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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
Orange peel L. " L. . . .
Activated carbon sequestered within 30 min after the beginning for every experiment. The adsorption of direct blue-86 fol-
Dye lowed a pseudo-second-order rate equation and fit well Langmuir, Tempkin and Dubinin-Radushkevich
Direct blue-86 (D-R) equations better than Freundlich and Redlich-Peterson equations. The maximum removal of direct
Adsorption blue-86 was obtained at pH 2 as 92% for adsorbent dose of 6gL~! and 100 mgL-! initial dye concen-
Wastewater tration at room temperature. The maximum adsorption capacity obtained from Langmuir equation was
33.78 mgg~'. 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 (R >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
wastewater show better removal percentage of DB-86.
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1. Introduction

Effluent from the dyeing and finishing processes in the textile
industry are known to contain highly colored species, high amounts
of surfactant, dissolved solids and possibly harmful heavy metals
such as Cr, Ni and Cu [1]. Highly colored wastes are not only aes-
thetically displeasing but also hinder light penetration and may in
consequence disturb biological processes in water-bodies. More-
over, dyes itself are toxic to some organisms and hence disturb the
ecosystem. In addition, the expanded uses of azo dyes have shown
that some of them and their reaction products such as aromatic
amines are highly carcinogenic [2,3], which make the removal of
dyes before disposal of the wastewater is necessary. Many studies
have been conducted on the toxicity of dyes and their impact on
the ecosystem [4,5], as well as the environmental issues associated
with the manufacture and subsequent usage of dyes [6,7].

Most of the used dyes are stable to photo-degradation, bio-
degradation and oxidizing agents [8]. Hence, investigations have
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been conducted on several physical or chemical methods of remov-
ing color from textile effluent. These studies include the use of
coagulants [9], ultra-filtration [10], electro-chemical [11,12] and
adsorption [13,14] techniques. The advantages and disadvantages of
each technique have been extensively reviewed [15]. Among these
methods, adsorption has been found to be an efficient and eco-
nomic process to remove dyes, pigments and other colorants and
also to control the bio-chemical oxygen demand [15]. Activated car-
bon (powdered or granular) is the most widely used adsorbent
because it has excellent adsorption efficiency for organic com-
pounds and heavy metals, but its use is somewhat limited due to its
high cost which led to search for low-cost adsorbents or preparation
of low-cost activated carbon.

Annual production of waste orange is estimated to be more than
1.0 million tons in Egypt. Accumulation of orange waste in the
orange industries has resulted in two important problems which
are land space occupation and pollution with phenolic compounds
due to dumping of this waste. Since the orange peel is available free
of cost from orange processing industries, only the carbonization
of it is involved for the wastewater treatment. Hence, recycling of
this solid waste for wastewater treatment would not only be eco-
nomical but also will help to solve solid waste disposal problems.
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Therefore the main objective of this study was to evaluate the possi-
bility of using dried orange peel to develop a new low-cost activated
carbon and study its application to remove direct blue-86 (DB-
86), which is currently among the widely used commercial dyes
in the printing of cotton and mucilage glue fabrics as well as, the
dyeing of silk, wool and vinylon and there are only one recent pub-
lished paper dealt with the removal of DB-86 [16]. Orange peel was
previously investigated to adsorb Methyl orange, Methylene blue,
Rhodamine B, Congo red, Methyl violet and Amido black [17,18] Acid
Violet 17 [19], and Direct Red 23 and 80 [20,21]. Systematic evalu-
ation of the parameters involved, such as pH, sorbents mass, initial
dye concentration and time. The interference of the simulated
wastewater on the adsorption of direct blue-86 was additionally
investigated.

2. Materials and methods
2.1. Biomass

Orange peel was collected from a local fruit field in the north of
Egypt and washed with tap water followed by washing with dis-
tilled water. After this, the clean orange peel biomass was oven
dried at 105°C for 96 h, and the dried orange peel was milled and
sieved to select particles <0.500 mm for use [22].

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

The dried orange peel biomass 1.0 kg was added in small portion
to 800 mL of 98% H,S04 during 6 h and the resulting reaction mix-
ture was kept overnight at room temperature followed by refluxing
for 12 h in an efficient fume hood. After cooling to room temper-
ature, the reaction mixture was poured onto cold water (3L) and
filtered. The resulting material was heated in an open oven at 150°C
for overnight followed by washing with 3 L distilled water and then
soaked in 1% NaHCO3 solution overnight to remove any remaining
acid. The obtained carbon was then washed with distilled water
until pH of the activated carbon reached 6, dried in an oven at 150 °C
for 24h in the absence of oxygen and sieved to the particle size
<0.063 mm and kept in a glass bottle until used.

2.3. Preparation of synthetic solution

A stock solution of 1.0gL~! was prepared by dissolving the
appropriate amount of direct blue-86 (Direct Fast Turquoise Blue
GL; 97%; C.I. 74180, CAS no.: 1330-38-7; obtained from ISMA
Dye Company, Kafr-El-Dawar, Egypt) in 100 mL and completed to
1000 mL with distilled water. Fig. 1 displays the structure of the
direct blue-86 (DB-86), Chemical formula C3;H;40gNgS;CuNay.
Different concentrations ranged between 5 and 100mgL-! of DB
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Fig. 1. Structure of direct blue-86 (Direct Fast Turquoise Blue GL), M. wt.=778.96.

86 were prepared from the stock solution and used to have the
standard curve. All the chemicals used throughout this study were
of analytical-grade reagents. Double-distilled water was used for
preparing all of the solutions and reagents. The initial pH is adjusted
with 0.1 M HCl or 0.1 M NaOH. All the adsorption experiments were
carried out at room temperature (2542 °C).

2.4. Batch biosorption studies

2.4.1. Effect of pH on DB-86 biosorption

The effect of pH on the equilibrium uptake of dye was investi-
gated by employing initial concentration of DB-86 (100 mg L~1) and
6gL-! of COP. The initial pH values were adjusted with 0.1 M HCl
or 0.1 M NaOH to form a series of pH from 1 to 9. The suspensions
were shaken at room temperature (25 + 2 °C) using agitation speed
(200 rpm) for the minimum contact time required to reach the equi-
librium (180 min) and the amount of DB-86 adsorbed determined.

2.4.2. Effect of COP dose

The effect of sorbents dose on the equilibrium uptake of DB-86
(25, 50, 75, 100 and 125mgL-1) was investigated with COP con-
centrations of 2,4 and 6 gL~'. The experiments were performed by
shaking known DB-86 concentration with the above different COP
concentrations to the equilibrium uptake (180 min) and the amount
of DB-86 adsorbed determined.

2.4.3. Kinetics studies

Sorption studies were conducted in 250-mL conical flasks at
solution pH 2.0. COP (2, 4, and 6gL-!) was thoroughly mixed
individually with 100 mL of DB-86 solution (25, 50, 75, 100, and
125mgL-1) and the suspensions were shaken at room tempera-
ture. Samples of 1.0 mL were collected from the duplicate flasks at
required time intervals viz. 5, 10, 20, 30, 45, 60, 90, 120, 150 and
180 min and were centrifuged for 5 min. The clear solutions were
analyzed for residual DB-86 concentration in the solution.

2.4.4. Adsorption isotherm

Batch sorption experiments were carried out in 250-mL conical
flasks at room temperature on a shaker for 180 min. The COP (0.2,
0.4 and 0.6 g) was thoroughly mixed with 100 mL of DB-86 solu-
tions. The isotherm studies were performed by varying the initial
DB-86 concentrations from 25 to 125mgL-! at pH 2.0, which was
adjusted using 0.1 M HCl or 0.1 M NaOH before addition of COP and
maintained throughout the experiment. After shaking the flasks for
180 min, the reaction mixture was analyzed for the residual DB-86
concentration.

The concentration of DB-86 in solution was measured by using
a direct UV-vis spectrophotometeric method using UV-vis spec-
trophotometer (Milton Roy, Spectronic 21D) using silica cells of
pathlength 1 cm at wavelength A 594 nm, and DB-86 concentration
was determined by comparing absorbance to a calibration curve
mentioned above. All the experiments are duplicated and only the
mean values are reported. The maximum deviation observed was
less than +4%.

Adsorption of DB-86 from simulated wastewater was studied
using 6 gL~! of COP and DB-86 concentrations 100 mgL~! at initial
pH 2.0. The amount of dye adsorbed at equilibrium onto carbon, ge
(mgg~1), was calculated by the following mass balance relation-
ship:

v

w7 (M
where Cy and Ce are the initial and equilibrium liquid-phase con-
centrations of DB-86, respectively (mgL-1), V the volume of the
solution (L), and W is the weight of the COP used (g).

Ge = (Cp — Ce) x
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3. Results and discussion
3.1. Effect of system pH on DB-86 uptake

The pH of the system exerts profound influence on the
adsorptive uptake of adsorbate molecule presumably due to its
influence on the surface properties of the adsorbent and ion-
ization/dissociation of the adsorbate molecule. Fig. 2 shows the
variations in the removal of dye from wastewater at various system
pH. From the figure, it is evident that the maximum removal of DB-
86 color is observed at pH 2. Similar trend of pH effect was observed
for the adsorption of Direct Red 28 and Acid Violet on activated car-
bon prepared from coir pith [23,24], as well as for the adsorption of
direct blue 2B and Direct Green B on activated carbon prepared from
Mahogany sawdust [25]. That may be attributed to the hydropho-
bic nature of the developed carbon which led to absorb hydrogen
ions (H*) onto the surface of the carbon when immersed in water
and make it positively charged. Low pH value (1.0-3.0) leads to
an increase in H* ion concentration in the system and the surface
of the activated carbon acquires positive charge by absorbing H*
ions. As the COP surface is positively charged at low pH value, a
significantly strong electrostatic attraction appears between the
positively charged carbon surface and anionic dye molecule lead-
ing to maximum adsorption of DB-86. On the other hand, increase
of the pH value (basic condition) led to increase of the number
of negatively charged sites and the number of positively charged
sites decreases. A negatively charged surface site on the COP dose
not favor the adsorption of anionic DB-86 molecules due to the
electrostatic repulsion. The lowest adsorption occurred at pH 8.0
and the greatest adsorption occurred at pH ~ 2.0. Sorbents surface
would be positively charged up to pH <4, and heterogeneous in the
pH range 4-6. Thereafter, it should be negatively charged. More-
over, the decreasing in the adsorption of DB-86 with increasing of
pH value is also due to the competition between anionic dye and
excess OH™ ions in the solution. At pH value >8 a small precipita-
tion of DB-86 was observed, which explain the small increase in the
dye removal at pH 9.

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

The relation between removal of DB-86 and reaction time were
studied to see the rate of dye removal. The results of percentage
removal of DB-86 at pH 2.0 with increasing of contact time using
COP are presented in Fig. 3. It was found that more than 64% removal
of DB-86 concentration occurred in the first 5min, and thereafter
the rate of adsorption of the DB-86 onto COP was found to be
slow. The rapid adsorption at the initial contact time is due to the
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Fig. 2. Effect of system pH on adsorption of DB-86 (100 mgL-') onto COP (6gL~")
at room temperature (25 & 2 °C), agitation speed 200 rpm for the minimum contact
time required to reach the equilibrium (180 min).

[~—25 mg/L-o- 50 mg/L-+—75 mg/L-x~ 100 mg/L-x-125 mg/L]

100
90+
80
70
60
50
401
304
20
104

DB-86 removal %

0 20 40 60 80 100 120 140 160 180 200

Time (min)

Fig. 3. Effect of contact time on the removal of different initial concentrations of
DB-86 using COP (6gL-1) at pH 2.0.

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

Also, the effect of initial concentration of DB-86 in the solution
on the capacity of adsorption onto COP was studied and shown in
Fig. 3. The experiments were carried out at fixed adsorbent dose
(0.6 g/100mL) in the test solution, room temperature (25+2°C),
pH 2 and at different initial concentrations of DB-86 (25, 50, 75,
100 and 125mgL-1) for different time intervals (5, 10, 20, 30, 45,
60, 90, 120, 150 and 180 min). Fig. 3 showed that the percentage
of adsorption efficiency of COP decreased with the increasing of
initial DB-86 concentration in the solution. Though the percent
adsorption decreased with increase in initial dye concentration,
the actual amount of DB-86 adsorbed per unit mass of adsor-
bent increased with increase in DB-86 concentration in the test
solution.

It is evident from Fig. 3 that the amount adsorbed on the solid
phase COP at a lower initial concentration of DB-86 was smaller
than the corresponding amount when higher initial concentrations
were used. However, the percentage removal of DB-86 was greater
at lower initial concentrations and smaller at higher initial con-
centrations. The adsorption capacity for COP was increased from
10.84 to 39.98 mgg~! as the DB-86 concentration increased from
25 to 125 mgL~1. In the process of DB-86 adsorption initially dye
molecules have to first encounter the boundary layer effect and
then it has to diffuse from boundary layer film onto adsorbent sur-
face and then finally, it has to diffuse into the porous structure of
the adsorbent. This phenomenon will take relatively longer contact
time.

3.3. Effect of adsorbent mass on DB-86 adsorption

The adsorption of DB-86 on COP was studied by changing
the quantity of adsorbent (0.2, 0.4, 0.6, 0.8 and 1.0g/100mL) in
the test solution while keeping the initial DB-86 concentration
(125 mgL-1), temperature (25 + 2 °C) and pH (2.0) constant at con-
tact times for 180 min (Fig. 4). The adsorption increased from 64% to
100%, as the COP dose increased from 0.2 g to 1.0 g/100 mL at equi-
librium time (180 min). Maximum DB-86 removal was achieved
within 10-25 min after which DB-86 concentration in the reac-
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Fig.4. Effect of adsorbent concentration on DB-86 removals (Cp: 125mgL~", pH 2.0,
agitation speed: 200 rpm, temperature: 25+2°C).

tion solution was almost constant. Increase in the adsorption with
adsorbent dose can be attributed to increased COP surface area and
availability of more adsorption sites, while the unit adsorbed of
DB-86 decreased with increase in COP dose.

3.4. Isotherm data analysis

The relationship between the amount of a substance adsorbed
at constant temperature and its concentration in the equilibrium
solution is called the adsorption isotherm. The adsorption isotherm
is important from both a theoretical and a practical point of view.
In order to optimize the design of an adsorption system to remove
the dye, it is important to establish the most appropriate correla-
tions of the equilibrium data of each system. Equilibrium isotherm
equations are used to describe the experimental sorption data. The
parameters obtained from the different models provide important
information on the sorption mechanisms and the surface proper-
ties and affinities of the sorbent. The most widely accepted surface
adsorption models for single-solute systems are the Langmuir and
Freundlich models. The correlation with the amount of adsorption
and the liquid-phase concentration was tested with the Langmuir,
Freundlich, Tempkin and Dubinin-Radushkevich (D-R) isotherm
equations. Linear regression is frequently used to determine the
best-fitting isotherm, and the applicability of isotherm equations
is compared by judging the correlation coefficients.

3.4.1. Langmuir isotherm

The theoretical Langmuir isotherm [26] is valid for sorption of a
solute from a liquid solution as monolayer adsorption on a surface
containing a finite number of identical sites. Langmuir isotherm
model assumes uniform energies of adsorption onto the surface
without transmigration of adsorbate in the plane of the surface [27].
Therefore, the Langmuir isotherm model was chosen for estimation
of the maximum adsorption capacity corresponding to complete
monolayer coverage on the sorbent surface. The Langmuir non-
linear equation is commonly expressed as followed:

QmKaCe

9e = 177 K.Ce (2)

In Eq. (2), Ce and ge are as defined before in Eq. (1), Qn, is a constant
reflect a complete monolayer (mgg~1); K, is adsorption equilib-
rium constant (Lmg~!) that is related to the apparent energy of
sorption. The Langmuir isotherm Eq. (2) can be linearized into the
following form [28,29].

Table 1
Comparison of the coefficients isotherm parameters for DB-86 adsorption onto COP

Isotherm model Orange peel activated carbon

concentrations (gL~!)

2 4 6
Langmuir
Qm (mgg1) 33.78 30.58 20.16
K, (Lmg~!) 0.12 0.07 0.35
No. of parameter estimated 2 2 2
Data point available 4 4 5
R? 0.990 0.987 0.988
Freundlich
1/n 0.382 0.522 0.257
Kr (mgg!) 7.13 3.42 8.07
No. of parameter estimated 2 2 2
Data point available 4 5 5
R? 0.983 0.987 0.989
Redlich-Peterson
A(Lg™) 20.0 50.0 100.0
B(Lmg 1) 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
R? 0.945 0.962 0.969
Tempkin
a(Lg™) 1.42 0.96 6.99
B(mgL1) 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
R? 0.991 0.995 1.000
Dubinin-Radushkevich
Qm (mgg1) 29.43 21.96 18.25
K (x10° mol? k]~2) 2.30 2.60 2.50
E (kjmol-1) 0.466 0.468 0.472
No. of parameter estimated 2 2 2
Data point available 3 5 5
R? 1.000 0.996 0.998
Langmuir-1
Ce 1 1
Ge  KaQm ' Qm < ®

A plot of Ce/qe versus Ce should indicate a straight line of slope 1/Qm
and an intercept of 1/(K3Qm).

The results obtained from the Langmuir model for the removal
of DB-86 onto COP are shown in Table 1. The correlation coeffi-
cients reported in Table 1 showed strong positive evidence on the
adsorption of DB-86 onto COP follows the Langmuir isotherm. The
applicability of the four linear forms of Langmuir model to COP
was proved by the high correlation coefficients R? >0.99. This sug-
gests that the Langmuir isotherm provides a good model of the
sorption system. The maximum monolayer capacity Qm obtained
from the Langmuir is 33.78 mgg~!. Unmodified orange peel was
previously used to remove different dyes from aqueous solution
[17-21] and the maximum capacity of dyes removal was reported in
Table 2. The Qn, (33.78 mg g~1) obtained for activated carbon devel-
oped from orange peel is higher than that obtained for untreated
orange peel.

3.4.2. The Freundlich isotherm

The Freundlich isotherm model [30] is the earliest known equa-
tion describing the adsorption process. It is an empirical equation
can be used for non-ideal sorption that involves heterogeneous
sorption. The Freundlich isotherm can be derived assuming a loga-
rithmic decrease in the enthalpy of sorption with the increase in the
fraction 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 (mgL-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]
Acid violet 17 19.88 [17,19]
Direct red 23 10.72 [20,21]
Direct red 80 21.05 [20,21]
non-linear equation:
1/n
ge = KeCo! 4)

where K is a constant for the system, related to the bonding energy.
Kg can be defined as the adsorption or distribution coefficient and
represents the quantity of dye adsorbed onto adsorbent for unit
equilibrium concentration. 1/n is indicating the adsorption inten-
sity of dye onto the sorbent or surface heterogeneity, becoming
more heterogeneous as its value gets closer to zero. A value for 1/n
below 1 indicates a normal Langmuir isotherm while 1/n above 1
is indicative of cooperative adsorption. Eq. (4) can be linearized in
the logarithmic form (Eq. (5)) and the Freundlich constants can be
determined:

log ge = log Kr + %log Ce (5)

The applicability of the Freundlich sorption isotherm was also
analyzed, using the same set of experimental data, by plotting
log(ge) versus log(Ce). The data obtained from linear Freundlich
isotherm plot for the adsorption of the DB-86 onto COP is presented
in Table 1. The correlation coefficients (>0.98) showed that the Fre-
undlich model is comparable to the Langmuir model. The 1/n is
lower than 1.0, indicating that DB-86 is favorably adsorbed by COP.

3.4.3. The Redlich-Peterson isotherm

The Redlich-Peterson isotherm [31] contains three constants, A,
B and g, and involves the features of both the Langmuir and the
Freundlich isotherm models. It can be described by the following
non-linear equation (6):

A Ce

= 6
14 BCE (®)

Qe

where g must fluctuated between 0 and 1 and it can characterize the
isotherm as if g=1, the Langmuir will be the preferable isotherm,
while if g=0, the Freundlich will be the preferable isotherm. The
three isotherm constants A, B and g, can be evaluated from Eq.
(6) using nonlinear regression analysis in SPSS program Version
10.0, which is applicable to computer operation was developed to
calculate the isotherm constants through maximization of the coef-
ficient of determination and the results were included in Table 1.
The coefficient R? for Redlich-Peterson isotherm was lower than
it for Langmuir and Freundlich isotherm models for data obtained
from adsorption of DB-86 onto COP.

3.4.4. The Tempkin isotherm

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

form [32-34]:
RT
e = FIH(ACE) (7)

The Tempkin isotherm Eq. (7) can be simplified to the following
equation:

e = Blna + BInCe (8)

where B8=(RT)/b, Tis the absolute temperature in Kelvin and R is the
universal gas constant, 8.314] (mol K)~1. The constant b is related to
the heat of adsorption [35,36]. The adsorption data were analyzed
according to the linear form of the Tempkin isotherm equation (8).
Examination of the data shows that the Tempkin isotherm fitted
well the DB-86 adsorption data for COP. The linear isotherm con-
stants and coefficients of determination are presented in Table 1.
The heat of DB-86 adsorption onto COP was found to increase
from 0.356 to 0.681 k] mol~! with increase of COP dose from 2.0
to 6.0gL-1. The correlation coefficients R? obtained from Temp-
kin model were comparable to that obtained for Langmuir and
Freundlich equations, which explain the applicability of Tempkin
model to the adsorption of DB-86 onto COP.

3.4.5. The Dubinin-Radushkevich (D-R) isotherm

The D-R model was also applied to estimate the porosity appar-
ent free energy and the characteristics of adsorption [37-39]. The
D-Risotherm dose not assumes a homogeneous surface or constant
sorption potential. The D-R model has commonly been applied in
the following Eq. (9) and its linear form can be shown in Eq. (10):

ge = Qum exp(—Ke?) 9
Inge = InQm — Ke? (10)

where K is a constant related to the adsorption energy, Qn, the the-
oretical saturation capacity, ¢ the Polanyi potential, calculated from
Eq. (11).

&=RTIn <1+l) (11)
Ce
The slope of the plot of In ge versus &2 gives K (mol2 (kJ2)~1) and
the intercept yields the adsorption capacity, Qm (mgg~1). The mean
free energy of adsorption (E), defined as the free energy change
when one mole of ion is transferred from infinity in solution to
the surface of the solid, was calculated from the K value using the
following relation [40]:
1
2K (12)
The calculated value of D-R parameters is given in Table 1. The
saturation adsorption capacity Qm obtained using D-R isotherm
model for adsorption of DB-86 onto COP is 29.43mgg-—! at2.0gL~!
sorbent dose, which is close to that obtained (33.78 mgg~!) from
Langmuir isotherm model (Table 1). However, the Qm calculated
from D-R and Langmuir isotherm models at higher dose of acti-
vated carbon COP (6.0gL-!) were very close to each other. The
values of E calculated using Eq. (12) are 0.466-0.472 k] mol~!, which
indicating that the physico-sorption process play the significant
role in the adsorption of DB-86 onto COP.

3.5. Kinetic models applied to the adsorption of DB-86 onto COP

Several steps can be used to examine the controlling mechanism
of sorption process such as chemical reaction, diffusion control
and mass transfer; kinetic models are used to test experimental
data from the adsorption of DB-86 onto COP. The kinetics of DB-86
adsorption onto COP is required for selecting optimum operating
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Fig.5. Pseudo-first-order kinetics for DB-86 adsorption onto COP. Conditions: adsor-
bent dosage 6 gL', pH 2.0, temperature 25+2°C.

conditions for the full-scale batch process. The kinetic parame-
ters, which are helpful for the prediction of adsorption rate, give
important information for designing and modeling the adsorp-
tion processes. Thus, the kinetics of DB-86 adsorption onto COP
were analyzed using pseudo-first-order [41], pseudo-second-order
[42], Elovich [43-45] and intraparticle diffusion [46,47] kinetic
models. The conformity between experimental data and the model-
predicted values was expressed by the correlation coefficients (R2,
values close or equal to 1). The relatively higher value is the more
applicable model to the kinetics of DB-86 adsorption onto COP.

3.5.1. Pseudo-first-order equation

The adsorption kinetic data were described by the Lager-
gren pseudo-first-order model [41], which is the earliest known
equation describing the adsorption rate based on the adsorption
capacity. The differential equation is generally expresses a follows:

d
B =ta(ge — ) (13)

where ge and g; are the adsorption capacity at equilibrium and at

time t, respectively (mgg~1), k; is the rate constant of pseudo-first-
order adsorption (Lmin—1). Integrating Eq. (13) for the boundary

Table 3

conditions t=0-t and q; =0-g; gives

qe Kk
log (qe —qf) = 2303 (14)

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

k
log(ge — qr) = 10g(de) — 5353 (15)

In order to obtain the rate constants, the values of log(qe — q¢)
were linearly correlated with t by plot of log(ge — g¢) versus t to give
a linear relationship from which k; and predicted ge can be deter-
mined from the slope and intercept of the plot, respectively (Fig. 5).
The variation in rate should be proportional to the first power of
concentration for strict surface adsorption. However, the relation-
ship between initial solute concentration and rate of adsorption
will not be linear when pore diffusion limits the adsorption pro-
cess. Fig. 5 shows that the pseudo-first-order equation fits well
for the first 30 min and thereafter the data deviate from theory.
Thus, the model represents the initial stages where rapid adsorp-
tion occurs well but cannot be applied for the entire adsorption
process. Furthermore, the experimental ge values do not agree with
the calculated ones, obtained from the linear plots and the cor-
relation coefficient R? are relatively low for most adsorption data
(Table 3). This shows that the adsorption of DB-86 onto COP cannot
be applied and the reaction mechanism is not a first-order reaction.

3.5.2. Pseudo-second-order equation

The adsorption kinetic may be described by the pseudo-second-
order model [42]. The differential equation is generally given as
follows:
d
T =ko(de — a0’ (16)
where k; (g(mgmin)~-1) is the second-order rate constant of
adsorption. Integrating Eq. (16) for the boundary conditions
q:=0-q; at t=0-t is simplified as can be rearranged and linearized
to obtain:

t 1 1
() =+ 2:® )

The second-order rate constants were used to calculate the initial
sorption rate, given by the following equation:

h = kyq? (18)

Comparison of the first- and second-order adsorption rate constants and calculated and experimental g. values for different initial DB-86 and COP

Parameter First-order kinetic model Second-order kinetic model
COP concentration (gL-1) DB-86 (mgL1) ge (experimental) k1 e (calculated) R? ko e (calculated) h R?
2 25 10.84 0.01 3.51 0.650 0.012 10.73 1.36 0.994
50 19.44 0.02 8.79 0.931 0.005 20.04 2.03 0.994
75 24.26 0.03 9.65 0.930 0.006 25.00 3.58 0.996
100 29.14 0.01 7.61 0.914 0.006 29.41 5.03 0.997
125 37.33 0.02 8.78 0.838 0.007 37.59 9.35 0.998
4 25 6.17 0.03 1.71 0.960 0.043 6.31 1.71 1.000
50 10.02 0.02 3.16 0.854 0.016 10.16 1.70 0.996
75 13.78 0.01 3.6 0.726 0.034 13.99 6.56 1.000
100 18.71 0.01 5.53 0.903 0.007 17.99 241 0.988
125 22.64 0.01 5.41 0.832 0.008 21.98 3.92 0.993
6 25 417 0.02 0.49 0.858 0.144 4.19 2.53 1.000
50 8.11 0.01 1.89 0.868 0.029 8.15 1.91 0.999
75 11.62 0.02 3.02 0.957 0.019 11.75 2.63 0.999
100 15.12 0.01 5.53 0.850 0.016 14.99 3.63 0.998
125 17.74 0.02 3.38 0.919 0.016 17.95 5.15 0.999

ki (min~1), k> (g(mgmin) "), ge (mgg™"), h (mg(gmin) ).
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Fig. 6. Plot of the pseudo-second-order model at different initial DB-86 concentra-
tions, COP 6 gL', pH 2.0, temperature 25 +2°C.

If the second-order kinetics is applicable, then the plot of t/q;
versus t should show a linear relationship. Values of k, and equilib-
rium adsorption capacity qe were calculated from the intercept and
slope of the plots of t/q; versus t (Fig. 6). The linear plots of t/q; ver-
sus t show good agreement between experimental and calculated
ge values at different initial DB-86 and adsorbent concentrations
(Table 3). The correlation coefficients for the second-order kinetic
model are greater than 0.993, which led to believe that the pseudo-
second-order kinetic model provided good correlation for the
biosorption of different initial of DB-86 onto COP.

The values of initial sorption (h) that represents the rate of initial
sorption, is practically increased from 1.36 to 9.35, 1.70 to 3.92, and
1.91 to 5.15 mg (g min)~! with the increase in initial DB-86 concen-
trations from 25 to 125 mgL~! onto COP dose 2.0,4.0 and 5.0gL"!,
respectively (Table 3). It was observed that the pseudo-second-
order rate constant (k) decreased from 0.012 to 0.007, 0.043 to
0.008 and 0.144 to 0.016 with increased initial DB-86 concentration
from 25 to 125 mg L~ for COP doses of 2,4 and 6 gL -1, respectively.

3.5.3. Elovich equation
The Elovich equation is another rate equation based on the
adsorption capacity generally expressed as following [43-45]:

dq:

—— = Bp exp(—Agqr)

ar (19)

Table 4

20+ [0 25 mgl/L = 50 mg/L 4 75 mg/L x 100 mg/L x 125 mg/L]
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Fig.7. Elovich model plot for the adsorption of DB-86 onto COP (6.0 g L) at different
initial dye concentrations (25, 50, 75, 100 and 125 mgL-1).

where B is the initial adsorption rate (mg(gmin)~1) and A is the
de-sorption constant (gmg~!) during any experiment.

Itis simplified by assuming AgBgt > t and by applying the bound-
ary conditions q:=0 at t=0 and q;=q; at t=t Eq. (19) becomes:
qt = AlEln(BEAE) + AlEln(t) (20)

If DB-86 adsorption by COP fits the Elovich model, a plot of g;
versus In(t) should yield a linear relationship with a slope of (1/Ag)
and an intercept of (1/Ag) In(AgBg) (Fig. 7). Thus, the constants can
be obtained from the slope and the intercept of the straight line
(Table 4). The initial adsorption rate Bg increase from 4 to 508, 1186
t0 92,299 and 5 to 69,005 mg (g min)~! with increase of initial DB-
86 concentration from 25 to 125mgL-! on COP dose of 2, 4 and
6gL-1, respectively. Similar pattern is mentioned above for the ini-
tial adsorption rate, h, obtained from pseudo-second-order model.
The desorption constant, Ag, decrease from 0.55 to 0.27,2.04 to 0.78
and 1.69 to 0.91 gmg~! with increase in the initial DB-86 concen-
tration from 25 to 125mgL-! over COP dose of 2, 4 and 6gL1,
respectively (Table 4).

3.5.4. The intraparticle diffusion model
The adsorbate species are most probably transported from the
bulk of the solution into the solid phase through intraparticle dif-

The parameters obtained from Elovich kinetics model and intraparticle diffusion model using different initial DB-86 concentrations.

COP concentration (gL-1) DB-86 concentration (mgL-!) Elovich Intraparticle diffusion
A Bg R? Kyi C R?
2.0 25 0.55 4 0.977 0.13 8.23 0.993
50 0.37 17 0.989 0.62 11.26 0.992
75 0.33 60 0.970 0.75 16.04 0.988
100 0.31 141 0.986 0.65 20.42 0.992
125 0.27 508 0.992 0.50 30.10 0.972
4.0 25 2.04 1186 0.937 0.04 5.72 0.971
50 1.20 751 0.962 0.18 7.65 0.993
75 0.90 3716 0.964 0.20 11.99 0.977
100 0.87 11049 0.963 0.28 13.10 0.983
125 0.78 92299 0.991 0.30 16.96 0.995
6.0 25 1.69 5 0.955 0.02 3.94 0.979
50 1.46 561 0.957 0.07 7.00 0.976
75 1.07 1368 0.980 0.18 9.21 0.998
100 0.96 8449 0.962 0.28 11.08 0.997
125 0.91 69005 0.960 0.29 14.09 0.997

Ag (gmg~1), Be (mg(gmin)~1), Kgr (mgg~" min~'2) and C (mgg).
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Fig. 8. Intraparticle diffusion model plot for the adsorption of DB-86 onto COP
(6.0g L) at different initial dye concentration (25, 50, 75, 100 and 125 mgL-!) and
room temperature.

fusion/transport process, which is often the rate-limiting step in
many adsorption processes, especially in a rapidly stirred batch
reactor [48]. Since the DB-86 are probably transported from its
aqueous solution to the COP by intraparticle diffusion, so the intra-
particle diffusion is another kinetic model should be used to study
the rate of DB-86 adsorption onto COP. The possibility of intrapartic-
ular diffusion was explored by using the intraparticle diffusion
model, which is commonly expressed by the following equation:

qt :Kdiftl/z +C (21)

where C (mgg~1) is the intercept and Ky is the intraparticle diffu-
sion rate constant (in mg g~! min—'/2). The values of g; were found
to be linearly correlated with values of t'/2 (Fig. 8) and the rate
constant Ky;r directly evaluated from the slope of the regression
line (Table 4). The values of intercept C (Table 4) provide informa-
tion about the thickness of the boundary layer, the resistance to
the external mass transfer increase as the intercept increase. The
constant C was found to increase from 8.23 to 30.10 with increase
of dye concentration from 25 to 125mgL~!, which indicating the
increase of the thickness of the boundary layer and decrease of
the chance of the external mass transfer and hence increase of the
chance of internal mass transfer. On the other hand, the constant
C was found to decrease with the increase of COP dose from 2.0 to
6.0gL-1, which reflect decrease of the thickness of the boundary
layer and hence increase of the chance of the external mass transfer.
The R2 values given in Table 4 are close to unity indicating the appli-
cation of this model. This may confirm that the rate-limiting step is
the intraparticle diffusion process. The intraparticle diffusion rate
constant, Kyif, were in the range of 0.13-0.50 mg g~! min—'/2 and it
decrease with increase of initial dye concentration and increase of
COP dose. The linearity of the plots demonstrated that intraparticle
diffusion played a significant role in the uptake of the adsorbate by
sorbent. However, Fig. 8 shows two trend lines for all studied initial
DB-86 concentrations over COP, which confirms that adsorption of
the chromium onto the COP is independent of one another, as plot
usually shows two intersecting lines depending on the exact mech-
anism, the first one of these lines representing surface adsorption at
the beginning of the reaction and the second one is the intraparti-
cle diffusion at the end of the reaction. As still there is no sufficient
indication about which of the two steps was the rate-limiting step.
Ho [49] has shown that if the intraparticle diffusion is the sole rate-
limiting step, it is essential for the g, versus t!/2 plots to pass through
the origin, which is not the case in Fig. 8, it may be concluded that
surface adsorption and intraparticle diffusion were concurrently
operating during the DB-86 and COP interactions.

4. Conclusion

The results of this investigation show that activated carbon
developed from orange peel has a suitable adsorption capac-
ity for the removal of DB-86 from aqueous solutions. The
equilibrium adsorption is practically achieved in 180 min. The
experimental results were analyzed by using Langmuir, Freundlich,
Redlich-Peterson, Tempkin and Dubinin-Radushkevich isotherm
models and the correlation coefficients for Langmuir, Tempkin
and Dubinin-Radushkevich equation fitted better than Freundlich
and Redlich-Peterson equations. Adsorption behavior is described
by a monolayer Langmuir-type isotherm. The kinetic study of
DB-86 on COP was performed based on pseudo-first-order, pseudo-
second-order, Elovich and intraparticle diffusion equations. The
data indicate that the adsorption kinetics follow the pseudo-
second-order rate with intraparticle diffusion as one of the rate
determining steps. The present study concludes that the COP could
be employed as low-cost adsorbents as alternatives to commercial
activated carbon for the removal of color and dyes from water and
wastewater, in general and for the removal of DB-86 in particular.
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