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a b s t r a c t

The purpose of this study is to suggest an efficient process, which does not require a huge investment for the
removal of direct dye from wastewater. Activated carbon developed from agricultural waste material was
characterized and utilized for the removal of Direct Navy Blue 106 (DNB-106) from wastewater. System-
atic studies on DNB-106 adsorption equilibrium and kinetics by low-cost activated carbons were carried
out. Adsorption studies were carried out at different initial concentrations of DNB-106 (50, 75, 100, 125

−1
eywords:
range peel
ctivated carbon
inetics

sotherm
irect N Blue-106
dsorption

and 150 mg l ), contact time (5–180 min), pH (2.0, 3.0, 4.7, 6.3, 7.2, 8.0, 10.3 and 12.7) and sorbent doses
(2.0, 4.0 and 6.0 g l−1). Both Langmuir and Freundlich models fitted the adsorption data quite reasonably
(R2 > 97). The maximum adsorption capacity was 107.53 mg g−1 for 150 mg l−1 of DNB-106 concentration
and 2 g l−1 carbon concentration. Various mechanisms were established for DNB-106 adsorption on devel-
oped adsorbents. The kinetic studies were conducted to delineate the effect of initial dye concentration,
contact time and solid to liquid concentration. The developed carbon might be successfully used for the
removal of DNB-106 from liquid industrial wastes.
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. Introduction

Treatment of the effluent from the dyeing and finishing pro-
esses in the textile industry is one of the most significant
nvironmental problems. Since most synthetic dyes have com-
lex aromatic molecular structures which make them inert and
iodegradable difficult when discharged into the environment. Col-
red wastes are harmful to aquatic life in rivers, lakes and Sea
here they are discharged [1,2]. Colored water hinders light pen-

tration and may in consequence disturb biological processes in
ater-bodies. Moreover, dyes itself are highly toxic to some organ-

sms and hence disturb the ecosystem [3,4]. Dyes can cause allergic
ermatitis, skin irritation, cancer, mutation, etc. In addition, bio-
egradation of some of them produce aromatic amines, which are
ighly carcinogenic [5,6]. The continuous exposure of workers in
he textile industries is linked to a higher bladder cancer risk [7]. In
ddition, a linked between breast cancer and the use of hair coloring

roducts have also been reported [8].

Dyes are usually stable to photo-degradation, bio-degradation
nd oxidizing agents [9], which led to intensive investigations on
hysical or chemical methods to remove color from textile effluent.

∗ Corresponding author. Tel.: +20 35740944; fax: +20 35740944.
E-mail address: ahmedmoustafaelnemr@yahoo.com (A.E. Nemr).
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hese studies include the use of coagulants [10], ultra-filtration [11]
nd electro-chemical [12,13]. In addition to adsorption methods,
hich are the most widely used techniques [14–18]. The advan-

ages and disadvantages of each technique have been extensively
eviewed [19]. Of these methods, adsorption has been found to
e an efficient and economic process to remove dyes, pigments
nd other colorants and also to control the bio-chemical oxygen
emand [19].

Recently, various kinds of activated carbon have been achieved
rom different agriculture wastes and used as low-cost adsorbents
or removal of heavy metals, organics and dyes from aqueous solu-
ion. Activated carbon has many applications, one of which is
emoval of hazard materials from water, air and many chemical
nd natural products [20,21].

In our laboratory, the work is in progress to develop activated
arbons from agriculture wastes such as, rice husk, sawdust, corn
ob, orange peel, etc. and evaluate its capability to remove hazard
aterials from water. This study was to evaluate the possibility of

sing activated carbon developed from dried orange peel to remove
irect Navy Blue-106 (DNB-106). Dried orange peel was previously
nvestigated to adsorb acid violet 17 [22] and Direct Red 23 and 80
23,24]. Systematic evaluation of the parameters involved, such as
H, sorbents mass, initial dye concentration and time. The interfer-
nce of the simulated wastewater on the adsorption of Direct Navy
lue-106 was additionally investigated.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ahmedmoustafaelnemr@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2008.09.122
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ig. 1. Chemical structure of DNB-106 {6,13-dichloro-3,10-bis-phenylamino-
enzo[5,6][1,4]oxazino[2,3-b]phenoxazine-2,9-disulfonic acid}, CI 51300.

. Materials and methods

.1. Biomass

Orange peel was collected from a local fruit field in the north of
gypt and washed with tap water followed by washing with dis-
illed water and oven dried at 105 ◦C for 4 days followed by milled,
ieved and the particles ≤0.500 mm was selected for use.

.2. Activated carbon from orange peel (COP)

The dried orange peel biomass 2.0 kg was added in small portion
o 2.0 l of 98% H2SO4 during 10 h and the resulting reaction mixture
as kept for 2 days at room temperature followed by refluxing for
h in fume hood. Cool in ice bath and the reaction mixture was
oured onto cold water (5 l) and filtered. The obtained dehydrated
range peel was heated in an open oven at 120 ◦C for 24 h followed
y immersed in 5% NaHCO3 (3.0 l) overnight to remove any remain-
ng acid. The obtained carbon was then washed with distilled water
ntil pH of the activated carbon reached 6, dried in an oven at 150 ◦C
or 48 h in the absence of oxygen and sieved to the particle size
0.200 mm and kept in a glass bottle until used.

.3. Preparation of synthetic solution

A stock solution of 1000 mg l−1 was prepared by dissolv-
ng the appropriate amount of Direct Navy Blue-106 (DNB-106;
2%; molecular formula is C30H16Cl2N4Na2O8S2; MWt = 741.49; CI
1300, obtained from ISMA Dye Company, Kafr-El-Dawar, Egypt)
n 500 ml and completed to 1000 ml with distilled water. Fig. 1

isplays the chemical structure of the DNB-106. Concentrations
anged between 5 and 150 mg l−1 were prepared from the stock
olution to have the stander curve (Fig. 2). All the chemicals used
hroughout this study were of analytical-grade reagents. Double-
istilled water was used for preparing all of the solutions and

ig. 2. Standard curve of Direct Navy Blue-106 using concentration range from 5 to
50 mg l−1 at room temperature.
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eagents. The initial pH is adjusted with 0.1 M HCl or 0.1 M NaOH. All
he adsorption experiments were carried out at room temperature
27 ± 2 ◦C).

.4. Preparation of simulated dye wastewater

The simulated wastewater of DNB-106 was prepared by dissolv-
ng of 40 mg of NaCl and 40 mg of Na2SO4 crystal in 1000 ml of
50 mg l−1 of DNB-106. The obtained solution was used instead of
he above-prepared solution in distilled water.

.5. Batch biosorption studies

.5.1. Effect of pH on DNB-106 biosorption
To study the effect of pH on the DNB-106 adsorption using COP,

he experiments were carried out at 75 mg l−1 initial dye concen-
ration with 0.6 g/100 ml COP mass at 27 ± 2 ◦C for 3 h equilibrium
ime. The initial pH values were adjusted to 1, 2, 3, 3.9, 4.7, 6.3,
.2, 7.9, 10.3 and 12.8 with 0.1 M HCl or 0.1 M NaOH using pH
eter (Check: mate 90, Corning, NY). The suspensions were shaken

sing agitation speed (200 rpm) for 3 h and the amount of DNB-
06 adsorbed determined by abstracting (after centrifugation using
entrifuge). The effect of pH adjustment at different values on the
hemistry of dye was checked and it has no effect on the absorbance
r wavelength.

.5.2. Effect of COP dose
The effect of sorbents dose on the equilibrium uptake of DNB-

06 (50, 75, 100, 125 and 150 mg l−1 dye concentration) was
nvestigated with COP concentrations of 2, 4, 6, 8 and 10 g l−1 at
H 2. The experiments were performed by shaking known DNB-
06 concentration with the above different COP concentrations to
he equilibrium uptake (3 h) and the amount of DNB-106 adsorbed
etermined.

.5.3. Kinetics studies
Sorption studies were conducted in 300 ml conical flasks at solu-

ion pH 2.0. COP (2, 4, 6 g l−1) was mixed individually with 100 ml
f DNB-106 solution (50, 75, 100, 125, 150 mg l−1) and the sus-
ensions were shaken at room temperature (27 ± 2 ◦C). Samples
f 1.0 ml were collected from the duplicate flasks at required time
ntervals, viz. 5, 10, 20, 30, 45, 60, 90, 120, 150 and 180 min and

ere centrifuged for 5 min. The clear solutions were analyzed for
esidual DNB-106 concentration in the solution.

.5.4. Adsorption isotherm
Batch sorption experiments were carried out in 300 ml conical

asks at room temperature on a shaker for 3 h. The COP (0.2, 0.4
nd 0.6 g) was thoroughly mixed with 100 ml of DNB-106 aque-
us solutions. The isotherm studies were performed by varying the
nitial DNB-106 concentrations from 50 to 150 mg l−1 at pH 2.0,

hich was adjusted using 0.1 M HCl or 0.1 M NaOH before addition
f COP and maintained throughout the experiment. After shaking
he flasks for 3 h, the reaction mixture was analyzed for the residual
NB-106 concentration.

The concentration of DNB-106 in solution was measured by
sing a direct UV–vis spectrophotometric method using UV–vis
pectrophotometer (Milton Roy, Spectronic 21D) using silica cells
f path length 1 cm at wavelength � 660 nm, and DNB-106 concen-
ration was determined by comparing absorbance to a calibration

urve mentioned above. All the experiments are duplicated and
nly the mean values are reported. The maximum deviation
bserved was less than ±5%.

Adsorption of DNB-106 from simulated wastewater was studied
sing 6 g l−1 of COP and DNB-106 concentrations 150 mg l−1 at ini-
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ing with the dye anions for the adsorption sites. At the acidic pH,
the number of positively charged sites increase which favors the
adsorption of the anions due to electrostatic attraction. The lowest
adsorption occurred at pH 7.2 and the greatest adsorption occurred
at pH ∼ 2.0. Moreover, the decreasing in the adsorption of DNB-106
Fig. 3. The upper curve is for orange peel (OP) a

ial pH 2.0. The amount of dye adsorbed onto carbon, qe (mg g−1),
as calculated by the following mass balance relationship:

e = (C0 − Ce) × V

W
(1)

here C0 and Ce are the initial and equilibrium liquid-phase con-
entrations of DNB-106, respectively (mg l−1), V the volume of the
olution (l), and W is the weight of the COP used (g).

. Results and discussion

.1. FTIR analysis

To determine which functional groups were responsible for
etal uptake, an FTIR analysis for orange peel carbon (OPC) and

range peel (OP) was performed using KBr disk (Fig. 3). The spec-
ra display a number of adsorption peaks, indicating the complex
ature of the material examined. FTIR of the orange peel showed
road intense absorption peaks around 3429 cm−1 which is indica-
ive of the existence of bonded hydroxyl groups and the peak
bserved at 2760 cm−1 can be assigned to the C–H group. The
eak observed at 1703 is due to CO and the peak at 1612 cm−1 is
ue to the C C stretching that can be attributed to the aromatic
–C bond. The peaks around 1420 cm−1 are due to the symmet-
ic bending of CH3 and the peaks at 1280 cm−1 C–O stretching of
OOH or indicate the presences of –SO3. FTIR spectrum of OPC
Fig. 3) shows a band around 3480 cm−1 which assigned to OH
tretching vibration and its peak intensity is lower than that of
TIR of non-carbonized plant material; this finding is apparently
ue to the fact that H2SO4 initiated bond cleavage, leading to dehy-
ration and elimination reactions that release volatile substances.
2SO4 breaks many bonds in aliphatic and aromatic species present

n the precursor material leading to liberation and elimination
f many light and volatile substances causing partial aromatiza-
ion and thus carbonization. The weak bands at 3835 cm−1 was
ssigned to aliphatic groups stretching vibration. Also, the band
t 1620 cm−1 assigned to C C skeletal stretching in condensed aro-
atic system. These indicate that carbonization of orange peel leads

o increase aromaticity, decomposition and cracking of a great num-
er of structures. From view of sulfur-related absorption bands, it
s seen that new absorption bands appeared in the spectrum of
ctivated carbon sample at 1383 and 580 cm−1 assigned to asym-
etric and symmetric stretching vibration of SO2 and symmetric

tretching vibration of S–O groups confirming the presence of sur-
ace SO2 complex. The IR spectra of orange peel and its activated

F
(

e bottom curve is for carbon orange peel (COP).

arbon shown that sulfate group may involve in the binding of
ollutant.

.2. Effect of system pH on DNB-106 uptake

The pH of the system is very effective on the adsorption capacity
f adsorbate molecule presumably due to its influence on the sur-
ace properties of the adsorbent and ionization/dissociation of the
dsorbate molecule. However, two possible mechanisms of adsorp-
ion of dyes on COP adsorbent may be considered: (a) electrostatic
nteraction between the adsorbent and dye and (b) the chemical
eaction between the dye and the adsorbent. Fig. 4 shows the effect
f pH on the removal of DNB-106 from aqueous solution. When
nitial pH of the dye solution was increased from 2 to 3, the per-
entage removal decreased from 93.5 to 72.5%. With increase in pH
rom 3 to 4, the percent removal decreased from 72.5 to 45%. With
urther increased in pH to 7.2 there was a slight decrease in per-
ent removal from 45 to 35.9, while increase of the pH value from
.2 to 12.75 led to slight increase in percent removal from 35.9 to
3.5%. Lower adsorption of DNB-106, an anionic dye, at alkaline
H is provable due to the presence of excess of OH− ions compet-
ig. 4. Effect of system pH on adsorption of DNB-106 (100 mg l−1) onto COP
0.6 g/100 ml) at 27 ± 2 ◦C.
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ith increasing of pH value is also due to the competition between
nionic dye and excess OH− ions in the solution which may be due
o the fact that the high concentration and high mobility OH− ions
re preferentially adsorbed compared to dye anions. A negatively
harged surface site on the COP dose not favors the adsorption of
nionic DNB-106 molecules due to the electrostatic repulsion. Sim-
lar trend of pH effect was observed for the adsorption of Direct
ed 28 and Acid Violet on activated carbon prepared from coir pith
25,26], as well as for the adsorption of Direct Blue 2B and Direct
reen B on activated carbon prepared from Mahogany sawdust [27].
hat may be attributed to the hydrophobic nature of the developed
arbon which led to absorbing hydrogen onto the surface of the
arbon when immersed in water and make it positively charged. At
H value >7.2 a small coagulated mass of DNB-106 was observed,
hich explain the small increase in the dye removal at pH 12.75.

.3. Effect of contact time

The relation between adsorption of DNB-106 and contact time
ere investigated to identify the rate of dye removal. Fig. 5 shows

he percentage removal of DNB-106 at different initial dye concen-
rations ranging from 50 to 150 mg l−1 and pH 2.0. The adsorption
ncreases with increasing contact time. It was found that more than
0% removal of dye concentration occurred in the first 10 min, and
hereafter the rate of adsorption was found to be slow. The rapid
dsorption at the initial contact time is due to the availability of
he positively charged surface of adsorbent which led to fast elec-
rostatic adsorption of the anionic DNB-106 from the solution at
H 2.0. The later slow rate of dye adsorption is probably occurred
ue to the electrostatic repulsion between the adsorbed negatively
harged sorbate species onto the surface of adsorbent and the
vailable anionic sorbate species in solution as well as the slow
ore diffusion of the solute ion into the bulk of the adsorbent. The
quilibrium was found to be nearly 3 h when the maximum dye
dsorption capacity was reached.

.4. Effect of initial DNB-106 concentration

The experimental results of the sorption of DNB-106 on COP at
arious initial dye concentrations are shown in Fig. 6. The exper-

ments were carried out at three adsorbent doses (0.2, 0.4 and
.6 g/100 ml) in the test solution, room temperature (27 ± 2 ◦C),
H 2.0 and at different initial concentrations of DNB-106 (50, 75,
00, 125 and 150 mg l−1) for 3 h. The sorption capacities at equilib-
ium, qe, increased from 20.42 to 54.39, 11.36 to 28.34 and 7.99

ig. 5. Effect of contact time on the removal of different initial concentrations of
NB-106 (50, 75, 100, 125 and 150 mg l−1) using COP (0.6 g/100 ml) at pH 2.0.
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ig. 6. Inside figure: relation between initial dye concentrations and the removal of
NB-106 (50, 75, 100, 125 and 150 mg l−1) over different COP dose (2, 4 and 6 g l−1)
t pH 2.0; main figure: the relation between amounts of dye adsorbed at equilibrium
nd its initial concentration using different doses of COP.

o 23.09 mg g−1 with increasing in the initial dye concentration
rom 50 to 150 mg l−1 using COP doses 2, 4 and 6 g l−1, respectively.
he percentage of adsorption efficiency was decreased with the
ncreasing of initial dye concentration in the solution which reflects
dsorption decreasing with increasing in initial dye concentration,
owever, the actual amount of DNB-106 adsorbed per unit mass of
dsorbent increased with increasing in DNB-106 concentration.

It is evident from Fig. 6 that the amount of dye adsorbed on the
olid phase COP at a lower initial concentration of dye was smaller
han the corresponding amount when higher initial concentra-
ions were used. However, the percentage removal of DNB-106 was
reater at lower initial concentrations and smaller at higher ini-
ial concentrations. In the process of DNB-106 adsorption initially
ye molecules have to first encounter the boundary layer effect
nd then it has to diffuse from boundary layer film onto adsorbent
urface and then finally, it has to diffuse into the porous struc-
ure of the adsorbent. This phenomenon will take relatively longer
ontact time. These results clearly indicate that the adsorption of
NB-106 from its aqueous solution was dependent on its initial
oncentration.

.5. Effect of adsorbent mass on DNB-106 adsorption

The adsorption of DNB-106 on COP was studied by changing
he quantity of adsorbent (0.2, 0.4, 0.6, 0.8 and 1.0 g/100 ml) in
he test solution while keeping the initial DNB-106 concentration
150 mg l−1), temperature (27 ± 2 ◦C) and pH (2.0) constant at dif-
erent contact times for 3 h (Fig. 7). The percent adsorption was
ncreased and equilibrium time was decreased with adsorbent dose
ncreased. The adsorption increased from 64 to 100%, as the COP
ose was increased from 0.2 to 1.0 g/100 ml at equilibrium time
3 h). Maximum DNB-106 removal was achieved within 20 min
fter which DNB-106 concentration in the reaction solution was
lmost constant. Increase in the adsorption with adsorbent dose
an be attributed to increased COP surface area and availability of
ore adsorption sites.

.6. Isotherm data analysis
Adsorption is the accumulation of a mass transfer process that
an generally be defined as the material at the interface between
olid and liquid phases. Equilibrium relationships between sorbent
nd sorbate are described by sorption isotherms, usually the ratio
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adsorbed molecules and the application of the Freundlich equation
also suggests that sorption energy exponentially decreases on com-
pletion of the sorptional centers of an adsorbent. This isotherm is
an empirical equation can be employed to describe heterogeneous

Table 1
Isotherm parameters obtained from the four linear forms of Langmuir model for the
adsorption of DNB-106 onto activated carbon developed from orange peel.

Model Orange peel activated carbon concentrations

2 g l−1 4 g l−1 6 g l−1

Langmuir-1
Qm (mg g−1) 107.53 35.59 40.16
Ka × 10−3 (l mg−1) 23.38 108.49 112.01
R2 0.976 0.991 0.981

Langmuir-2
Qm (mg g−1) 76.34 33.78 30.67
Ka × 10−3 (l mg−1) 38.30 112.80 164.90
R2 0.951 0.948 0.963

Langmuir-3
Qm (mg g−1) 79.30 31.58 32.91
Ka × 10−3 (l mg−1) 36.53 136.77 147.53

2

ig. 7. Inside figure: effect of COP concentration on DNB-106 removals (C0: 150 mg/l,
H 2.0, agitation speed: 200 rpm and temperature: 27 ± 2 ◦C); main figure: effect of
ass (ms) of COP concentration on qe of DNB-106 (C0: 50–150 mg/l, pH 2.0, agitation

peed: 200 rpm and temperature: 27 ± 2 ◦C).

etween the quantity sorbet and that remaining in the solution
t a fixed temperature at equilibrium. The adsorption isotherm is
mportant from both a theoretical and a practical point of view.
sotherm data should accurately fit into different isotherm models
o find a suitable model that can be used for the design process
28]. The parameters obtained from the different models provide
mportant information on the sorption mechanisms, the surface
roperties and affinities of the sorbent. There are several isotherm
quations available for analyzing experimental sorption equilib-
ium data, the most famous adsorption models for single-solute
ystems are the Langmuir and Freundlich models.

The experimental data obtained in the present work was tested
ith the Langmuir, Freundlich, Redlich–Peterson, Koble–Corrigan,

empkin, Dubinin–Radushkevich (D–R) and generalized isotherm
quations. Linear regression is frequently used to determine the
est-fitting isotherm, and the applicability of isotherm equations

s compared by judging the correlation coefficients.

.6.1. Langmuir isotherm
The theoretical Langmuir sorption isotherm [29] is valid for

dsorption of a solute from a liquid solution as monolayer adsorp-
ion on a surface containing a finite number of identical sites. The

odel is based on several basic assumptions: (i) the sorption takes
lace at specific homogenous sites within the adsorbent; (ii) once a
ye molecule occupies a site; (iii) the adsorbent has a finite capac-

ty for the adsorbate (at equilibrium); (iv) all sites are identical
nd energetically equivalent. Langmuir isotherm model assumes
niform energies of adsorption onto the surface without trans-
igration of adsorbate in the plane of the surface. Therefore, the

angmuir isotherm model was chosen for estimation of the max-
mum adsorption capacity corresponding to complete monolayer
overage on the sorbent surface. The non-linear equation of Lang-
uir isotherm model can be written as followed:

e = QmKaCe

1 + KaCe
(2)

here Ce and qe are as defined above in Eq. (1), Qm is the maximum
dsorption capacity reflected a complete monolayer (mg g−1); Ka

s adsorption equilibrium constant (l mg−1) that is related to the
pparent energy of sorption. The Langmuir isotherm (Eq. (2)) can
e linearized into four different forms (Eqs. (3)–(6)), which give

ifferent parameter estimates.

Langmuir-1:

Ce

qe
= 1

KaQm
+ 1

Qm
× Ce (3)

L

Materials 165 (2009) 100–110

plot Ce/qe versus Ce should indicate a straight line of slope 1/Qm

nd an intercept of 1/(KaQm).
Langmuir-2:

1
qe

=
(

1
KaQm

)
1
Ce

+ 1
Qm

(4)

plot 1/qe versus 1/Ce should have a straight line with a slope of
/(KaQm) and an intercept of 1/Qm.

Langmuir-3:

e = Qm–
(

1
Ka

)
qe

Ce
(5)

plot qe versus qe/Ce should produce a straight line with a slope
/Ka and an intercept of Qm.

Langmuir-4:

qe

Ce
= KaQm–Kaqe (6)

plot qe/Ce versus qe should represent a straight line with slope Ka

nd an intercept of KaQm.
The results obtained from the four forms of Langmuir model

or the removal of DNB-106 onto COP are showed in Table 1. The
orrelation coefficients reported in Table 1 showed strong posi-
ive evidence on the adsorption of DNB-106 onto COP follows the
angmuir isotherm. The experimental data obtained was found
o be applicable only to the Langmuir-1 form depending on the
igh correlation coefficients R2 > 0.97, while the other three linear

orms of Langmuir model represented lower correlation coeffi-
ients (Table 1). Fig. 8 shows the plot of Ce versus qe obtained
rom experiments and qe calculated from Langmuir-1 using 6 g l−1

OP concentration and different dye concentration. The maxi-
um monolayer capacity Qm obtained from Langmuir model was

07.53 mg l−1.

.6.2. The Freundlich isotherm
The Freundlich isotherm model is the earliest known relation-

hip describing the sorption process [30]. The model applies to
dsorption on heterogeneous surfaces with interaction between
R 0.644 0.735 0.748

angmuir-4
Qm (mg g−1) 102.83 35.64 64.69
Ka × 10−3 (l mg−1) 23.50 100.50 47.30
R2 0.644 0.735 0.932
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Table 2
Comparison of the coefficients isotherm parameters for DNB-106 adsorption onto
activated carbon developed from orange peel.

Isotherm model Orange peel activated carbon concentrations

2 g l−1 4 g l−1 6 g l−1

Freundlich
1/nF 0.636 0.419 0.616
KF (l g−1) 4.73 6.26 4.90
R2 0.981 0.989 0.986

Koble–Corrigan
a 3.650 3.940 4.400
b 0.000 0.000 0.000
n 0.716 0.683 0.671
R2 0.972 0.994 0.990

Redlich–Peterson
A 52.9 11.3 15.3
B 13.72 0.95 2.60
g 0.293 0.753 0.39
R2 0.971 0.855 0.988

Tempkin
AT 0.245 1.312 1.059
BT 21.357 6.954 8.523
bT 116.0 356.3 290.7
R2 0.905 0.869 0.930

Dubinin–Radushkevich
Qm (mg g−1) 45.18 24.78 20.70
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ig. 8. The plot of Ce versus qe obtained from experiments and qe calculated from
ifferent isotherm models using 6 g l−1 COP concentration and different dye con-
entration.

ystems and is expressed as follow:

e = KF C1/nF
e (7)

here KF is the Freundlich constant (l g−1) related to the bonding
nergy. KF can be defined as the adsorption or distribution coeffi-
ient and represents the quantity of dye adsorbed onto adsorbent
or unit equilibrium concentration. 1/nF is the heterogeneity factor
nd nF is a measure of the deviation from linearity of adsorption. Its
alue indicates the degree of non-linearity between solution con-
entration and adsorption as follows: if the value of nF is equal to
nity, the adsorption is linear; if the value is below to unity, this

mplies that adsorption process is chemical; if the value is above
o unity adsorption is a favorable physical process [31]. Eq. (7) can
e linearized in the logarithmic form (Eq. (8)) and the Freundlich
onstants can be determined:

og qe = log KF + 1
nF

log Ce (8)

he plot of log(qe) versus log(Ce) was employed to generate the
ntercept value of KF and the slope of 1/nF (Table 2). The correlation
oefficients, R2 > 0.98, obtained from Freundlich model is compa-
able to that obtained from Langmuir model linear form 1 (Eq. (3)),
hile it is much higher than that obtained from the other three lin-

ar form of Langmuir model (Fig. 6). This result indicates that the
xperimental data fitted well to Freundlich model. The values of nF

re higher than unity, indicating that adsorption of DNB-106 onto
OP is a favorable physical process [31].

.6.3. The Redlich–Peterson isotherm
The Redlich–Peterson equation incorporates features of the

angmuir and the Freundlich isotherm models and is represented
y non-linear Eq. (9) [32]:

e = ACe

1 + BCg
e

(9)

here A, B and g are constant and the latter must fluctuate between
ero and one. The constant g can characterize the isotherm as: if
= 1, the Langmuir will be the preferable isotherm, while if g = 0,

he Freundlich will be the preferable isotherm. The three isotherm
onstants A, B and g reported in Table 2 are obtained by solving Eq.

9) using non-linear regression analysis in SPSS program Version
0.0 applicable to computer operation. The correlation coefficient
2 > 0.97 for the two sorbent doses 2 and 6 g l−1 with g value 0.293
nd 0.39, respectively, while R2 = 0.855 for sorbent dose 4 g l−1 with
value 0.753. However Redlich–Peterson isotherm can be consider

t
m
a
l
i

K × 10−6 13.00 3.40 1.70
E (kJ mol−1) 0.196 0.384 0.542
R2 0.775 0.880 0.958

s less applicability than Langmuir and Freundlich isotherm models
or data obtained from adsorption of DNB-86 onto COP (Fig. 8).

.6.4. Koble–Corrigan model
Koble–Corrigan model is another three parameter empirical

odel depends on the combination of the Langmuir and Freundlich
sotherm equations in one non-linear equation for representing the
quilibrium adsorption data. It is commonly expressed by Eq. (10)
33]:

e = aCn
e

1 + bCn
e

(10)

here a, b and n are the Koble-Corrigan parameters, which were
lso evaluated using SPSS Version 10.0 computer program and
eported in Table 2. The correlation coefficients obtained were
.972, 0.994 and 0.990 for adsorption of DNB-106 onto COP
oses 2, 4 and 6 g l−1, respectively, reflected the applicability
f Koble–Corrigan model to the experimental data obtained for
dsorption of DNB-106 onto COP. However, the value of b was zero
or all COP doses tested, which indicates the favorable of Freundlich

odel over Langmuir model (Fig. 8). This means favorable of het-
rogeneous adsorption of DNB-106 onto COP at various sorbent
oses.

.6.5. The Tempkin isotherm
Tempkin isotherm model contains a factor that explicitly takes

nto account adsorbing species–adsorbate interactions [34]. This
odel assumes the following: (i) the heat of adsorption of all

he molecules in the layer decreases linearly with coverage due
o adsorbate–adsorbate interactions, and (ii) adsorption is charac-

erized by a uniform distribution of binding energies, up to some

aximum binding energy. The derivation of the Tempkin isotherm
ssumes that the fall in the heat of sorption is linear rather than
ogarithmic, as implied in the Freundlich equation. The Tempkin
sotherm has commonly been applied in the following form (Eq.
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the calculated qe values are too low compared with experimental qe

values and the correlation coefficient R2 are relatively low for most
adsorption data (Table 3), which indicates that the adsorption of
DNB-106 onto COP are not a first-order reaction.
06 A. Khaled et al. / Journal of Haza

11)) [35]:

e = RT

bT
ln (AT Ce) (11)

he Tempkin isotherm (Eq. (11)) can be expressed in its linear form
s

e = BT ln AT + BT ln Ce (12)

here BT = (RT)/bT, T is the absolute temperature in Kelvin and R is
he universal gas constant, 8.314 J/mol K. The constant bT is related
o the heat of adsorption [36]. The adsorption data were analyzed
ccording to the linear form of the Tempkin isotherm (Eq. (12)).
he linear isotherm constants and coefficients of determination
re presented in Table 2. Examination of the data shows that the
empkin isotherm is not applicable to the DNB-106 adsorption onto
OP judged by low correlation coefficient (R2 ranged from 0.869 to
.930) (Fig. 8).

.6.6. The Dubinin–Radushkevich (D–R) isotherm
Another equation used in the analysis of isotherms was pro-

osed by Dubinin–Radushkevich [37]. D–R model was applied to
stimate the porosity apparent free energy and the characteristic
f adsorption [38,39]. The D–R isotherm is dose not assume a homo-
eneous surface or constant sorption potential and it has commonly
een applied in the following form (Eq. (13)) and its linear form can
e shown in Eq. (14):

e = Qm exp (−Kε2) (13)

n qe = ln Qm − Kε2 (14)

here K is a constant related to the adsorption energy, Qm the
heoretical saturation capacity, ε is the Polanyi potential can be
alculated from Eq. (15):

= RT ln
(

1 + 1
Ce

)
(15)

he slope of the plot of ln qe versus ε2 gives K (mol2 (kJ2)−1) and the
ntercept yields the adsorption capacity, Qm (mg g−1). The mean free
nergy of adsorption (E), defined as the free energy change when
ne mole of ion is transferred from infinity in solution to the surface
f the sorbent, was calculated from the K value using the following
elation (Eq. (16)) [40]:

= 1√
2K

(16)

alculated D–R constants for the adsorption of DNB-106 on COP
re shown in Table 2; the values of correlation coefficients are
uch lower than other isotherms values mentioned above. In this

ase, D–R equation represents the poorer fit of experimental data
han the other isotherm equation (Fig. 8). Moreover, the maximum
apacity Qm obtained using D–R isotherm model for adsorption of
NB-106 is 45.18 mg g−1 on COP dose of 2 g l−1, which is close to half
f that obtained (107.53 mg g−1) from Langmuir-1 isotherm model
Table 1).

.7. Adsorption dynamics of the adsorption of DNB-106 onto COP

Several steps were used to examine the adsorption dynamics
ontrolling of sorption process such as chemical reaction, diffusion
ontrol and mass transfer. Kinetic models are used to test experi-
ental data from the adsorption of DNB-106 onto COP. The kinetics
f DNB-106 adsorption onto COP is required for selecting optimum
perating conditions for the full-scale batch process. The kinetic
arameters, which are helpful for the prediction of adsorption rate,
ive important information for designing and modeling the adsorp-
ion processes. Thus, pseudo-first-order [41], pseudo-second-order

F
a
2
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42], Elovich [43–45] and intraparticle diffusion [46,47] kinetic
odels were used for the adsorption of DNB-106 onto COP. The

onformity between experimental data and the model-predicted
alues was expressed by the correlation coefficients (R2, values
lose or equal to 1, the relatively higher value is the more applicable
odel).

.7.1. Pseudo-first-order equation
The adsorption kinetic data were described by the Lager-

ren pseudo-first-order model [41], which is the earliest known
quation describing the adsorption rate based on the adsorption
apacity. The Lagergren equation is commonly expresses as follows:

dqt

dt
= k1(qe − qt) (17)

here qe and qt are the adsorption capacity at equilibrium and at
ime t, respectively (mg g−1), k1 is the rate constant of pseudo-first-
rder adsorption (l min−1). Integrating Eq. (17) for the boundary
onditions t = 0 to t = t and qt = 0 to qt = qt gives:

og
(

qe

qe − qt

)
= k1

2.303
t (18)

q. (18) can be rearranged to obtain the following linear form:

og(qe − qt) = log(qe) − k1

2.303
t (19)

lot the values of log (qe − qt) versus t to give a linear relationship
rom which k1 and qe can be determined from the slope and inter-
ept, respectively (Fig. 9). If the intercept dose not equal qe then
he reaction is not likely to be first-order reaction even this plot
as high correlation coefficient with the experimental data [31].
he variation in rate should be proportional to the first power of
oncentration for strict surface adsorption. However, the relation-
hip between initial solute concentration and rate of adsorption
ill not be linear when pore diffusion limits the adsorption process.

ig. 9 shows that the first 30 min data fits well Lagergren model and
hereafter the adsorption data deviate from theory. Thus, the model
epresents the initial stages where rapid adsorption occurs well but
annot be applied for the entire adsorption process. Furthermore,
ig. 9. Pseudo-first-order kinetics for DNB-106 (50, 75, 100, 125 and 150 mg l−1)
dsorption onto COP. Conditions: adsorbent dosage 6 g l−1, pH 2.0 and temperature
7 ± 2 ◦C.
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Table 3
Comparison of the first- and second-order adsorption rate constants and calculated and experimental qe values for different initial DNB-106 and activated carbon developed
from orange peel.

Parameter First-order kinetic model Second-order kinetic model

Carbon conc. DNB-106 (mg l−1) qe (exp.) k1 × 10−3 qe (calc.) R2 k2 × 10−3 qe (calc.) h R2

2 g l−1

50 20.42 8.98 5.46 0.925 7.063 20.20 2.88 0.993
75 28.34 19.58 7.79 0.901 6.111 28.90 5.10 0.997

100 36.26 18.65 9.45 0.985 6.074 36.76 8.21 1.000
125 45.33 30.86 10.3 0.964 7.707 46.08 16.37 1.000
150 54.39 14.97 10.97 0.964 4.819 54.64 14.39 0.999

4 g l−1

50 11.36 23.03 4.74 0.933 11.537 11.67 1.57 0.997
75 16.46 13.13 4.19 0.936 11.669 16.50 3.18 0.998

100 22.14 15.20 5.7 0.894 9.386 22.27 4.66 0.999
125 23.24 20.27 6.05 0.970 9.619 23.58 5.35 0.999
150 28.34 18.19 8.71 0.781 6.354 28.49 5.16 0.997

6

50 7.99 26.02 1.25 0.973 45.225 8.09 2.96 1.000
2.20
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g l−1
75 11.74 22.11

100 15.52 24.64
125 19.31 24.64
150 23.09 20.04

.7.2. Pseudo-second-order equation
The adsorption kinetic may be described by the pseudo-second-

rder model [42], which is generally given as following:

dqt

dt
= k2(qe − qt)

2 (20)

here k2 (g mg−1 min−1) is the second-order rate constant of
dsorption. Integrating Eq. (20) for the boundary conditions qt = 0 to
t = qt at t = 0 to t = t is simplified as can be rearranged and linearized
o obtain:

t

qt

)
= 1

k2qe
2

+ 1
qe

(t) (21)

he second-order rate constants were used to calculate the initial
orption rate, given by the following Eq. (22):

= k2q2
e (22)

t was mentioned above that the curve fitting plots of log (qe − qt)
ersus t does not show good results for the entire sorption period,
hile the plots of t/qt versus t give a straight line for all the ini-
ial dye concentrations studied as showed in Fig. 10, confirming
he applicability of the pseudo-second-order equation. Values of
2 and equilibrium adsorption capacity qe were calculated from
he intercept and slope of the plots of t/qt versus t, respectively.
he values of R2 and qe also indicated that this equation produced

ig. 10. Plot of the pseudo-second-order model at different initial DNB-106 con-
entrations (50, 75, 100, 125 and 150 mg l−1), COP 6 g l−1, pH 2.0 and temperature
7 ± 2 ◦C.
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0.960 31.758 11.85 4.46 1.000
0.979 23.536 15.70 5.80 1.000
0.923 10.858 19.65 4.19 0.999
0.920 10.280 23.36 5.61 0.999

etter results (Table 3): at all concentrations and sorbent doses,
2 values for pseudo-second-order kinetic model were found to be
igher (between 0.993 and 1.000), and the calculated qe values are
ainly equal to the experimental data. This indicates that the DNB-

06-COP adsorption system obeys the pseudo-second-order kinetic
odel for the entire sorption period.
The values of initial sorption (h, mg g−1 min−1) that represents

he rate of initial sorption, is practically increased with the increase
n initial dye concentrations from 50 to 150 mg l−1 onto COP dose
.0, 4.0 and 5.0 g l−1, respectively (Table 3). It was observed that the
seudo-second-order rate constant (k2) decreased with increasing
f initial dye concentration from 50 to 150 mg l−1 for COP doses of
, 4 and 6 g l−1, respectively.

.7.3. Elovich kinetic equation
The Elovich equation is another rate equation based on the

dsorption capacity is given as follows [43–45]:

dqt

dt
= ˛ exp(−ˇqt) (23)

here ˛ is the initial adsorption rate (mg g−1 min−1) and ˇ is the
e-sorption constant (g mg−1) during any one experiment.

It is simplified by assuming ˛ˇ » t and by applying the bound-
ry conditions qt = 0 at t = 0 and qt = qt at t = t Eq. (23) rewrite as
ollowed:

t = 1
ˇ

ln(˛ˇ) + 1
ˇ

ln(t) (24)

lot of qt versus ln (t) should yield a linear relationship if the Elovich
s applicable with a slope of (1/ˇ) and an intercept of (1/ˇ) ln (˛ˇ)
Fig. 11). The Elovich constants obtained from the slope and the
ntercept of the straight line reported in Table 4. The correlation
oefficients R2 are very wavy and ranged from low value to high
alue without definite role (Table 4).

.7.4. The intraparticle diffusion model
Adsorption is a multi-step process involving transport of the

dsorbate (dye) molecules from the aqueous phase to the surface
f the solid (COP) particles then followed by diffusion of the solute
olecules into the pore interiors. If the experiment is a batch sys-
em with rapid stirring, there is a possibility that the transport
f sorbate from solution into pores (bulk) of the adsorbent is the
ate-controlling step [48]. This possibility was tested in terms of a
raphical relationship between the amount of dye adsorbed and the
quare root of time [46]. Since the DNB-106 is probably transported
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ig. 11. Elovich model plot for the adsorption of DNB-106 (50, 75, 100, 125 and
50 mg l−1) onto COP (6.0 g l−1) at different initial dye concentrations (50, 75, 100,
25 and 150 mg l−1).

rom its aqueous solution to the COP by intraparticle diffusion,
o the intraparticle diffusion is another kinetic model should be
sed to study the rate-limiting step for DNB-106 adsorption onto
OP. The intra-particular diffusion is commonly expressed by the
ollowing equation:

t = Kdif t1/2 + C (25)

here C is the intercept and Kdif (in mg g−1 min−1/2) is the intra-
article diffusion rate constant. The values of qt were found to give
wo lines part with values of t1/2 (Fig. 12) and the rate constant
dif directly evaluated from the slope of the second regression line
nd the values of intercept C, which is related to the thickness of
he boundary layer was reported in Table 4. The shape of Fig. 12
onfirms that adsorption of the DNB-106 onto the COP is indepen-
ent of one another, as plot usually shows two intersecting lines
epending on the exact mechanism; the first one of these lines
epresenting surface adsorption at the beginning of the reaction
nd the second one is the intraparticle diffusion at the end of the
eaction. As still there is no sufficient indication about which of the

wo steps is the rate-limiting step. Ho [49] has shown that if the
ntraparticle diffusion is the sole rate-limiting step, it is essential
or the qt versus t1/2 plots to pass through the origin, which is not
he case in Figs. 12, it may be concluded that surface adsorption

able 4
he parameters obtained from Elovich kinetics model and intraparticle diffusion
odel using different initial DNB-106 concentrations.

orbent dose DNB-106
(mg l−1)

Elovich Intraparticle diffusion

ˇ ˛ × 103 R2 Kdif C R2

g l−1

50 0.85 66.80 0.737 0.50 13.10 1.000
75 0.64 372.1 0.735 0.59 21.02 0.969

100 0.35 5.32 0.977 0.51 29.51 0.993
125 0.33 85.50 0.916 0.60 39.24 0.978
150 0.32 454.3 0.962 0.80 43.51 0.997

g l−1

50 0.95 0.24 0.942 0.06 5.54 0.989
75 0.81 3.08 0.959 0.21 7.30 0.972

100 0.51 0.88 0.965 0.16 10.15 0.969
125 0.58 7.33 0.970 0.31 12.61 0.988
150 0.48 6.32 0.954 0.43 15.33 0.992

g l−1

50 1.83 9.64 0.938 0.02 3.94 0.979
75 1.29 21.49 0.930 0.09 6.80 0.969

100 0.97 26.15 0.960 0.18 9.21 0.998
125 0.65 1.37 0.993 0.31 10.86 0.982
150 0.58 6.77 0.981 0.31 13.90 0.994

d
N
d
w

F
v
r

ig. 12. Intraparticle diffusion model plot for the adsorption of DNB-106 (50, 75,
00, 125 and 150 mg l−1) onto COP (6.0 g l−1) at different initial dye concentration
50, 75, 100, 125 and 150 mg l−1) and room temperature.

nd intraparticle diffusion were concurrently operating during the
NB-106-COP interactions.

Fig. 13 represents the plot between the values of intercept C
ersus different initial dye concentration for three different COP
oses. The constant C was found to increase with increase of dye
oncentration from which indicating the increase of the thickness
f the boundary layer and decrease of the chance of the external
ass transfer and hence increase of the chance of internal mass

ransfer. On the other hand, the constant C was found to decrease
ith the increase of COP dose, which reflect decrease of the thick-
ess of the boundary layer and hence increase of the chance of
he external mass transfer. The R2 values given in Table 4 are close
o unity indicating the application of this model, which may con-
rm that the rate-limiting step is the intraparticle diffusion process.
he intraparticle diffusion rate constant, Kdif, were in the range of
.02–0.80 mg g−1 min−1/2 and it decrease with increase of initial
ye concentration and increase of COP dose.

.8. Simulation DNB-106 wastewater
It is well known that the textile wastewater dose not has only
ye but it also contains some other additive such as Na2SO4, NaCl,
a2CO3, HCOOH and CH3COOH depending on the type of dye,
yeing method and required color degree, therefore a simulated
astewater according to ISMA dyeing catalog were prepared as

ig. 13. Plot of DNB-106 initial concentrations (50, 75, 100, 125 and 150 mg l−1)
ersus intraparticle diffusion constant C value obtained for different COP doses at
oom temperature.



A. Khaled et al. / Journal of Hazardous

F
t

m
s
F
f
6
b
w

4

a
b
A
o
t
d
t
f
m
z
t
c
a
C
d
O
w
R
m
u
p
k
f
t
w

R

[

[

[

[

[

[

[

[

[

[

[
[

[

[

[

[

[

[

[

[

[

[

[

[

[
[

[

ig. 14. Effect of dyeing additive on the removal of DNB-106 using COP, dye concen-
ration (150 mg l−1), COP dose (6.0 g l−1) and room temperature.

entioned above in materials and methods and used instead of
olution in distilled water. The results obtained are represented by
ig. 14, which shows enhanced of the percentage of dye removal
rom 92 to 97% using 150 mg l−1 initial dye concentration over
g l−1 sorbent dose. These results indicate that the COP is applica-
le sorbent for removal of direct dyes (DNB-106) from the dyeing
aste.

. Conclusion

The results of this work can be summarized as follows: (i)
ctivated carbon developed from orange peel is a promising adsor-
ent for removal of the anionic dye, DNB-106 from wastewater.
small amount (2 g l−1) of COP could almost remove over 75%

f 150 mg l−1 of DNB-106 within 3 h contact time; (ii) the solu-
ion pH has important bearing on the extent of adsorption of the
ye on COP, which indicating that the pH is more important in
he controlling of adsorption rather than the nature of the sur-
ace sites. This result was also proved by Koble–Corrigan isotherm

odel, which fitted well the data with constant b value equal
ero that confirm Freundlich isotherm model; (iii) the experimen-
al data showed perfect fit with the Freundlich isotherm, which
onfirm that the adsorption process is heterogeneous, non-specific
nd non-uniform in nature. Therefore, the mechanism of DNB-106-
OP interactions is complicated involving a wide range of sites
iffering in a number of aspects including energy considerations.
n the other hand, the data obtained were in good agreement
ith the Langmuir-1; (iv) moreover, the data did not agree with
edlich–Peterson, Tempkin and Dubinin–Radushkevich isotherm
odels; (v) the kinetic study of DNB-106 on COP was investigated

sing pseudo-first-order, pseudo-second-order, Elovich and intra-
article diffusion equations. The results indicate that the adsorption
inetics follow the pseudo-second-order rate with intraparticle dif-
usion as one of the rate determining steps. This work confirms
hat the COP could be used for the removal of direct dyes from
astewater.
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