
R
d

A
D

a

A
R
R
A
A

K
O
A
D
D
A
W

1

i
o
s
t
c
o
e
t
a
d
h
t
w

d

0
d

Journal of Hazardous Materials 161 (2009) 102–110

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journa l homepage: www.e lsev ier .com/ locate / jhazmat

emoval of direct blue-86 from aqueous solution by new activated carbon
eveloped from orange peel

hmed El Nemr ∗, Ola Abdelwahab, Amany El-Sikaily, Azza Khaled
epartment of Pollution, Environmental Division, National Institute of Oceanography and Fisheries, El-Anfoushy, Kayet Bey, Alexandria, Egypt

r t i c l e i n f o

rticle history:
eceived 17 April 2007
eceived in revised form 9 November 2007
ccepted 13 March 2008
vailable online 21 March 2008

eywords:
range peel
ctivated carbon
ye
irect blue-86

a b s t r a c t

The use of low-cost, easy obtained, high efficiency and eco-friendly adsorbents has been investigated
as an ideal alternative to the current expensive methods of removing dyes from wastewater. This study
investigates the potential use of activated carbon prepared from orange peel for the removal of direct
blue-86 (DB-86) (Direct Fast Turquoise Blue GL) dye from simulated wastewater. The effects of differ-
ent system variables, adsorbent dosage, initial dye concentration, pH and contact time were studied.
The results showed that as the amount of the adsorbent increased, the percentage of dye removal
increased accordingly. Optimum pH value for dye adsorption was determined as ∼2.0. Maximum dye was
sequestered within 30 min after the beginning for every experiment. The adsorption of direct blue-86 fol-
lowed a pseudo-second-order rate equation and fit well Langmuir, Tempkin and Dubinin–Radushkevich
(D–R) equations better than Freundlich and Redlich–Peterson equations. The maximum removal of direct

−1 −1
dsorption
astewater

blue-86 was obtained at pH 2 as 92% for adsorbent dose of 6 g L and 100 mg L initial dye concen-
tration at room temperature. The maximum adsorption capacity obtained from Langmuir equation was
33.78 mg g−1. Furthermore, adsorption kinetics of DB-86 was studied and the rate of adsorption was found
to conform to pseudo-second-order kinetics with a good correlation (R2 > 0.99) with intraparticle diffu-
sion as one of the rate determining steps. Activated carbon developed from orange peel can be attractive
options for dye removal from diluted industrial effluents since test reaction made on simulated dyeing
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. Introduction

Effluent from the dyeing and finishing processes in the textile
ndustry are known to contain highly colored species, high amounts
f surfactant, dissolved solids and possibly harmful heavy metals
uch as Cr, Ni and Cu [1]. Highly colored wastes are not only aes-
hetically displeasing but also hinder light penetration and may in
onsequence disturb biological processes in water-bodies. More-
ver, dyes itself are toxic to some organisms and hence disturb the
cosystem. In addition, the expanded uses of azo dyes have shown
hat some of them and their reaction products such as aromatic
mines are highly carcinogenic [2,3], which make the removal of
yes before disposal of the wastewater is necessary. Many studies
ave been conducted on the toxicity of dyes and their impact on

he ecosystem [4,5], as well as the environmental issues associated
ith the manufacture and subsequent usage of dyes [6,7].

Most of the used dyes are stable to photo-degradation, bio-
egradation and oxidizing agents [8]. Hence, investigations have

∗ Corresponding author. Tel.: +20 35740944; fax: +20 35740944.
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een conducted on several physical or chemical methods of remov-
ng color from textile effluent. These studies include the use of
oagulants [9], ultra-filtration [10], electro-chemical [11,12] and
dsorption [13,14] techniques. The advantages and disadvantages of
ach technique have been extensively reviewed [15]. Among these
ethods, adsorption has been found to be an efficient and eco-

omic process to remove dyes, pigments and other colorants and
lso to control the bio-chemical oxygen demand [15]. Activated car-
on (powdered or granular) is the most widely used adsorbent
ecause it has excellent adsorption efficiency for organic com-
ounds and heavy metals, but its use is somewhat limited due to its
igh cost which led to search for low-cost adsorbents or preparation
f low-cost activated carbon.

Annual production of waste orange is estimated to be more than
.0 million tons in Egypt. Accumulation of orange waste in the
range industries has resulted in two important problems which
re land space occupation and pollution with phenolic compounds

ue to dumping of this waste. Since the orange peel is available free
f cost from orange processing industries, only the carbonization
f it is involved for the wastewater treatment. Hence, recycling of
his solid waste for wastewater treatment would not only be eco-
omical but also will help to solve solid waste disposal problems.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ahmedmoustafaelnemr@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2008.03.060
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herefore the main objective of this study was to evaluate the possi-
ility of using dried orange peel to develop a new low-cost activated
arbon and study its application to remove direct blue-86 (DB-
6), which is currently among the widely used commercial dyes

n the printing of cotton and mucilage glue fabrics as well as, the
yeing of silk, wool and vinylon and there are only one recent pub-

ished paper dealt with the removal of DB-86 [16]. Orange peel was
reviously investigated to adsorb Methyl orange, Methylene blue,
hodamine B, Congo red, Methyl violet and Amido black [17,18] Acid
iolet 17 [19], and Direct Red 23 and 80 [20,21]. Systematic evalu-
tion of the parameters involved, such as pH, sorbents mass, initial
ye concentration and time. The interference of the simulated
astewater on the adsorption of direct blue-86 was additionally

nvestigated.

. 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. After this, the clean orange peel biomass was oven
ried at 105 ◦C for 96 h, and the dried orange peel was milled and
ieved to select particles ≤0.500 mm for use [22].

.2. Preparation of activated carbon from orange peel (COP)

The dried orange peel biomass 1.0 kg was added in small portion
o 800 mL of 98% H2SO4 during 6 h and the resulting reaction mix-
ure was kept overnight at room temperature followed by refluxing
or 12 h in an efficient fume hood. After cooling to room temper-
ture, the reaction mixture was poured onto cold water (3 L) and
ltered. The resulting material was heated in an open oven at 150 ◦C

or overnight followed by washing with 3 L distilled water and then
oaked in 1% NaHCO3 solution overnight to remove any remaining
cid. 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 24 h in the absence of oxygen and sieved to the particle size
0.063 mm and kept in a glass bottle until used.

.3. Preparation of synthetic solution

A stock solution of 1.0 g L−1 was prepared by dissolving the
ppropriate amount of direct blue-86 (Direct Fast Turquoise Blue

L; 97%; C.I. 74180, CAS no.: 1330-38-7; obtained from ISMA
ye Company, Kafr-El-Dawar, Egypt) in 100 mL and completed to
000 mL with distilled water. Fig. 1 displays the structure of the
irect blue-86 (DB-86), Chemical formula C32H14O6N8S2CuNa2.
ifferent concentrations ranged between 5 and 100 mg L−1 of DB

Fig. 1. Structure of direct blue-86 (Direct Fast Turquoise Blue GL), M. wt. = 778.96.
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6 were prepared from the stock solution and used to have the
tandard curve. All the chemicals used throughout this study were
f analytical-grade reagents. Double-distilled water was used for
reparing all of the solutions and reagents. The initial pH is adjusted
ith 0.1 M HCl or 0.1 M NaOH. All the adsorption experiments were

arried out at room temperature (25 ± 2 ◦C).

.4. Batch biosorption studies

.4.1. Effect of pH on DB-86 biosorption
The effect of pH on the equilibrium uptake of dye was investi-

ated by employing initial concentration of DB-86 (100 mg L−1) and
g L−1 of COP. The initial pH values were adjusted with 0.1 M HCl
r 0.1 M NaOH to form a series of pH from 1 to 9. The suspensions
ere shaken at room temperature (25 ± 2 ◦C) using agitation speed

200 rpm) for the minimum contact time required to reach the equi-
ibrium (180 min) and the amount of DB-86 adsorbed determined.

.4.2. Effect of COP dose
The effect of sorbents dose on the equilibrium uptake of DB-86

25, 50, 75, 100 and 125 mg L−1) was investigated with COP con-
entrations of 2, 4 and 6 g L−1. The experiments were performed by
haking known DB-86 concentration with the above different COP
oncentrations to the equilibrium uptake (180 min) and the amount
f DB-86 adsorbed determined.

.4.3. Kinetics studies
Sorption studies were conducted in 250-mL conical flasks at

olution pH 2.0. COP (2, 4, and 6 g L−1) was thoroughly mixed
ndividually with 100 mL of DB-86 solution (25, 50, 75, 100, and
25 mg L−1) and the suspensions were shaken at room tempera-
ure. Samples of 1.0 mL were collected from the duplicate flasks at
equired time intervals viz. 5, 10, 20, 30, 45, 60, 90, 120, 150 and
80 min and were centrifuged for 5 min. The clear solutions were
nalyzed for residual DB-86 concentration in the solution.

.4.4. Adsorption isotherm
Batch sorption experiments were carried out in 250-mL conical

asks at room temperature on a shaker for 180 min. The COP (0.2,
.4 and 0.6 g) was thoroughly mixed with 100 mL of DB-86 solu-
ions. The isotherm studies were performed by varying the initial
B-86 concentrations from 25 to 125 mg L−1 at pH 2.0, which was
djusted using 0.1 M HCl or 0.1 M NaOH before addition of COP and
aintained throughout the experiment. After shaking the flasks for

80 min, the reaction mixture was analyzed for the residual DB-86
oncentration.

The concentration of DB-86 in solution was measured by using
direct UV–vis spectrophotometeric method using UV–vis spec-

rophotometer (Milton Roy, Spectronic 21D) using silica cells of
ath length 1 cm at wavelength � 594 nm, and DB-86 concentration
as determined by comparing absorbance to a calibration curve
entioned above. All the experiments are duplicated and only the
ean values are reported. The maximum deviation observed was

ess than ±4%.
Adsorption of DB-86 from simulated wastewater was studied

sing 6 g L−1 of COP and DB-86 concentrations 100 mg L−1 at initial
H 2.0. The amount of dye adsorbed at equilibrium onto carbon, qe

mg g−1), was calculated by the following mass balance relation-
hip:

V

e = (C0 − Ce) ×

W
(1)

here C0 and Ce are the initial and equilibrium liquid-phase con-
entrations of DB-86, respectively (mg L−1), V the volume of the
olution (L), and W is the weight of the COP used (g).
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. Results and discussion

.1. Effect of system pH on DB-86 uptake

The pH of the system exerts profound influence on the
dsorptive uptake of adsorbate molecule presumably due to its
nfluence on the surface properties of the adsorbent and ion-
zation/dissociation of the adsorbate molecule. Fig. 2 shows the
ariations in the removal of dye from wastewater at various system
H. From the figure, it is evident that the maximum removal of DB-
6 color is observed at pH 2. Similar trend of pH effect was observed
or the adsorption of Direct Red 28 and Acid Violet on activated car-
on prepared from coir pith [23,24], as well as for the adsorption of
irect blue 2B and Direct Green B on activated carbon prepared from
ahogany sawdust [25]. That may be attributed to the hydropho-

ic nature of the developed carbon which led to absorb hydrogen
ons (H+) onto the surface of the carbon when immersed in water
nd make it positively charged. Low pH value (1.0–3.0) leads to
n increase in H+ ion concentration in the system and the surface
f the activated carbon acquires positive charge by absorbing H+

ons. As the COP surface is positively charged at low pH value, a
ignificantly strong electrostatic attraction appears between the
ositively charged carbon surface and anionic dye molecule lead-

ng to maximum adsorption of DB-86. On the other hand, increase
f the pH value (basic condition) led to increase of the number
f negatively charged sites and the number of positively charged
ites decreases. A negatively charged surface site on the COP dose
ot favor the adsorption of anionic DB-86 molecules due to the
lectrostatic repulsion. The lowest adsorption occurred at pH 8.0
nd the greatest adsorption occurred at pH ∼ 2.0. Sorbents surface
ould be positively charged up to pH < 4, and heterogeneous in the
H range 4–6. Thereafter, it should be negatively charged. More-
ver, the decreasing in the adsorption of DB-86 with increasing of
H value is also due to the competition between anionic dye and
xcess OH− ions in the solution. At pH value > 8 a small precipita-
ion of DB-86 was observed, which explain the small increase in the
ye removal at pH 9.

.2. Effect of contact time and initial DB-86 concentration

The relation between removal of DB-86 and reaction time were
tudied to see the rate of dye removal. The results of percentage

emoval of DB-86 at pH 2.0 with increasing of contact time using
OP are presented in Fig. 3. It was found that more than 64% removal
f DB-86 concentration occurred in the first 5 min, and thereafter
he rate of adsorption of the DB-86 onto COP was found to be
low. The rapid adsorption at the initial contact time is due to the

ig. 2. Effect of system pH on adsorption of DB-86 (100 mg L−1) onto COP (6 g L−1)
t room temperature (25 ± 2 ◦C), agitation speed 200 rpm for the minimum contact
ime required to reach the equilibrium (180 min).
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ig. 3. Effect of contact time on the removal of different initial concentrations of
B-86 using COP (6 g L−1) at pH 2.0.

vailability of the positively charged surface of the COP for adsorp-
ion of anionic DB-86 in the solution at pH 2. The later slow rate
f DB-86 adsorption is probably occurred due to the electrostatic
indrance or repulsion between the adsorbed negatively charged
orbate species onto the surface of COP and the available anionic
orbate species in solution as well as the slow pore diffusion of
he solute ions into the bulk of the adsorbent. The equilibrium was
ound to be nearly 180 min when the maximum DB-86 adsorption
nto COP was reached.

Also, the effect of initial concentration of DB-86 in the solution
n the capacity of adsorption onto COP was studied and shown in
ig. 3. The experiments were carried out at fixed adsorbent dose
0.6 g/100 mL) in the test solution, room temperature (25 ± 2 ◦C),
H 2 and at different initial concentrations of DB-86 (25, 50, 75,
00 and 125 mg L−1) for different time intervals (5, 10, 20, 30, 45,
0, 90, 120, 150 and 180 min). Fig. 3 showed that the percentage
f adsorption efficiency of COP decreased with the increasing of
nitial DB-86 concentration in the solution. Though the percent
dsorption decreased with increase in initial dye concentration,
he actual amount of DB-86 adsorbed per unit mass of adsor-
ent increased with increase in DB-86 concentration in the test
olution.

It is evident from Fig. 3 that the amount adsorbed on the solid
hase COP at a lower initial concentration of DB-86 was smaller
han the corresponding amount when higher initial concentrations
ere used. However, the percentage removal of DB-86 was greater

t lower initial concentrations and smaller at higher initial con-
entrations. The adsorption capacity for COP was increased from
0.84 to 39.98 mg g−1 as the DB-86 concentration increased from
5 to 125 mg L−1. In the process of DB-86 adsorption initially dye
olecules have to first encounter the boundary layer effect and

hen it has to diffuse from boundary layer film onto adsorbent sur-
ace and then finally, it has to diffuse into the porous structure of
he adsorbent. This phenomenon will take relatively longer contact
ime.

.3. Effect of adsorbent mass on DB-86 adsorption

The adsorption of DB-86 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 DB-86 concentration
125 mg L−1), temperature (25 ± 2 ◦C) and pH (2.0) constant at con-

act times for 180 min (Fig. 4). The adsorption increased from 64% to
00%, as the COP dose increased from 0.2 g to 1.0 g/100 mL at equi-
ibrium time (180 min). Maximum DB-86 removal was achieved

ithin 10–25 min after which DB-86 concentration in the reac-
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Table 1
Comparison of the coefficients isotherm parameters for DB-86 adsorption onto COP

Isotherm model Orange peel activated carbon
concentrations (g L−1)

2 4 6

Langmuir
Qm (mg g−1) 33.78 30.58 20.16
Ka (L mg−1) 0.12 0.07 0.35
No. of parameter estimated 2 2 2
Data point available 4 4 5
R2 0.990 0.987 0.988

Freundlich
1/n 0.382 0.522 0.257
KF (mg g−1) 7.13 3.42 8.07
No. of parameter estimated 2 2 2
Data point available 4 5 5
R2 0.983 0.987 0.989

Redlich–Peterson
A (L g−1) 20.0 50.0 100.0
B (L mg−1)g 2.61 18.97 12.02
g 0.609 0.398 0.740
No. of parameter estimated 3 3 3
Data point available 4 5 5
R2 0.945 0.962 0.969

Tempkin
˛ (L g−1) 1.42 0.96 6.99
ˇ (mg L−1) 6.96 6.26 3.64
b 355.9 395.8 680.8
No. of parameter estimated 2 2 2
Data point available 4 5 3
R2 0.991 0.995 1.000

Dubinin–Radushkevich
Qm (mg g−1) 29.43 21.96 18.25
K (×106 mol2 kJ−2) 2.30 2.60 2.50
E (kJ mol−1) 0.466 0.468 0.472
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ig. 4. Effect of adsorbent concentration on DB-86 removals (C0: 125 mg L−1, pH 2.0,
gitation speed: 200 rpm, temperature: 25 ± 2 ◦C).

ion solution was almost constant. Increase in the adsorption with
dsorbent dose can be attributed to increased COP surface area and
vailability of more adsorption sites, while the unit adsorbed of
B-86 decreased with increase in COP dose.

.4. Isotherm data analysis

The relationship between the amount of a substance adsorbed
t constant temperature and its concentration in the equilibrium
olution is called the adsorption isotherm. The adsorption isotherm
s important from both a theoretical and a practical point of view.
n order to optimize the design of an adsorption system to remove
he dye, it is important to establish the most appropriate correla-
ions of the equilibrium data of each system. Equilibrium isotherm
quations are used to describe the experimental sorption data. The
arameters obtained from the different models provide important

nformation on the sorption mechanisms and the surface proper-
ies and affinities of the sorbent. The most widely accepted surface
dsorption models for single-solute systems are the Langmuir and
reundlich models. The correlation with the amount of adsorption
nd the liquid-phase concentration was tested with the Langmuir,
reundlich, Tempkin and Dubinin–Radushkevich (D–R) 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.

.4.1. Langmuir isotherm
The theoretical Langmuir isotherm [26] is valid for sorption of a

olute from a liquid solution as monolayer adsorption on a surface
ontaining a finite number of identical sites. Langmuir isotherm
odel assumes uniform energies of adsorption onto the surface
ithout transmigration of adsorbate in the plane of the surface [27].

herefore, the Langmuir isotherm model was chosen for estimation
f the maximum adsorption capacity corresponding to complete
onolayer coverage on the sorbent surface. The Langmuir non-

inear equation is commonly expressed as followed:

e = QmKaCe

1 + KaCe
(2)
n Eq. (2), Ce and qe are as defined before in Eq. (1), Qm is a constant
eflect a complete monolayer (mg g−1); Ka is adsorption equilib-
ium constant (L mg−1) that is related to the apparent energy of
orption. The Langmuir isotherm Eq. (2) can be linearized into the
ollowing form [28,29].

t
c
s
r
f

No. of parameter estimated 2 2 2
Data point available 3 5 5
R2 1.000 0.996 0.998

Langmuir-1

Ce

qe
= 1

KaQm
+ 1

Qm
× Ce (3)

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

nd an intercept of 1/(KaQm).
The results obtained from the Langmuir model for the removal

f DB-86 onto COP are shown in Table 1. The correlation coeffi-
ients reported in Table 1 showed strong positive evidence on the
dsorption of DB-86 onto COP follows the Langmuir isotherm. The
pplicability of the four linear forms of Langmuir model to COP
as proved by the high correlation coefficients R2 > 0.99. This sug-

ests that the Langmuir isotherm provides a good model of the
orption system. The maximum monolayer capacity Qm obtained
rom the Langmuir is 33.78 mg g−1. Unmodified orange peel was
reviously used to remove different dyes from aqueous solution
17–21] and the maximum capacity of dyes removal was reported in
able 2. The Qm (33.78 mg g−1) obtained for activated carbon devel-
ped from orange peel is higher than that obtained for untreated
range peel.

.4.2. The Freundlich isotherm
The Freundlich isotherm model [30] is the earliest known equa-

ion describing the adsorption process. It is an empirical equation

an be used for non-ideal sorption that involves heterogeneous
orption. The Freundlich isotherm can be derived assuming a loga-
ithmic decrease in the enthalpy of sorption with the increase in the
raction of occupied sites and is commonly given by the following
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Table 2
Reported maximum dyes adsorption obtained for orange peel

Dye name Maximum adsorption (mg L−1) Reference

Methyl orange 20.5 [17]
Methylene blue 18.6 [17]
Rhodamine B 14.3, 3.23 ([17,18] respectively)
Congo red 14.0, 22.4 ([17,18] respectively)
Methyl violet 11.5 [17]
Amido black 7.9 [17]
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Several steps can be used to examine the controlling mechanism
cid violet 17 19.88 [17,19]
irect red 23 10.72 [20,21]
irect red 80 21.05 [20,21]

on-linear equation:

e = KFC1/n
e (4)

here KF is a constant for the system, related to the bonding energy.
F can be defined as the adsorption or distribution coefficient and
epresents the quantity of dye adsorbed onto adsorbent for unit
quilibrium concentration. 1/n is indicating the adsorption inten-
ity of dye onto the sorbent or surface heterogeneity, becoming
ore heterogeneous as its value gets closer to zero. A value for 1/n

elow 1 indicates a normal Langmuir isotherm while 1/n above 1
s indicative of cooperative adsorption. Eq. (4) can be linearized in
he logarithmic form (Eq. (5)) and the Freundlich constants can be
etermined:

og qe = log KF + 1
n

log Ce (5)

The applicability of the Freundlich sorption isotherm was also
nalyzed, using the same set of experimental data, by plotting
og(qe) versus log(Ce). The data obtained from linear Freundlich
sotherm plot for the adsorption of the DB-86 onto COP is presented
n Table 1. The correlation coefficients (>0.98) showed that the Fre-
ndlich model is comparable to the Langmuir model. The 1/n is

ower than 1.0, indicating that DB-86 is favorably adsorbed by COP.

.4.3. The Redlich–Peterson isotherm
The Redlich–Peterson isotherm [31] contains three constants, A,

and g, and involves the features of both the Langmuir and the
reundlich isotherm models. It can be described by the following
on-linear equation (6):

e = ACe

1 + BCg
e

(6)

here g must fluctuated between 0 and 1 and it can characterize the
sotherm as if g = 1, the Langmuir will be the preferable isotherm,

hile if g = 0, the Freundlich will be the preferable isotherm. The
hree isotherm constants A, B and g, can be evaluated from Eq.
6) using nonlinear regression analysis in SPSS program Version
0.0, which is applicable to computer operation was developed to
alculate the isotherm constants through maximization of the coef-
cient of determination and the results were included in Table 1.
he coefficient R2 for Redlich–Peterson isotherm was lower than
t for Langmuir and Freundlich isotherm models for data obtained
rom adsorption of DB-86 onto COP.

.4.4. The Tempkin isotherm
Tempkin adsorption isotherm model was used to evaluate the
dsorption potentials of the COP for DB-86. The derivation of the
empkin isotherm assumes that the fall in the heat of sorption is lin-
ar rather than logarithmic, as implied in the Freundlich equation.
he Tempkin isotherm has commonly been applied in the following

o
a
d
a
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orm [32–34]:

e = RT

b
ln(ACe) (7)

he Tempkin isotherm Eq. (7) can be simplified to the following
quation:

e = ˇ ln ˛ + ˇ ln Ce (8)

here ˇ = (RT)/b, T is the absolute temperature in Kelvin and R is the
niversal gas constant, 8.314 J (mol K)−1. The constant b is related to
he heat of adsorption [35,36]. The adsorption data were analyzed
ccording to the linear form of the Tempkin isotherm equation (8).
xamination of the data shows that the Tempkin isotherm fitted
ell the DB-86 adsorption data for COP. The linear isotherm con-

tants and coefficients of determination are presented in Table 1.
he heat of DB-86 adsorption onto COP was found to increase
rom 0.356 to 0.681 kJ mol−1 with increase of COP dose from 2.0
o 6.0 g L−1. The correlation coefficients R2 obtained from Temp-
in model were comparable to that obtained for Langmuir and
reundlich equations, which explain the applicability of Tempkin
odel to the adsorption of DB-86 onto COP.

.4.5. The Dubinin–Radushkevich (D–R) isotherm
The D–R model was also applied to estimate the porosity appar-

nt free energy and the characteristics of adsorption [37–39]. The
–R isotherm dose not assumes a homogeneous surface or constant

orption potential. The D–R model has commonly been applied in
he following Eq. (9) and its linear form can be shown in Eq. (10):

e = Qm exp(−Kε2) (9)

n qe = ln Qm − Kε2 (10)

here K is a constant related to the adsorption energy, Qm the the-
retical saturation capacity, ε the Polanyi potential, calculated from
q. (11).

= RT ln
(

1 + 1
Ce

)
(11)

The slope of the plot of ln qe versus ε2 gives K (mol2 (kJ2)−1) and
he intercept yields the adsorption capacity, Qm (mg g−1). The mean
ree energy of adsorption (E), defined as the free energy change
hen one mole of ion is transferred from infinity in solution to

he surface of the solid, was calculated from the K value using the
ollowing relation [40]:

= 1√
2K

(12)

The calculated value of D–R parameters is given in Table 1. The
aturation adsorption capacity Qm obtained using D–R isotherm
odel for adsorption of DB-86 onto COP is 29.43 mg g−1 at 2.0 g L−1

orbent dose, which is close to that obtained (33.78 mg g−1) from
angmuir isotherm model (Table 1). However, the Qm calculated
rom D–R and Langmuir isotherm models at higher dose of acti-
ated carbon COP (6.0 g L−1) were very close to each other. The
alues of E calculated using Eq. (12) are 0.466–0.472 kJ mol−1, which
ndicating that the physico-sorption process play the significant
ole in the adsorption of DB-86 onto COP.

.5. Kinetic models applied to the adsorption of DB-86 onto COP
f sorption process such as chemical reaction, diffusion control
nd mass transfer; kinetic models are used to test experimental
ata from the adsorption of DB-86 onto COP. The kinetics of DB-86
dsorption onto COP is required for selecting optimum operating



A.E. Nemr et al. / Journal of Hazardous

F
b

c
t
i
t
w
[
m
p
v
a

3

g
e
c

t
o

c

l

E

l

w
a
m
T
c
s
w
c
f
T
t
p
t
r
(
b

3

o
f

w
a
q
t
(

2 e

T
C

P

C

2

4

6

k

ig. 5. Pseudo-first-order kinetics for DB-86 adsorption onto COP. Conditions: adsor-
ent dosage 6 g L−1, pH 2.0, temperature 25 ± 2 ◦C.

onditions for the full-scale batch process. The kinetic parame-
ers, which are helpful for the prediction of adsorption rate, give
mportant information for designing and modeling the adsorp-
ion processes. Thus, the kinetics of DB-86 adsorption onto COP
ere analyzed using pseudo-first-order [41], pseudo-second-order

42], Elovich [43–45] and intraparticle diffusion [46,47] kinetic
odels. The conformity between experimental data and the model-

redicted values was expressed by the correlation coefficients (R2,
alues close or equal to 1). The relatively higher value is the more
pplicable model to the kinetics of DB-86 adsorption onto COP.

.5.1. 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 differential equation is generally expresses a follows:

dqt

dt
= k1(qe − qt) (13)
where 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. (13) for the boundary

T
s

h

able 3
omparison of the first- and second-order adsorption rate constants and calculated and e

arameter First-order

OP concentration (g L−1) DB-86 (mg L−1) qe (experimental) k1 q

25 10.84 0.01 3
50 19.44 0.02 8
75 24.26 0.03 9

100 29.14 0.01 7
125 37.33 0.02 8

25 6.17 0.03 1
50 10.02 0.02 3
75 13.78 0.01 3

100 18.71 0.01 5
125 22.64 0.01 5

25 4.17 0.02 0
50 8.11 0.01 1
75 11.62 0.02 3

100 15.12 0.01 5
125 17.74 0.02 3

1 (min−1), k2 (g (mg min)−1), qe (mg g−1), h (mg (g min)−1).
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onditions t = 0–t and qt = 0–qt gives

og
(

qe

qe − qt

)
= k1

2.303
t (14)

q. (14) can be rearranged to obtain the following linear form:

og(qe − qt) = log(qe) − k1

2.303
t (15)

In order to obtain the rate constants, the values of log(qe − qt)
ere linearly correlated with t by plot of log(qe − qt) versus t to give
linear relationship from which k1 and predicted qe can be deter-
ined from the slope and intercept of the plot, respectively (Fig. 5).

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 pro-

ess. Fig. 5 shows that the pseudo-first-order equation fits well
or the first 30 min and thereafter the data deviate from theory.
hus, the model represents the initial stages where rapid adsorp-
ion occurs well but cannot be applied for the entire adsorption
rocess. Furthermore, the experimental qe values do not agree with
he calculated ones, obtained from the linear plots and the cor-
elation coefficient R2 are relatively low for most adsorption data
Table 3). This shows that the adsorption of DB-86 onto COP cannot
e applied and the reaction mechanism is not a first-order reaction.

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

rder model [42]. The differential equation is generally given as
ollows:

dqt

dt
= k2(qe − qt)

2 (16)

here k2 (g (mg min)−1) is the second-order rate constant of
dsorption. Integrating Eq. (16) for the boundary conditions
t = 0–qt at t = 0–t is simplified as can be rearranged and linearized
o obtain:

t

qt

)
= 1

k q2
+ 1

qe
(t) (17)
he second-order rate constants were used to calculate the initial
orption rate, given by the following equation:

= k2q2
e (18)

xperimental qe values for different initial DB-86 and COP

kinetic model Second-order kinetic model

e (calculated) R2 k2 qe (calculated) h R2

.51 0.650 0.012 10.73 1.36 0.994

.79 0.931 0.005 20.04 2.03 0.994

.65 0.930 0.006 25.00 3.58 0.996

.61 0.914 0.006 29.41 5.03 0.997

.78 0.838 0.007 37.59 9.35 0.998

.71 0.960 0.043 6.31 1.71 1.000

.16 0.854 0.016 10.16 1.70 0.996

.6 0.726 0.034 13.99 6.56 1.000

.53 0.903 0.007 17.99 2.41 0.988

.41 0.832 0.008 21.98 3.92 0.993

.49 0.858 0.144 4.19 2.53 1.000

.89 0.868 0.029 8.15 1.91 0.999

.02 0.957 0.019 11.75 2.63 0.999

.53 0.850 0.016 14.99 3.63 0.998

.38 0.919 0.016 17.95 5.15 0.999
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ig. 6. Plot of the pseudo-second-order model at different initial DB-86 concentra-
ions, COP 6 g L−1, pH 2.0, temperature 25 ± 2 ◦C.

If the second-order kinetics is applicable, then the plot of t/qt

ersus t should show a linear relationship. Values of k2 and equilib-
ium adsorption capacity qe were calculated from the intercept and
lope of the plots of t/qt versus t (Fig. 6). The linear plots of t/qt ver-
us t show good agreement between experimental and calculated
e values at different initial DB-86 and adsorbent concentrations
Table 3). The correlation coefficients for the second-order kinetic

odel are greater than 0.993, which led to believe that the pseudo-
econd-order kinetic model provided good correlation for the
iosorption of different initial of DB-86 onto COP.

The values of initial sorption (h) that represents the rate of initial
orption, is practically increased from 1.36 to 9.35, 1.70 to 3.92, and
.91 to 5.15 mg (g min)−1 with the increase in initial DB-86 concen-
rations from 25 to 125 mg L−1 onto COP dose 2.0, 4.0 and 5.0 g L−1,
espectively (Table 3). It was observed that the pseudo-second-
rder rate constant (k2) decreased from 0.012 to 0.007, 0.043 to
.008 and 0.144 to 0.016 with increased initial DB-86 concentration
rom 25 to 125 mg L−1 for COP doses of 2, 4 and 6 g L−1, respectively.

.5.3. Elovich equation

The Elovich equation is another rate equation based on the

dsorption capacity generally expressed as following [43–45]:

dqt

dt
= BE exp(−AEqt) (19)

3

b

able 4
he parameters obtained from Elovich kinetics model and intraparticle diffusion model u

OP concentration (g L−1) DB-86 concentration (mg L−1) Elovich

AE

.0 25 0.55
50 0.37
75 0.33

100 0.31
125 0.27

.0 25 2.04
50 1.20
75 0.90

100 0.87
125 0.78

.0 25 1.69
50 1.46
75 1.07

100 0.96
125 0.91

E (g mg−1), BE (mg (g min)−1), Kdif (mg g−1 min−1/2) and C (mg g−1).
ig. 7. Elovich model plot for the adsorption of DB-86 onto COP (6.0 g L−1) at different
nitial dye concentrations (25, 50, 75, 100 and 125 mg L−1).

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

It is simplified by assuming AEBEt � t and by applying the bound-
ry conditions qt = 0 at t = 0 and qt = qt at t = t Eq. (19) becomes:

t = 1
AE

ln(BEAE) + 1
AE

ln(t) (20)

If DB-86 adsorption by COP fits the Elovich model, a plot of qt

ersus ln(t) should yield a linear relationship with a slope of (1/AE)
nd an intercept of (1/AE) ln(AEBE) (Fig. 7). Thus, the constants can
e obtained from the slope and the intercept of the straight line
Table 4). The initial adsorption rate BE increase from 4 to 508, 1186
o 92,299 and 5 to 69,005 mg (g min)−1 with increase of initial DB-
6 concentration from 25 to 125 mg L−1 on COP dose of 2, 4 and
g L−1, respectively. Similar pattern is mentioned above for the ini-

ial adsorption rate, h, obtained from pseudo-second-order model.
he desorption constant, AE, decrease from 0.55 to 0.27, 2.04 to 0.78
nd 1.69 to 0.91 g mg−1 with increase in the initial DB-86 concen-
ration from 25 to 125 mg L−1 over COP dose of 2, 4 and 6 g L−1,
espectively (Table 4).
.5.4. The intraparticle diffusion model
The adsorbate species are most probably transported from the

ulk of the solution into the solid phase through intraparticle dif-

sing different initial DB-86 concentrations.

Intraparticle diffusion

BE R2 Kdif C R2

4 0.977 0.13 8.23 0.993
17 0.989 0.62 11.26 0.992
60 0.970 0.75 16.04 0.988

141 0.986 0.65 20.42 0.992
508 0.992 0.50 30.10 0.972

1186 0.937 0.04 5.72 0.971
751 0.962 0.18 7.65 0.993

3716 0.964 0.20 11.99 0.977
11049 0.963 0.28 13.10 0.983
92299 0.991 0.30 16.96 0.995

5 0.955 0.02 3.94 0.979
561 0.957 0.07 7.00 0.976

1368 0.980 0.18 9.21 0.998
8449 0.962 0.28 11.08 0.997

69005 0.960 0.29 14.09 0.997
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ig. 8. Intraparticle diffusion model plot for the adsorption of DB-86 onto COP
6.0 g L−1) at different initial dye concentration (25, 50, 75, 100 and 125 mg L−1) and
oom temperature.

usion/transport process, which is often the rate-limiting step in
any adsorption processes, especially in a rapidly stirred batch

eactor [48]. Since the DB-86 are probably transported from its
queous solution to the COP by intraparticle diffusion, so the intra-
article diffusion is another kinetic model should be used to study
he rate of DB-86 adsorption onto COP. The possibility of intrapartic-
lar diffusion was explored by using the intraparticle diffusion
odel, which is commonly expressed by the following equation:

t = Kdift
1/2 + C (21)

here C (mg g−1) is the intercept and Kdif is the intraparticle diffu-
ion rate constant (in mg g−1 min−1/2). The values of qt were found
o be linearly correlated with values of t1/2 (Fig. 8) and the rate
onstant Kdif directly evaluated from the slope of the regression
ine (Table 4). The values of intercept C (Table 4) provide informa-
ion about the thickness of the boundary layer, the resistance to
he external mass transfer increase as the intercept increase. The
onstant C was found to increase from 8.23 to 30.10 with increase
f dye concentration from 25 to 125 mg L−1, which indicating the
ncrease of the thickness of the boundary layer and decrease of
he chance of the external mass transfer and hence increase of the
hance of internal mass transfer. On the other hand, the constant
was found to decrease with the increase of COP dose from 2.0 to
.0 g L−1, which reflect decrease of the thickness of the boundary

ayer and hence increase of the chance of the external mass transfer.
he R2 values given in Table 4 are close to unity indicating the appli-
ation of this model. This may confirm that the rate-limiting step is
he intraparticle diffusion process. The intraparticle diffusion rate
onstant, Kdif, were in the range of 0.13–0.50 mg g−1 min−1/2 and it
ecrease with increase of initial dye concentration and increase of
OP dose. The linearity of the plots demonstrated that intraparticle
iffusion played a significant role in the uptake of the adsorbate by
orbent. However, Fig. 8 shows two trend lines for all studied initial
B-86 concentrations over COP, which confirms that adsorption of

he chromium onto the COP is independent of one another, as plot
sually shows two intersecting lines depending on the exact mech-
nism, the first one of these lines representing surface adsorption at
he beginning of the reaction and the second one is the intraparti-
le diffusion at the end of the reaction. As still there is no sufficient

ndication about which of the two steps was the rate-limiting step.
o [49] has shown that if the intraparticle diffusion is the sole rate-

imiting step, it is essential for the qt versus t1/2 plots to pass through
he origin, which is not the case in Fig. 8, it may be concluded that
urface adsorption and intraparticle diffusion were concurrently
perating during the DB-86 and COP interactions.

[

[
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. Conclusion

The results of this investigation show that activated carbon
eveloped from orange peel has a suitable adsorption capac-

ty for the removal of DB-86 from aqueous solutions. The
quilibrium adsorption is practically achieved in 180 min. The
xperimental results were analyzed by using Langmuir, Freundlich,
edlich–Peterson, Tempkin and Dubinin–Radushkevich isotherm
odels and the correlation coefficients for Langmuir, Tempkin

nd Dubinin–Radushkevich equation fitted better than Freundlich
nd Redlich–Peterson equations. Adsorption behavior is described
y a monolayer Langmuir-type isotherm. The kinetic study of
B-86 on COP was performed based on pseudo-first-order, pseudo-

econd-order, Elovich and intraparticle diffusion equations. The
ata indicate that the adsorption kinetics follow the pseudo-
econd-order rate with intraparticle diffusion as one of the rate
etermining steps. The present study concludes that the COP could
e employed as low-cost adsorbents as alternatives to commercial
ctivated carbon for the removal of color and dyes from water and
astewater, in general and for the removal of DB-86 in particular.
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57A (1906) 385–470.

31] O. Redlich, D.L. Peterson, A useful adsorption isotherm, J. Phys. Chem. 63 (1959)
1024.

32] C. Aharoni, D.L. Sparks, Kinetics of soil chemical reactions—a theoretical treat-
ment, in: D.L. Sparks, D.L. Suarez (Eds.), Rate of Soil Chemical Processes, Soil
Science Society of America, Madison, WI, 1991, pp. 1–18.

33] C. Aharoni, M. Ungarish, Kinetics of activated chemisorption. Part 2. Theoretical

models, J. Chem. Soc., Faraday Trans. 73 (1977) 456–464.

34] X.S. Wang, Y. Qin, Equilibrium sorption isotherms for of Cu2+ on rice bran,
Process Biochem. 40 (2005) 677–680.

35] G. Akkaya, A. Ozer, Adsorption of acid red 274 (AR 274) on Dicranella varia:
determination of equilibrium and kinetic model parameters, Process Biochem.
40 (11) (2005) 3559–3568.

[

[

Materials 161 (2009) 102–110

36] C.I. Pearce, J.R. Lioyd, J.T. Guthrie, The removal of color from textile wastewater
using whole bacterial cells: a review, Dyes Pigments 58 (2003) 179–196.

37] M.M. Dubinin, The potential theory of adsorption of gases and vapors for
adsorbents with energetically non-uniform surface, Chem. Rev. 60 (1960) 235–
266.

38] M.M. Dubinin, Modern state of the theory of volume filling of micropore adsor-
bents during adsorption of gases and steams on carbon adsorbents, Zhurnal
Fizicheskoi Khimii 39 (1965) 1305–1317.

39] L.V. Radushkevich, Potential theory of sorption and structure of carbons, Zhur-
nal Fizicheskoi Khimii 23 (1949) 1410–1420.

40] S. Kundu, A.K. Gupta, Investigation on the adsorption efficiency of iron oxide
coated cement (IOCC) towards As(V)—kinetics, equilibrium and thermody-
namic studies, Colloid Surf. A: Physicochem. Eng. Aspects 273 (2006) 121–128.

41] S. Lagergren, Zur theorie der sogenannten adsorption geloster stoffe Kungliga
Svenska Vetenskapsakademiens, Handlingar 24 (1898) 1–39.

42] Y.S. Ho, G. McKay, D.A.J. Wase, C.F. Foster, Study of the sorption of divalent metal
ions on to peat, Adsorp. Sci. Technol. 18 (2000) 639–650.

43] S.H. Chien, W.R. Clayton, Application of Elovich equation to the kinetics
of phosphate release and sorption on soils, Soil Sci. Soc. Am. J. 44 (1980)
265–268.

44] D.L. Sparks, Kinetics of Reaction in Pure and Mixed Systems, in Soil Physical
Chemistry, CRC Press, Boca Raton, 1986.
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