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bstract

The adsorption of Direct Red 80 (DR 80) dye from aqueous solution on almond shells as an eco-friendly and low-cost adsorbent was studied.
he effect of shell type (internal, external and mixture shells), pH and initial dye concentration were considered to evaluate the sorption capacity
f almond shell adsorbent. The mixture type of almond shell showed to be more effective. The adsorption studies revealed that the mixture type
f almond shells remove about 97% of the DR 80 dye from aqueous phase after 1 h of the adsorption process in a batch system. Although, pH
hanges did not appreciably affect the adsorption process but the maximum adsorption capacity of different types of almond shells (20.5, 16.96 and
6.4 mg/g for mixture, external and internal shells) were obtained at pH 2. However, in order to have a better control on the experimental conditions,
H 6 was selected for conducting all adsorption experiments. Initial dye concentration was varied from 50 to 150 mg/L. Higher concentrations
f dye in aqueous solution reduced DR 80 dye adsorption efficiency of almond shells. Equilibrium data were attempted by various adsorption

sotherms including Langmuir, Freundlich and Brunauer–Emmett–Teller (BET) models. It was found that the adsorption process by mixture type
f almond shells follows the Langmuir non-linear isotherm. Furthermore, the experimental data by internal and external almond shells could be
ell described by the BET and Freundlich isotherm models, respectively. The pseudo-second-order kinetics provides the best correlation of the

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

The textile industry is responsible to produce a large volume
f polluted effluents discharging to the receiving environment.
ynthetic dyes are recognised to be the most important haz-
rdous material found in textile effluents which need to be
emoved. Because the presence of dyes in effluents cause many
amage to the ecological system of the receiving surface water
1,2] and create a lot of disturbance to the groundwater resources.
he industrial effluents containing dyes reduce light penetration,
reventing the photosynthesis of aqueous flora [3]. Some dyes

ay cause allergy, skin irritation and cancer to humans. In order

o minimise the risk of pollution problems from such effluents,
t is necessary to accurately treat them before discharging to

∗ Corresponding author at: Tel.: +98 273 3335509; fax: +98 273 3335509.
E-mail address: fdoulati@shahrood.ac.ir (F. Doulati Ardejani).
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queous solution

he environment. Substantial attempts have been made by many
esearchers to find suitable treatment systems in order to treat
astes discharged from different industries in particular textile

ndustry [1,2,4–12].
A wide range of chemical and physical procedures of dyes

emoval from aqueous solutions is based on the decolouriza-
ion by photocatalytic degradation [7,12,13], membranes [14],

icrobiological decomposition [15], electrochemical oxidation
f dye [16] and adsorption techniques [3,8,9,11,17–19]. From
ll these techniques for dye removal from industrial effluents, the
dsorption process is noted to be superior because it is economi-
ally cost effective, efficient [8] and simple [2]. This method was
idely used for the treatment of industrial effluents containing

olour, heavy metals and other organic and inorganic hazardous

mpurities [11]. Using adsorption process the hazardous dye is
ransferred from the aqueous phase to a solid phase. Besides
hat, the microbiological, photocatalytic and electrochemical
ecomposition procedures are not efficient because many dyes

mailto:fdoulati@shahrood.ac.ir
dx.doi.org/10.1016/j.jhazmat.2007.06.048
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Table 1
Comparison of the adsorption capacities of various adsorbents used for dye removal from aqueous solutions

Adsorbent Dye Maximum adsorption capacity (mg/g) Source

Mixture almond shells Direct Red 80 22.422 Present study
Compost Acid Black 24 86 [2]
Compost Acid Orange 74 15 [2]
Compost Basic Blue 9 200 [2]
Compost Basic Green 4 69.4 [2]
Compost Direct Blue 71 22 [2]
Compost Direct Orange 39 17 [2]
Compost Reactive Orange 16 9 [2]
Compost Reactive Red 2 20 [2]
Peanut hull Amaranth 14.90 [3]
Peanut hull Sunset Yellow 13.99 [3]
Peanut hull Fast Green FCF 15.60 [3]
Lignite coal C.I. Acid Red 88 30.9 [4]
Bituminous coal C.I. Acid Red 88 26.1 [4]
Orange peel Direct Red 23 10.718 [19]
Orange peel Direct Red 80 21.052 [19]
Fungus Aspergillus niger Congo Red 14.72 [23]
Soy meal hull Direct Red 80 178.57 [24]
Soy meal hull Direct Red 81 120.48 [24]
Soy meal hull Acid Blue 92 114.94 [24]
Soy meal hull Acid Red 14 109.89 [24]
Flyash Methylene Blue 4.48 [31]
Pyrophyllite Methylene Blue 70.42 [32]
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yrophyllite Procion Crimson H-EXL

annot be easily decomposed [13,16]. Furthermore, the high
ost of activated carbon sometimes limits its applicability for
ye removal [11,18]. Therefore, there is a growing interest to
earch for alternative materials, which are relatively cost effec-
ive and at the same time having high adsorption efficiency [11].
hese research works include use of wood and saw dust [11,20],
y ash [21], wheat straw [22], apple pomace [22], fungus [23]
nd orange peels [19], soy meal hull [24], eggshell membrane
25], etc. Table 1 compares the adsorption capacities of various
aterials including almond shell used in this study.
Most of the research works on almond shell are limited to

ts use as source of activated carbon [26,27]. Almond shell was
sed to remove pentachlorophenol from aqueous matrices [28]
nd has not been previously used as an adsorbent for the removal
f textile dyes from aqueous solutions.

In the present study, almond shells are used to remove DR 80
ye from the aqueous solution. Equilibrium data are attempted
y various adsorption isotherms including Langmuir, Freundlich
nd Brunauer–Emmett–Teller (BET) [29] isotherms in order to
elect an appropriate isotherm model. A kinetics study of the
dsorption process is also considered in the present study to
escribe the rate of sorption.

. Experimental

.1. Preparation of adsorbent
The almond shells were obtained from a local fruit field in
ast north of Iran. The almond shells were first washed to remove
ny adhering dirt and then were dried. The material was sieved

c
b
u
T

71.43 [32]

n the mineral processing laboratory at Shahrood University of
echnology to obtain the particle size of <106 �m.

.2. Reagents and solutions

DR 80 dye was obtained from Ciba Ltd. and was used without
urther purification. The chemical structure of this dye is shown
n Fig. 1. Distilled water was throughout employed as solvent.

orking solution of 50 mg/L was prepared. The pH adjustments
f the solution were made by adding a small amount of HCl or
aOH (1M).

.3. Adsorption procedure

The adsorption measurements were conduced by mixing
arious amounts of almond shells (0.05–0.8 g) in jars con-
aining 250 mL of a dye solution (50 mg/L) and 5 g NaCl at
H 6, an agitating speed of 200 rpm and temperature 20 ◦C
or 300 min to attain equilibrium conditions. An FC6S-VELP
Scientifica) jar test was used for agitating purpose. Different
gitation rates ranging from 30 to 200 rpm had no significant
hange on adsorption process. The changes of absorbance were
etermined at certain time intervals (2, 4, 6, 8, 10, 20, 30,
0, 120, 180, 240 and 300 min) during the adsorption pro-
ess. After adsorption experiments, the sorbent were separated
rom the solution by Hettich EBA20 centrifuge and dye con-

entration was then determined. The results were evaluated
y various adsorption isotherms incorporating Langmuir, Fre-
ndlich and Brunauer–Emmett–Teller (BET) isotherms (see
able 2).
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Fig. 1. Chemical structure of DR 80 dye.

Table 2
Linearised isotherm coefficients for adsorption of DR 80 dye on almond shells

Adsorbent type Langmuir isotherm Freundlich isotherm BET isotherm

Q0 KL R2
1 KF n R2

2 Kb qm R2
3

Mixture shells 28.50 1.821 0.9624 15.563 7.353 0.8809 −4.6621 1.3199 0.9604
External shells 23.753 0.494 0.9158 11.951 5.163 0.9715 −7.84 6.378 0.8639
Internal shells 22.00 0.099 0.9641 8.168 2.145 0.9629 −65.556 16.949 0.9893
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Fig. 2. Scanning electron micrographs of the internal almond

Scanning electron microscopic (SEM) images of the surface
f the almond shells were obtained using LEO 1455VP scanning
icroscope for internal shells (Fig. 2), external shells (Fig. 3)
nd mixture shells (Fig. 4). These pictures show the surface
f the adsorbent prior to adsorption process (Figs. 2a, 3a and
a) and after adsorption experiments (Figs. 2b, 3b and 4b). The

s
p
i

Fig. 3. Scanning electron micrographs of the external almond shel
ls: (a) without adsorption and (b) after 1440 min adsorption.

EM photographs of the original almond shells (Figs. 2a, 3a
nd 4a) show that the whole shells have a rough surface with
lmost non-compact structure. It is obvious that the almond

hells have considerable numbers of pore spaces where appro-
riate conditions exist for DR 80 dye to be trapped and adsorbed
nto these pores. (Figs. 2b, 3b and 4b) illustrate that the DR 80

ls: (a) without adsorption and (b) after 1440 min adsorption.
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Fig. 4. Scanning electron micrographs of the mixture almond

ye is homogeneously adsorbed on the surfaces of the almond
hells.

. Results and discussion

.1. Analysis of the samples

A CECIL 2021 spectrophotometer was used at the maximum
avelength (λmax) of 542.5 nm to make the absorbance mea-

urements. An FTIR analysis was performed in the range of
50–4000 cm−1 in order to explore the surface characteristics
f the adsorbent. Fig. 5 shows the FTIR spectrum of almond
hells. The peak positions showing major adsorption bands
ere observed at 3432.13, 2927.96, 1741.26, 1633.20, 1382.18,
252.68, 1053.85 and 602.93 cm−1. The band at 3432.13 cm−1

s due to stretch vibration (O–H), The band at 2927.96 may rep-
esent the C–H aromatic and aliphatic stretch vibration, the band
t 1633.20 cm−1 represents the carbonyl group stretching, the
and at 1382.18 cm−1 is due to C–H deformation vibration, the
and at 1053.85 cm−1 reflects the C–O stretch vibration and the
and at 602.93 cm−1 may correspond to SiO–H vibration.
The surface area of the mixture type of almond shell was
etermined by BET method. In this investigation, the value
0.5 m2/g was calculated for its surface area.

Fig. 5. The FTIR spectrum of almond shells.
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ls: (a) without adsorption and (b) after 1440 min adsorption.

.2. Adsorption isotherms

Adsorption isotherms describe how adsorbates interact with
dsorbents and are crucial in optimizing the use of adsorbents.
dsorption isotherms demonstrate the relationships between

quilibrium concentrations of adsorbate in the solid phase q,
nd in the liquid phase C at constant temperature [5].

Adsorption isotherms are described in many mathematical
orms. They are often obtained in the laboratory using batch
ests in which the equilibrium data are attempted by various
sotherm models such as Langmuir, Freundlich [5,11,30] and
runauer–Emmett–Teller (BET) [29] isotherms.

The Langmuir isotherm has been widely used to describe
ingle-solute systems. This isotherm assumes that intermolec-
lar forces decrease rapidly with distance and consequently it
an predict monolayer coverage of the adsorbate on the outer
urface of the adsorbent. Further assumption is that adsorption
ccurs at specific homogeneous sites within the adsorbent and
here is no significant interaction among adsorbed species. The
angmuir isotherm is given by the following equation:

e = Q0KLCe

1 + KLCe
(1)

here qe is the solid phase dye concentration at equilibrium
mg/g), Ce the equilibrium concentration of dye (mg/L), Q0
enotes the maximum adsorption capacity (mg/g) and KL is the
angmuir isotherm constant (L/mg).

A linear expression for the Langmuir isotherm is:

Ce

qe
= 1

Q0KL
+ 1

Q0
(Ce) (2)

f Ce/qe is plotted against Ce gives a straight line with a slope of
/Q0 and an intercept of 1/(Q0KL).

In this study, Freundlich expression was also applied for
he adsorption of DR 80 dye on almond shells. This empiri-
al expression is used to describe heterogeneous systems [31].
he Freundlich isotherm equation is given as:
e = KFC1/n
e (3)

here Ce is the equilibrium concentration of dye (mg/L), KF
nd n are Freundlich isotherm constants indicating the extend of
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ig. 6. Adsorption isotherms for the adsorption of DR 80 dye by almond shells.
onditions. pH 6, T = 20 ± 1 ◦C, agitating speed = 200 rpm.

he adsorption and the degree of non-linearity between solution
oncentration and adsorption, respectively.

The third isotherm equation used in this study is the
runauer–Emmett–Teller (BET) isotherm [29]. The linear form
f this model is written as:

Ce

(Cs − Ce)qe
= 1

Kbqm
+

(
Kb − 1

Kbqm

) (
Ce

Cs

)
(4)

here Cs is the saturation concentration of dye (mg/L), qm
he amount of dye adsorbed in forming a complete monolayer
mg/g), and Kb is the constant describing the energy of interac-
ion with the surface.

The equilibrium isotherms for the adsorption of DR 80 dye
n almond shells determined for the initial concentrations of
0 mg/L are shown in Fig. 6.

The empirical parameters of the Langmuir, Freundlich and
ET isotherms determined for internal, external and mixture
lmond shells are given in Table 2.

As this table shows, for mixture shells adsorbent the correla-
ion coefficient, R2, for the Langmuir isotherm is 0.9624. This
alue is greater than those R2 values calculated for the Freundlich
nd Brunauer–Emmett–Teller (BET) isotherms. This means that
he adsorption process of DR 80 dye on mixture almond shells
dsorbent could be well described by the Langmuir isotherm

odel. In the case of internal shells adsorbent, the correlation

oefficient for the BET isotherm is the highest value equal to
.9893. For external shells, the Freundlich isotherm has the max-
mum correlation coefficient (R2 = 0.9715). These suggest that

t
c
p
i

able 3
inetics constants for DR 80 obtained at pH 6

dsorbent type Initial concentration (mg/L) Pseudo-first-order

q1 (mg/g) K1,ad (

nternal shells
50 5.27 5.30 ×

100 7.93 7.83 ×
150 6.92 1.08 ×

xternal shells
50 4.23 5.99 ×

100 6.98 1.24 ×
150 13.57 1.61 ×

ixture shells
50 2.44 1.04 ×

100 11.49 1.87 ×
150 16.05 1.61 ×
rdous Materials 151 (2008) 730–737

he adsorption of DR 80 dye on internal shells is explained by
ET isotherm and the adsorption of this dye on external shells

s described by Freundlich isotherm model.

.3. Adsorption kinetics

It is essential to predict the rate at which dye is removed from
queous solutions in order to design an appropriate treatment
ystem based on adsorption process.

The adsorption kinetics can be described using a pseudo-
rst order and a pseudo-second-order model. The pseudo-first
rder model can be represented by the following Lagergren’s
xpression:

og(q1 − qt) = log q1 − K1,ad

2.303
(t) (5)

here q1 is the amount of dye adsorbed at equilibrium (mg/g),
t the amount of dye adsorbed at time t (mg/g), K1,ad the pseudo-
rst-order rate constant (1/min) and t is the time (min).

The rate of pseudo-second-order model depends on the
mount of dye adsorbed on the surface of adsorbent and the
uantity adsorbed at equilibrium [32]. This model can be given
s follows [33]:

t

qt

= 1

K2,adq2
e

+ 1

qe
(t) (6)

here K2,ad is the rate constant of the pseudo-second-order
odel (g/mg min) and qe is the amount of the dye adsorbed

t equilibrium (mg/g).
The kinetics parameters of the pseudo-first-order and pseudo-

econd-order models at different initial concentrations of DR 80
ye are given in Table 3 for various types of adsorbents.

As Table 3 shows, the correlation coefficients, R2 for the
seudo-first-order model varies from 0.8188 (mixture shells and
or an initial dye concentration of 100 mg/L) to 0.9697 (mix-
ure shells and for an initial dye concentration of 150 mg/L)
nd for the pseudo-second-order model this coefficient varies
rom 0.9986 (internal shells and for an initial dye concentra-

ion of 100 mg/L) to 1 (mixture shells, and for an initial dye
oncentration of 50 mg/L). The extremely high value of R2 for
seudo-second-order model for all adsorbent types and at any
nitial dye concentration suggests that the adsorption system for

Pseudo-second-order

1/min) R2 qe (mg/g)) K2,ad (g/mg min) R2

10−3 0.9394 13.48 1.41 × 10−2 0.9978
10−3 0.9619 23.26 1.03 × 10−2 0.9986
10−2 0.8902 26.04 1.24 × 10−2 0.9995

10−3 0.9508 15.02 1.88 × 10−2 0.9994
10−2 0.8432 34.25 1.42 × 10−2 0.9993
10−2 0.9559 50.25 6.69 × 10−3 0.9998

10−2 0.9020 20.04 3.71 × 10−2 0.9999
10−2 0.8188 39.22 9.81 × 10−4 0.999
10−2 0.9697 52.63 5.286 × 10−3 0.9995
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ig. 7. Effect of contact time and dye concentration on the percentage removal
f DR 80 dye. Conditions: pH 6, T = 20 ± 1 ◦C, agitating speed = 200 rpm, shell
ype = mixture.

R 80 removal using almond shells can be well described by
seudo-second-order kinetics model. Moreover, an increase in
he initial dye concentration reduced kinetics of DR 80 dye sorp-
ion. However, this reduction is less obvious for internal shell
ype.

.4. Effect of contact time and dye concentration

The adsorption efficiency of DR 80 dye on almond shells
as evaluated as a function of contact time and initial dye con-

entration. A mixture type of almond shell was selected for this
xperiment. The initial dye concentration was varied from 50 to
50 mg/L. The result is shown in Fig. 7.
As Fig. 7 shows, the percentage removal of DR 80 dye was
apid at the beginning of the adsorption process and gradually
ecreased as time progressed to attain equilibrium after 300 min.
he percentage removal of dye reached to about 94% at equilib-

t
c
p
m

able 4
seudo first -and second-order kinetics constants of DR 80 dye at different pH, vario

dsorbent type pH First-order kinetic constants

qe K1,ad R

nternal shells

2 4.15 7.369 × 10−3 0
4 5.39 4.606 × 10−3 0
6 5.27 5.297 × 10−3 0
8 4.94 4.836 × 10−3 0

10 5.29 5.067 × 10−3 0
12 5.06 4.836 × 10−3 0

xternal shells

2 3.64 7.83 × 10−3 0
4 4.32 5.29 × 10−3 0
6 4.23 5.99 × 10−3 0
8 4.42 5.76 × 10−3 0

10 4.30 5.76 × 10−3 0
12 4.28 5.76 × 10−3 0

ixture shells

2 1.40 1.59 × 10−2 0
4 1.968 9.673 × 10−3 0
6 2.44 1.04 × 10−2 0
8 1.993 1.17 × 10−2 0

10 1.76 7.139 × 10−3 0
12 2.317 5.297 × 10−3 0
rdous Materials 151 (2008) 730–737 735

ium time. It is evident from Fig. 7 that the percentage removal
f DR 80 dye remained constant above time 300 min to time
bout 1500 min of adsorption process.

It is also observed from the figure that the percentage removal
f DR 80 dye decreased from 94 to 83.9% at equilibrium as dye
oncentrations increased from 50 to 150 mg/L.

.5. Effect of shell type

Fig. 8 shows the effect of shell type on the percentage removal
f DR 80 dye from solution phase for three different shells
ncluding internal, external and mixture. Initial dye concentra-
ion was changed from 50 to 150 mg/L. The result indicates that
or an initial dye concentration of 50 mg/L (Fig. 8a), all shell
ypes showed almost same effect on the percentage removal of
R 80 dye from the aqueous solution with a maximum removal
f 97% for external type, and a minimum removal of 80% for
nternal shell type after 1 h of the adsorption process. As initial
ye concentration increased from 50 to 100 mg/L (Fig. 8b), the
ffect of external and mixture shells for the removal of DR 80
ye is quite close. The internal shells showed different results in
he percentage removal of dye. Less amount of DR 80 dye was
emoved from the aqueous solution using internal shells.

As it is evident from Fig. 8b, after a process time of 1 h,
he percentage removal of DR 80 dye for external shells is about
1%. Furthermore, this value for the mixture shells is about 87%,
ut the percentage removal rate for internal shells is about 58%.
he effect of shell type on the adsorption process is more obvi-
us when the initial dye concentration increased to 150 mg/L.
he external shell type showed to be an effective adsorbent for
he removal of DR 80 dye from the aqueous solution with a per-
entage removal of about 87% after a process time of 1 h. The
ercentage removal values of 77.5 and 45.5% were obtained for
ixture and internal shell types, respectively.

us adsorbent types, and given for an initial dye concentration of 50 mg/L

Second-order kinetic constants

2 qe K2,ad R2

.9165 15.82 0.0195 0.9996

.9286 13.28 0.0151 0.9982

.9394 13.48 0.0141 0.9978

.9102 13.14 0.0166 0.9980

.9264 13.46 0.0147 0.9982

.9745 13.21 0.0145 0.9980

.9348 16.56 0.0224 0.9997

.8463 14.54 0.0212 0.9996

.9508 15.02 0.0188 0.9994

.9336 14.47 0.0181 0.9993

.9253 14.56 0.0188 0.9992

.9779 14.21 0.0163 0.9987

.9104 20.49 0.0773 1

.8159 20.00 0.0519 1

.902 20.04 0.0371 0.9999

.8794 19.65 0.0494 1

.7909 19.23 0.0612 1

.7266 18.18 0.0534 1
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The main reason for the lower dye removal yield of the inter-
al shells which decreases as initial dye concentration increases,
s that the internal shells are more compact and less porous than
he external shells.

.6. Effect of pH
The pH of the dye solution plays an important role on the
dsorption capacity. The variation of DR 80 adsorption on
lmond shells over a broad range of pH is illustrated in Fig. 9.
s shown, at any pH, the adsorption of DR 80 on mixture type

ig. 8. Effect of almond shell type on the percentage removal of DR 80 dye.
onditions: pH 6, agitating speed = 200 rpm, T = 20 ± 1 ◦C: (a) initial dye con-
entration: 50 mg/L, (b) initial dye concentration: 100 mg/L and (c) initial dye
oncentration: 150 mg/L.

F
T

o
o
f
1
a
t
a
a
2
a
o
f
B
t
t

s
i
c
t
a
c
w

4

e
t
8
c
e
s
a
a
m
L
f

ig. 9. Effect of pH on DR 80 dye adsorption on almond shells. Conditions:
= 20 ± 1 ◦C, agitating speed = 200 rpm, particle size ≤0.125 mm.

f the almond shell shows higher adsorption capacity than that
n external and internal shells. It is clear from the figure that,
or mixture type, the adsorption decreased linearly from 20.5 to
8.8 mg/g when pH increased from 2 to 12. Other types of the
lmond shell show almost a similar trend. As illustrated well,
he adsorption capacity of internal and external shells for the
dsorption of DR 80 dye is almost same. The amount of dye
dsorbed decreased as the pH of the dye solution increased from
to 4. Above pH 4 until pH 12, the adsorption of dye decreased

gain but at a lower rate. The maximum adsorption capacity
f different types of almond shells (20.5, 16.96 and 16.4 mg/g
or mixture, external and internal shells) was obtained at pH 2.
ecause the pH variations showed no considerable change on

he maximum adsorption capacity, for this reason, pH 6 was
herefore selected for all other experiments.

The kinetics parameters of the pseudo-first-order and pseudo-
econd-order models at different pH of the dye solution are given
n Table 4 for various types of adsorbents and for an initial dye
oncentration of 50 mg/L. These parameters were obtained from
he Lagergren and Ho and McKay plots. As shown in Table 4,
t any pH and for all types of adsorbent, the high values of
orrelation coefficients showed that the kinetics data conformed
ell to the pseudo-second-order kinetic model.

. Conclusions

The study presented revealed that almond shells could be
ffectively used to remove DR 80 dye from an aqueous solu-
ion. The effect of shell type on the percentage removal of DR
0 dye was examined. The result indicated that for an initial dye
oncentration of 50 mg/L, all shell types showed almost same
ffect on the percentage removal of DR 80 dye from the aqueous
olution with a maximum removal of 97% for external type, and
minimum removal of 80% for internal shell type after 1 h of the

dsorption process. It was found that the adsorption process by
ixture almond shells adsorbent could be well described by the
angmuir isotherm. While the internal and the external shells

ollow BET and Freundlich sorption isotherm models, respec-
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