
KL Langmuir constant
KF Freundlich constant
KR and aR Redlich–Peterson isotherm constants
1/n adsorption intensity
mS optimum amount of ESM (g/L)
pH0 initial pH
PS particle size
qe amount of dye adsorbed at equilibrium (mmol/g)
qt amount of dye adsorbed at time t (mmol/g)
Q0 maximum adsorption capacity
R2 goodness of fit criterion
RL equilibrium parameter
SEM scanning electron microscopy
S agitation speed (rpm)
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n mind, it necessitates an attempt to find and provide an easy,
easible and reliable method for their removal, thus utilization of
dsorption technique seems to be more fruitful. The focus of this
esearch is to evaluate the adsorption potential of natural biosor-
ent (ESM) toward the colored compounds. In this respect, acid
yes, Acid Red 14 and Acid Blue 92, was studied as model com-
ounds. ESM is located on the inner surface of the shell, which
ontains polysaccharides and polypeptides [30]. The effects of
article size and dose of ESM, pH, contact time and initial dye
oncentration on the adsorption of acid dyes onto ESM were
nvestigated. The Langmuir, Freundlich and Redlich–Peterson
sotherms were used to fit the equilibrium data. Pseudo-first-
rder kinetics, pseudo-second-order kinetics and intraparticle
iffusion models were attempted.

. Experimental

.1. Chemicals and methods

ESM were supplied by local confectionary. Acid dyes (AR14

nd AB92) were provided by Ciba and were used without fur-
her purification. The chemical specifications of these dyes are
hown in Fig. 1. All other chemicals were of Analar grade and
urchased from Merck. The pH measurements were made using

c
(
2
a

ig. 1. Chemical structure of (a) Acid Red 14 (C.I. No: 14720, Monoazo,

max = 517.0) and (b) Acid Blue 92 (C.I. No: 13390, Monoazo, λmax = 595.0).

pH meter (Hach). UV–vis spectrophotometer CECIL 2021
as employed for absorbance measurements of samples. The
aximum wavelength (λmax) used for determination of residual

oncentration of AR14 and AB92 at pH0 (initial pH solution) 2
n solution were 517.0 and 595.0 nm, respectively. The dye sam-
le solutions were centrifuged for 20 min in a Hettich EBA20
entrifuge (5000 rpm) prior to adsorption measurements. The
TIR spectrum of ESM was prepared with Perkin-Elmer Spec-

rophotometer Spectrum One in the range of 450–4000 cm−1.
Scanning electron microscope of untreated ESM and

dsorbed ESM with AR14 and AB92 dyes for comparison were
btained using LEO 1455VP scanning microscope. After equi-
ibration, the ESM treated samples were removed from the dye
olution, filtered and dried for the SEM analysis. The surface
rea of ESM was obtained by using the Brunauer, Emmett and
eller (BET) method with Gemini 2375 micrometrics instru-
ent. The surface area of ESM was found to be 2.2098 m2/g.

.2. Sample preparation

For the preparation of the ESM, a 25% aqueous acetic acid
olution was first used to dissolve the egg shell. The membrane
as then taken out of the beaker and cleaned with fresh distilled
ater twice and dried. The dried membrane was ground and

ieved to the required particle size of <0.125 mm.
The adsorption measurements were conducted by mixing var-

ous amounts of ESM (0.015–1.2 g) for AR14 and AB92 in
ars containing 250 mL of a dye solution (AR14: 0.199 mmol/L,
B92: 0.144 mmol/L) at various pH0 (2–12). The pH of the solu-

ion was adjusted by adding a small amount of HCl or NaOH
1 M). Dye solutions were prepared using distilled water to pre-
ent and minimize possible interferences. Although in actual
ases, the dye wastewater will has a different ionic strength and
rganics present.

Adsorption experiments were carried out at various con-

entrations of dye solutions using optimum amount of ESM
mS = 0.4 g/L) at pH0 2, agitation speed (S) of 200 rpm at
0 ± 1 ◦C for 2 h to attain the equilibrium conditions. The
bsorbance of all samples were monitored and determined at
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The adsorption efficiency of ESM towards AR14 and AB92
were evaluated by determining the percentage decrease of the
absorbance at 517.0 and 595 nm, respectively. The influence of
varying the initial dye concentration was assessed (Figs. 4 and 5).
M. Arami et al. / Chemical En

ertain time intervals (5, 10, 15, 20, 25, 30, 45, 60 and 120 min)
uring the adsorption process. The equilibrium was established
fter 60 min. At the end of the adsorption experiments, the sam-
les were centrifuged and the dye concentration was determined.
he results were verified with the Langmuir, Freundlich and
edlich–Peterson adsorption isotherms.

.3. Desorption studies

The biosorbent that was used for the adsorption of dye solu-
ion was separated from solution by filtration and then were
ried. It was agitated with 250 mL of distilled water at differ-
nt pH0 values (2–12) and agitation speed of 200 rpm for the
redetermined equilibrium time of adsorption process.

. Results and discussion

.1. Surface characteristics

In order to investigate the surface characteristics of ESM,
ourier transform infrared (FTIR, Perkin-Elmer Spectropho-

ometer Spectrum One) in the range 450–4000 cm−1 was
tudied (Fig. 2). The FTIR spectrum of ESM shows that the
eak positions are at 3411.57, 1648.73, 1528.48, 1308.03 and
168.70 cm−1. The bands at 3411.57 are due to O H and N H
tretching. While the bands at 1648.73 and 1528.48 reflect the
arbonyl group stretching (amide) and N H bending, respec-
ively. Bands at 1308.03 and 1168.70 correspond to C–H bending
nd C O stretching, respectively [31,32].

.2. Effect of adsorbent dosage

The effect of ESM doses on the amount of dye adsorbed was
nvestigated by contacting 250 mL of dye solution with initial
ye concentration of 0.199 mmol/L of AR14 and 0.144 mmol/L
f AB92 using jar test at room temperature (20 ± 1 ◦C) for
20 min at a constant stirring speed of 200 rpm. Different
mounts of ESM (0.06–0.4 g/L) for AR14 and AB92 were

pplied. After equilibrium, the samples were centrifuged and
he concentration in the supernatant dye solution was analyzed.
he plot of dye removal (%) versus adsorbent dosage (g/L) is
hown in Fig. 3.

Fig. 2. Fourier transform infrared (FTIR) spectrum of ESM.

F
b
s

F
b
s

ig. 3. Effect of adsorbent dosage on the adsorption of dyes on ESM. Conditions:
H0 2, T 20 ± 1 ◦C, S 200 rpm, dye concentration (AR14: 0.199 mmol/L, AB92:
.144 mmol/L) and particle size = <0.125 mm.

.3. Effect of contact time
ig. 4. The effect of contact time and initial dye concentration on AR14 removal
y ESM. Conditions: pH0 2, T 20 ± 1 ◦C, S 200 rpm, ms = 0.4 g/L and particle
ize = <0.125 mm.

ig. 5. The effect of contact time and initial dye concentration on AB92 removal
y ESM. Conditions: pH0 2, T 20 ± 1 ◦C, S 200 rpm, ms = 0.4 g/L and particle
ize = <0.125 mm.
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Table 1
The effect of initial pH of dye solutions on the maximum absorbance wavelength
(λmax (nm)) of AR14 and AB92

pH λmax (nm)

AR14 AB92

2 517.0 595.0
4 516.5 578.0
6 516.5 575.5
8 513.0 575.0
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Several models can be used to express the mechanism of
solute sorption onto a sorbent. In order to design a fast and
ig. 6. The effect of adsorbent particle size on the adsorption of AR14 on ESM.
onditions: pH0 2, T 20 ± 1 ◦C, S 200 rpm, ms = 0.4 g/L.

t can be concluded that the percentage of dye adsorption is
ecreased by increasing the initial dye concentration.

.4. Effect of particle size

The adsorption of both dyes at different particle sizes,
S < 0.125, 0.125–0.15, 0.15–0.25, 0.25–0.6 and PS > 0.6 was
tudied. The results are shown in Figs. 6 and 7. It is seen that
ith decreased particle size, the adsorption increases to some

xtent. Due to sufficient adsorption capacity, all further studies
ere carried out using PS < 0.125.

.5. Effect of pH

The results of blank dye solution studies indicated that,
hange of the initial pH (pH0) of dye solution has negligi-
le effect on the λmax of AR14 and AB92 dyes (pH0 2–12)
nd during the experiments the pH of dye solutions was not
hanged significantly. This observation proved that, at this range
f pH, there is not occurred any chemical structural change of
ye molecules. Based on this observation and assuming neg-
igible dissociation of adsorbent, the pH of all dye solutions
ere reported as initial pH and pH control during all experi-
ents was ignored. The maximum absorbance wavelength (λmax

nm)) of AR14 and AB92 at different pH0 values are shown in

able 1.

The effect of initial pH on the adsorption of AR14 and AB92
nto ESM is shown in Fig. 8. The adsorption capacity increases
hen the pH is decreased. Maximum adsorption of acid dyes

ig. 7. The effect of adsorbent particle size on the adsorption of AB92 on ESM.
onditions: pH0 2, T 20 ± 1 ◦C, S 200 rpm, ms = 0.4 g/L.

e
F

F
2

0 507.0 573.0
2 510.0 574.0

ccurs at acidic pH (pH0 2). ESM is comprised of various func-
ional groups, such as amine, hydroxyl and carbonyl groups
hich are affected by the pH of solutions. In other words, the pre-
ominant charges on the ESM are positive and because of having
O3

− group in the structure of dyes, it seems the dominant mech-
nism of the adsorption is electrostatic attraction. Therefore,
t various pH values, the electrostatic attraction as well as the
onic property and structure of dye molecules and ESM could
lay very important roles in dye adsorption on ESM. At pH0 2, a
onsiderable high electrostatic attraction exists between the pos-
tively charged surface of the adsorbent, due to the ionization of
unctional groups of adsorbent and negatively charged anionic
ye molecules. As the pH of the system increases, the number of
egatively charged sites are increased. A negatively charged site
n the adsorbent does not favor the adsorption of anionic dyes
ue to the electrostatic repulsion [4,33]. Also, lower adsorption
f AR14 and AB92 dyes at alkaline pH is due to the presence
f excess OH− ions destabilizing anionic dyes and competing
ith the dye anions for the adsorption sites. Thus, the effective
H0 was 2 and it was used in further studies. Similar results of
H effect were also reported for the adsorption of acid yellow
6 and Congo red onto agricultural wastes [33].

.6. Adsorption kinetics
ffective model, investigations were made on adsorption rate.
or the examination of the controlling mechanisms of adsorption

ig. 8. Effect of pH for the adsorption of AR14 and AB92 on ESM. Conditions: T
0 ± 1 ◦C, S 200 rpm, particle size = <0.125 mm and equilibrium time = 120 min.
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ig. 9. Pseudo-first-order sorption kinetics of AR14 onto ESM. Conditions: T
0 ± 1 ◦C, S 200 rpm, particle size = <0.125 mm and ms = 0.4 g/L.

rocess, such as chemical reaction, diffusion control and mass
ransfer, several kinetics models are used to test the experimental
ata [34,35].

.6.1. 3.6.1.Pseudo-first-order equation
Pseudo-first-order equation is generally represented as fol-

ows [36,37]:

dqt

dt
= k1(qe − qt) (1)

here qe is the amount of dye adsorbed at equilibrium (mmol/g),
t the amount of dye adsorbed at time t (mmol/g) and k1 is the
quilibrium rate constant of pseudo-first-order kinetics (1/min).
fter integration by applying conditions, qt = 0 at t = 0 and qt = qt

t t = t, then Eq. (1) becomes

og(qe − qt) = log(qe) − k1

2.303
t (2)
he straight-line plots of log(qe − qt) versus t (Figs. 9 and 10)
or the adsorption of AR14 and AB92 onto ESM at different
Hs (2–12) have also been tested to obtain the rate parameters.
he k1, qe and correlation coefficients under different pH values
ere calculated from these plots and are given in Table 2.

o
c
f
o
w

able 2
inetics constants for pseudo-first- and pseudo-second-order models

ye Pseudo-first order Pseudo-second ord

k1 (1/min) qe (mmol/g) R2 k (g/mmol min)

R14
pH = 2 0.0626 0.1768 0.9545 0.7822
pH = 4 0.0481 0.0179 0.9335 5.9891
pH = 6 0.0525 0.01703 0.9791 6.495
pH = 8 0.0398 0.01644 0.8914 4.1617
pH = 10 0.0320 0.0085 0.9277 0.0605
pH = 12 0.0424 0.0108 0.9135 0.7694

B92
pH = 2 0.0624 0.0537 0.8633 2.3235
pH = 4 0.06955 0.0508 0.8896 2.098
pH = 6 0.08153 0.04798 0.9188 2.1677
pH = 8 0.06564 0.06803 0.8761 0.9494
pH = 10 0.03132 0.03828 0.9013 0.7196
pH = 12 0.05113 0.02522 0.9484 0.0406
ig. 10. Pseudo-first-order sorption kinetics of AB92 onto ESM. Conditions: T
0 ± 1 ◦C, S 200 rpm, particle size = <0.125 mm and ms = 0.4 g/L.

.6.2. Pseudo-second-order equation
Data were applied to the Ho and MaKay’s pseudo-second-

rder chemisorption kinetic rate equation which is expressed as
36,38]:

dqt

dt
= k(qe − qt) (3)

here qe is amount of dye adsorbed at equilibrium (mmol/g)
nd k is the equilibrium rate constant of pseudo-second order
g/mmol min). On integrating the Eq. (3),

t

qt

= 1

kq2
e

+ 1

qe
t (4)

To understand the applicability of the model, a linear plots of
/qt versus t under different pH0 values (2–12) for the adsorption
f AR14 and AB92 onto ESM are shown in Figs. 11 and 12.
he k, qe and correlation coefficients were calculated from these
lots and are given in Table 2. From Table 2, adsorption kinetics
f dyes was studied and the rates of sorption were found to

onform to pseudo-second-order kinetics with good correlation
or the pH values of 2–8. These obedience from pseudo-second-
rder kinetics, might be attributed to the activity of H+ together
ith dye ions at acidic-neutral pHs. For the pHs 10 and 12,

er Intraparticle diffusion model

qe (mmol/g) R2 kp I R2

0.49928 0.9998 0.0442 0.2383 0.9095
0.05409 0.9991 0.002 0.0372 0.9471
0.04774 0.9982 0.0022 0.0301 0.9391
0.02714 0.9672 0.0021 0.0081 0.9292

−0.04258 0.0313 0.0017 0.0016 0.9023
0.02237 0.5598 0.0011 0.0022 0.9422

0.36415 0.9999 0.024 0.2376 0.9375
0.06494 0.9747 0.0025 0.0333 0.9657
0.05812 0.9903 0.0047 0.0179 0.9817
0.06545 0.9531 0.0044 0.0127 0.9375

−0.0139 0.2577 0.0005 0.0004 0.8605
−0.0738 0.1088 0.0016 −0.0027 0.9236



M. Arami et al. / Chemical Engineering Journal 139 (2008) 2–10 7

Fig. 11. Pseudo-second-order sorption kinetics of AR14 onto ESM. Conditions:
T 20 ± 1 ◦C, S 200 rpm, particle size = <0.125 mm and ms = 0.4 g/L.

F
T

t
g
d

3

i
m

q

w
F

F
t

F
t

p
v
t
g
t
i
t
[
i
f
l
o
s
v
g
d

3

a
a
i
R

ig. 12. Pseudo-second-order sorption kinetics of AB92 onto ESM. Conditions:
20 ± 1 ◦C, S 200 rpm, particle size = <0.125 mm and ms = 0.4 g/L.

he rate of sorption follows the pseudo-first-order kinetics with
ood correlation. It seems that at high pH values OH− ion is a
ominant adsorbed species.

.6.3. The intraparticle diffusion model
The possibility of intraparticle diffusion resistance affect-

ng adsorption was explored by using the intraparticle diffusion
odel as
t = kpt
1/2 + I (5)

here kp is the intraparticle diffusion rate constant. In
igs. 13 and 14, a plot of mass of AR14 and AB92 adsorbed

ig. 13. Intraparticle diffusion plots for the removal of AR14 by ESM. Condi-
ions: T 20 ± 1 ◦C, S 200 rpm, particle size = <0.125 mm and ms = 0.4 g/L.
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ig. 14. Intraparticle diffusion plots for the removal of AB92 by ESM. Condi-
ions: T 20 ± 1 ◦C, S 200 rpm, particle size = <0.125 mm and ms = 0.4 g/L.

er unit mass of adsorbent, qt versus t1/2 is presented for pH0
alues of 2–12. Values of I (Table 2) give an idea about the
hickness of the boundary layer, i.e., the larger intercept the
reater is the boundary layer effect. According to this model,
he plot of uptake, should be linear if intraparticle diffusion is
nvolved in the adsorption process and if these lines pass through
he origin then intraparticle diffusion is the rate controlling step
21,39–41]. When the plots do not pass through the origin, this
s indicative of some degree of boundary layer control and this
urther shows that the intraparticle diffusion is not the only rate-
imiting step, but also other kinetic models may control the rate
f adsorption, all of which may be operating simultaneously. The
lope of linear portion from Figs. 13 and 14 can be used to derive
alues for the rate parameter, kp, for the intraparticle diffusion,
iven in Table 2. The correlation coefficients for intraparticle
iffusion model are between 0.8605 and 0.9817.

.7. Adsorption isotherms

To optimize the design of an adsorption system for the
dsorption of adsorbates, it is important to establish the most
ppropriate correlation for the equilibrium curves. Various
sotherm equations like those of Langmuir, Freundlich and
edlich–Peterson adsorption isotherms were tested in this work.

n the Langmuir theory, the basic assumption is that the sorption
akes place at specific homogeneous sites within the adsorbent.
his equation can be written as follows [42–47]:

e = Q0KLCe

1 + KLCe
(6)

here qe is the amount of dye adsorbed on ESM at equilibrium,
e the equilibrium concentration of dye solution, KL the equi-

ibrium constant and Q0 is the maximum adsorption capacity.
The linear form of Langmuir equation is:

Ce

qe
= 1

KLQ0
+ Ce

Q0
(7)

he essential characteristic of the Langmuir isotherm can be
xpressed by the dimensionless constant called equilibrium

arameter, RL, defined by

L = 1

1 + KLC0
(8)
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Table 3
Linearized isotherm coefficients for dyes

Langmuir constants

Dye Q0 KL RL R2

AR14 1.023 56.497 0.082 0.826
AB92 0.545 244.738 0.028 0.903

Freundlich constants

Dye KF 1/n R2

AR14 1.797 0.303 0.900
AB92 0.789 0.156 0.991

Redlich–Peterson constants

Dye KR aR β R2

A
A

w
c
t
o
o

e
o
e

q

w
i
t
(

l

T
s

f
a
m
u
t

q

K
i

t
s

l

F
2

A
b
v
s

C
c
i
c
a

3

r
s
1
p

c
b
r
r
a

3.9. SEM analysis

Scanning electron microscopy (SEM) has been a primary
tool for characterizing the surface morphology and fundamental
R14 293714.7 349186.2 0.897703 0.992
B92 758653.5 481025.2 0.633962 0.998

here KL is the Langmuir constant and C0 is the initial dye
oncentration (mmol/L), RL values indicate the type of isotherm
o be irreversible (RL = 0), favorable (0 < RL < 1), linear (RL = 1)
r unfavorable (RL > 1) [24,48]. The RL values for the adsorption
f AR14 and AB92 on ESM have been shown in Table 3.

The Freundlich isotherm is derived by assuming a het-
rogeneous surface with a non-uniform distribution of heat
f adsorption over the surface. Freundlich isotherm can be
xpressed by [45–47,49]:

e = KFC1/n
e (9)

here KF is adsorption capacity at unit concentration and 1/n
s adsorption intensity. 1/n values indicate the type of isotherm
o be irreversible (1/n = 0), favorable (0 < 1/n < 1), unfavorable
1/n > 1) [45]. Eq. (4) can be rearranged to a linear form:

og qe = log KF +
(

1

n

)
log Ce (10)

he 1/n values for the Freundlich adsorption isotherm have been
hown in Table 3.

The Redlich–Peterson isotherm model combines elements
rom both the Langmuir and Freundlich equations, and the mech-
nism of adsorption is a hybrid one and does not follow ideal
onolayer adsorption. The Redlich–Peterson equation is widely

sed as a compromise between Langmuir and Freundlich sys-
ems. It is expressed as [21,49–53]:

e = KRCe

1 + aRC
β
e

(11)

R and aR are the Redlich–Peterson isotherm constants and β

s the exponent, which lies between 0 and 1.
The Redlich–Peterson isotherm incorporates three parame-

ers and can be applied either in homogeneous or heterogeneous

ystems. Eq. (11) can be converted to

n

(
KR

Ce

qe
− 1

)
= ln aR + β ln Ce (12) F

2

ig. 15. Adsorption isotherms of dyes using ESM. Conditions: pH0 2, T
0 ± 1 ◦C, S 200 rpm, particle size = <0.125 mm and equilibrium time = 60 min.

minimization procedure has been adopted to solve Eq. (12)
y maximizing the correlation coefficient between the predicted
alues of qe from Eq. (12) and the experimental data using the
olver add-in function of the MS excel.

Fig. 15 shows the adsorption isotherms of dyes (qe versus
e) using ESM. The values of R2 (goodness of fit criterion)
omputed by linear regression for the all investigated types of
sotherms are presented in Table 3. The data of Table 3 indi-
ate that the Redlich–Peterson isotherm is most appropriate for
dsorption of AR14 and AB92 on ESM.

.8. Desorption studies

Desorption studies help to elucidate the mechanism and
ecovery of the adsorbate and adsorbent. As the pH of desorbing
olution was increased, the percent desorption increased from
% at pH0 2 to ≥89.6% at pH0 12 for AR14 and from 1.6% at
H0 2 to 82.8% at pH0 12 for AB92 (Fig. 16).

As the pH of the system increases, the number of negatively
harged sites increased. A negatively charged site on the adsor-
ent favors the desorption of dye anions due to the electrostatic
epulsion [33,54]. At pH0 12, a significantly high electrostatic
epulsion exists between the negatively charged surface of the
dsorbent and anionic dye.
ig. 16. Effect of pH on desorption of AR14 and AB92 on ESM. Conditions: T
0 ± 1 ◦C, S 200 rpm.
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ig. 17. SEM images for ESM: (a) original ESM; (b) after 60 min adsorption p
f ESM for AR 14 and AB 92, (AR14: 0.199 mmol/L, AB92: 0.144 mmol/L), e

hysical properties of the adsorbent surface. It is useful for
etermining the particle shape, porosity and appropriate size
istribution of the adsorbent. Scanning electron micrographs of
aw ESM and adsorbed ESM with AR14 and AB92 are shown
n Fig. 17. From Fig. 17, it is clear that, ESM has considerable
umbers of pores where, there is a good possibility for dyes to
e trapped and adsorbed into these pores. The SEM pictures of
SM samples show very distinguished dark spots which can be

aken as a sign for effective adsorption of dye molecules in the
avities and pores of this adsorbent.

. Conclusion

Equilibrium and kinetic studies were done for the adsorp-
ion of Acid Red 14 (AR14) and Acid Blue 92 (AB92) from
queous solutions onto ESM. Results of adsorption showed that
SM, can be effectively used as a biosorbent for the removal
f model anionic dyes. This biosorbent exhibited high sorption
apacities toward AR14 and AB92. The kinetics studies of dyes
n ESM were performed based on pseudo-first order, pseudo-
econd order and intraparticle diffusion rate mechanism. The
ata indicate that the adsorption kinetics of dyes on ESM fol-
owed the pseudo-second-order rate expression at the pH values

f 2–8 and obeyed the pseudo-first-order rate expression at the
H values of 10 and 12. The equilibrium data have been analyzed
sing Langmuir, Freundlich and Redlich–Peterson isotherms
nd the characteristic parameters for each isotherm have been
s (AR14) and (c) after 60 min adsorption process (AB92). Conditions: 0.4 g/L
rium time = 60 min, S 200 rpm, T 20 ± 1 ◦C, and particle size = <0.125 mm.

etermined. The results showed that the experimental data were
orrelated reasonably well by the Redlich–Peterson adsorption
sotherm. Desorption studies were conducted and the results
howed that at alkaline pH values high electrostatic repulsion
xisted between the negatively charged surface of the adsorbent
nd anionic dye.
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