
A

t
m
p
fi
c
a
z
t

(
t
©

K

1

w
o
t
i
o
a
a
(
m
[
D
a
l

1
d

Chemical Engineering Journal 138 (2008) 239–248

Kinetics and equilibrium studies of the herbicide
2,4-dichlorophenoxyacetic acid adsorption on bituminous shale

Nihat Ayar, Binay Bilgin, Gülten Atun ∗
Istanbul University, Department of Chemistry, Faculty of Engineering, 34320 Avcılar-Istanbul, Turkey

Received 8 April 2007; received in revised form 21 June 2007; accepted 29 June 2007

bstract

The adsorptive removal of the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) by bituminous shale (BS) has been studied by means of batch
echnique. Kinetic data well fit to McKay equation at the lowest initial concentration of 6 × 10−5 M, which assumes a two-resistance diffusion
odel. The effective film-diffusion coefficients, which correspond to initial fast stage of the adsorption, are in the magnitude ∼10−11 m2/s whereas

article-diffusion coefficients corresponding to the latter slow stage are ∼10−14 m2/s in the studied concentration range of (0.6–4.0) × 10−4 M. Both
lm- and particle-diffusion coefficients decrease as the initial concentration increases while the effective diffusion coefficient of 7.73 × 10−13 m2/s
alculated from Paterson’s equation based on a one-resistance diffusion model changes neither initial concentration nor temperature. Average
ctivation energies calculated by applying Arrhenius equation to film-diffusion coefficients are found to be positive whereas they change around
ero for particle-diffusion process. Thermodynamic parameters estimated according to Eyring equation based on the transition state theory indicate
he existence of both energy and entropy barrier in the system.
Experimental equilibrium data points are found in accordance with the curves calculated according to Freundlich, Dubinin–Radushkevich
D–R) and Langmuir isotherm equations. Adsorption capacities of the BS for 2,4-D calculated from isotherm parameters increase with increasing
emperature and decreasing pH.

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

Pesticides are major pollutants of both surface- and ground-
ater because of their usage in open environment. Adsorption is
ne of the most promising techniques for pesticide removal due
o flexibility in design and operation. Batch and/or column exper-
ments have been undertaken to study adsorption characteristics
f some pesticides such as (2,4-dichlorophenoxy) propanoic
cid (dichlorprop), (4-chloro-2-methylphenoxy) propanoic
cid (mecoprop) [1], (4-chloro-2-methylphenoxy) acetic acid
MCPA) [1–4], picloram [4], 2,4-dichlorophenol (DCP), 2-
ethyl-4-chlorophenol (MCP) [1,5] dimethoate [6], clofencet

7], benazolin [8], atrazine [9], carbofuran [10], 2,4-D [1,4–15],

eltamethrin and Lambda-Cyhalothrin [16]. The choosing of
suitable adsorbent for pesticide removal is a complex prob-

em because of the wide variety of their chemical structures.

∗ Corresponding author. Tel.: +90 4737031; fax: +90 4737180.
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’s equation; Adsorption equilibrium

lthough adsorption on activated carbon is the most widespread
echnology dealing with purification of water contaminated by
esticides [8,11] due to its high cost some cheaper and commer-
ially available materials such as clay minerals [2,14], hydrous
xides [3,4,12,13,15], industrial by products [9,10], bituminous
hale [5] and oil shale ash [16] have been used for pesticide
emoval.

Chlorinated phenolic organic compounds are an important
lass of the pesticides. 2,4-D is a widely used anionic pesticide
n agriculture leads to increase amount of this compound in food
nd drinking water. The resulting 2,4-DCP from 2,4-D may lead
o an additional risk for environmental pollution. Since anionic
esticides are very weakly retained by most of the soil com-
onents because of their structural negative charge they remain
issolved in the soil solution and can rapidly move around lead-
ng subsequent contamination of surface and ground waters.

lthough some of studies on 2,4-D adsorption are focused on

ts partition in soil components [1–6,7] they are also consid-
red as a water treatment method for the removal purposes
4,5,8–12].

mailto:gultena@istanbul.edu.tr
dx.doi.org/10.1016/j.cej.2007.06.032
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that from the comparison of XRD patterns of the raw and acid
treated BS the matrix bound inorganic minerals are not soluble
in dilute acid and acid treatment does not cause a significant
change in the matrix composition [5,29].
40 N. Ayar et al. / Chemical Engin

2,4-D is a member of phenoxyalkanoic acid herbicides hav-
ng one polar carboxylic group and one lipophilic phenyl moiety.
ts carboxylic group can interact both with organic matter sur-
aces groups in soils and also negatively charged clays via metal
on bridges as well as it can be partitioned in organic matters by

eans of lipophilic interactions [1,17–19]. Therefore, both car-
onaceous and siliceous materials have been used as adsorbent
or the removal of 2,4-D from contaminated aqueous solutions.
sing activated carbon as a reference [8,11] investigations are

ocused on some inexpensive materials and their activated forms
uch as silica gel activated with 3-(trimethoxysilyl)-propylamine
12,13], tire rubber granules [9], organophilic sepiolite [14],
alcined anionic clay Mg–Al–CO3–LDH [4], layered double
ydroxides [15], fertilizer industry waste (carbon slurry) and
teel industry wastes (blast furnace slag, dust, and sludge) [10].

Adsorption is an economical treatment process for the
emoval of water pollutants especially using locally available
ow cost adsorbents. Bituminous shale is an argillaceous oil
hale that contains bitumen, a mixture of hydrocarbons that may
e used as fuel [20,21]. Although the oil shales are potentially
n important alternative energy source for oil supplement the
eposit located in Göynük near Bolu in Turkey is considered to
e uneconomic on the basis of oil yield. Göynük deposit with
eserves estimated 109 t is the largest in Turkey having 5 billion
ons of oil shale in seven areas of western and central Anatolia
22–24]. Currently, researches are directed toward development
f alternate uses for oil shale such as the preparation of clean
olid fuel, admixture in building industry and adsorbent for
aste management [5,20,21,25–27]. Oil shales are sedimentary

ocks composed of tightly bounded inorganic and organic mate-
ials. The inorganic matter in oil shale consists of some clay
inerals such as montmorillonite, feldspar, quartz and dolomite.
erogens in organic matter are insoluble in organic solvents
ecause of their three-dimensionally crosslinked polymer struc-
ure [22,26,28,29]. The macromolecular network properties of
erogens in the BS and carbonates, silicates and sulfates in its
sh suggest that it might be have a potential for pesticide adsorp-
ion [5,16]. The aim of this study is to determine adsorption
haracteristics of BS for 2,4-D removal.

. Experimental

.1. Adsorbate specifications

The herbicide 2,4-D was supplied from Atabay Pharmaceu-
ical Products Inc. (Turkey) and used without purification. Its

elting point, solubility in water at 298 K and pKa value are
13.5 K [6], 620 mg/l [6] and 2.6 [7], respectively.

.2. Preparation and specifications of the adsorbent

Physical and chemical characteristics of oil shale are esti-
ated by measuring the total volatile and organic matters,

oisture and ash content, and total sulfur and carbonates [30].
he reported chemical and mineralogical analysis of the shale
hich provided from Göynük region (in Bolu, Turkey) are as fol-

ows [5,29]: moisture, 5.7%; ash, 24.4%; volatile matter, 56.3%;
g Journal 138 (2008) 239–248

nd fixed carbon, 13.6%; C, 49.92%; H, 6.42; S, 3.32%; N,
.07%; and O, 9.4%. The raw shale contained 8.1% bitumen
nd its ash consisted of 52.5% (carbonate + sulfate), 23.1% sili-
ate, 1.1% pyrite, 1.1% bitumen and 21.4% kerogen which is a
itumen like solid composed of a mixture of aliphatic and aro-
atic compounds. Inorganic materials accompanying kerogen

re matrix-bound and consisted of plagioclase mineral.
In order to remove impurities and soluble components in acid

edia following acid activation procedure was applied to the
dsorbent as reported in literature [5]. One hundred grams of
ituminous shale were treated with HCl solution of 15% (w/w)
t 353 K for 2 h in a thermostatic shaker. After decantation and
emoval of the aqueous acid solution, the solid was separated
nd washed with water up to pH 5.5–6.0, dried at 403 K. The
S crushed and sieved through 250–500 �m sieves to be used

or adsorption experiments.
Chemical analysis of the BS after acid treatment is as follows:

oisture, 1.3%; ash, 21.2%; volatile matter, 57.5%; and fixed
arbon, 20.0%; C, 62.20%; H, 8.68; S, 1.72%; N, 1.55%; and
, 12.5%.
It can be seen from XRD patterns in Fig. 1, the BS consists of

lagioclase type feldspar, pyrite and gypsum. It can be concluded
Fig. 1. XRD patterns: (a) the raw and (b) the acid treated BS.
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ig. 2. A comparison of FTIR spectra of the raw (I)—and the acid treated BS
II).

FTIR spectra of the raw and acid treated BS are com-
ared in Fig. 2. They give useful information about structures
specially for determination of types and intensities of sur-
ace functional groups such as hydroxyl and carboxyl groups.
o significant change is observed in surface functional groups

fter acid treatment. Two strong bands observed at 2924 and
864 cm−1 are assigned to asymmetric C–H and symmet-
ic C–H bands, respectively, presented in alkyl groups such
s methyl and methylene groups. The broad band located at
430 cm−1 is attributed to hydrogen bonds participating in
dsorbed water molecules. The band at 1650 cm−1 is due to
–H bonding. The bands between 1400 and 1800 cm−1 may
e attributed to presence of coupled carbonyl groups and sys-
ems of aromatic rings stretching. The band at 1458 cm−1 is
ttributed to –CH2 rocking. The shoulder at 1720 cm−1 ascribed
o stretching vibration of carbonyl groups on the edges of the
ayer planes and/or to the double bonds in carboxylic acid
nd lactone groups. The absorption band at 1040 cm−1 as
ell as the shoulder at 1090 cm−1 is assigned to Si O bond-

ng [31,32]. Chemical, mineralogical and structure analysis of
he adsorbent were carried out using Thermo Finnigan Flash
A 1112 Series element analyzer, Rigaku D/Max-2200/PC
RD and Perkin-Elmer Precisely Spectrum One FTIR instru-
ents.
Surface site concentration arising from hydroxyl and car-

oxyl groups was determined as 2.06 × 10−4 mol/g using
cid–base titration method. Surface area of the adsorbent deter-
ined by nitrogen gas adsorption BET method was 11.0 m2/g.

he particle density was determined as 1.44 g/cm3 by using a
ertheim pycnometer of 10 cm3 capacity coupled with a ther-
ometer. The estimated uncertainty of the measured density is
0.01 g/cm3 at 298 K.

i
f
l
D
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.3. Adsorption experiments

Adsorption experiments were carried out by means of the
atch method using 2,4-D solutions in the concentration range
f (0.6–4.0) × 10−4 M at the temperatures of 298, 308, 318 and
28 K. In order to obtain relevant data for kinetic calculations a
xed amount of the adsorbent (0.2 g) was shaken with 10 cm3

f the solution at a given concentration for 15, 30, 60, 120,
80, 240 and 300 min at constant temperatures in a thermostatic
haker/water bath. The equilibrium studies were performed for
4 h. After centrifugation at 4000 rpm for 10 min concentration
f 2,4-D was measured with a Unicam UV2-100 UV–vis spec-
rophotometer at 282 nm. All of the batch tests were performed
n glass bottles in duplicate and average values were used in the
alculation. Deviations are less than 2%.

Natural pH of 2,4-D solutions is around 5.6. In order to
tudy the effect of pH on 2,4-D adsorption initial pHs of
he solutions were adjusted from 3.5 to 8.0 by adding 0.1 M
Cl or 0.1 M NaOH. Ionic strength of the solutions was kept

onstant at 10−3 M by adding required amount of NaCl. Uncer-
ainty in the pH values in the concentration range studied was

0.1.

. Results and discussion

.1. Application of kinetic models

The time dependent adsorbed fraction Ft was determined for
hole concentration range studied as follows and represented

n Fig. 3a for initial concentration of 6.0 × 10−5 M at different
emperatures:

t = C0 − Ct

C0
(1)

t = C̄t

C0
(2)

here C0 and Ct are adsorbate concentrations in the aqueous
hase at initial and time t, so C̄t is the concentration in solid
hase (in mol/l).

As shown in Fig. 3a, a slower process follows a rapid initial
ptake. McKay and Paterson’s equations could be applied to the
inetic data based on two- and one-resistance diffusion models,
espectively [33,34].

McKay equation, which assumes film- and particle-diffusion,
an be written as follows [21]:

n(1 − Ft) = −k(Ct + C̄t)t (3)

In order to analyze the ln(1 − Ft) = f(t) curves in Fig. 3b
lotted according to McKay equation the final linear portion is
xtrapolated back to t = 0. A straight line represented in the inset

n Fig. 3b, whose slope is correlated to the rate constant of initial
ast process (k1, in l/mol s), is obtained subtracting the extrapo-
ated line from the original curve. The film-diffusion coefficient

f (in m2/s) can be calculated from the following relation by
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Fig. 3. (a) Time dependencies of adsorbed fractions in 6.0 × 10−5 M 2,4-D solu-
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equation (dashed curves) are well consistent with experimental
points at the lowest concentration they deviate as initial concen-
tration increases. Standard deviations between experimental and
calculated qt values are also shown in the Fig. 5(a–e).
ions at different temperatures, (b) McKay plots for calculation k2 as well as Df,
he inset: McKay plots for calculation k1 as well as Dp (the curves in (a) have
een calculated using the McKay constants derived from (b)).

sing the k1 values [35,36]:

f = k1
VδC̄∞

A
(4)

here V is the solution volume, δ the thickness of liquid film, A
he specific surface area of the adsorbent and C̄∞ the adsorbate
oncentration in solid phase determined from the intercept of
xtrapolated line.

The rate constant k2 (in l/mol s) corresponding to the slow
rocess is determined from the slope of extrapolated straight
ines in Fig. 3b according to following equation:
n(1 − Ft) = A − k2(Ct + C̄t)t (5)

When the particle-diffusion contributes on adsorption pro-
ess by assuming that the diffusion is radial direction following

F
2

g Journal 138 (2008) 239–248

quation can be used to obtain adsorbed fraction [35,36]:

t = 1 −
∞∑

n=1

6α(α + 1)

9 + 9α + α2q2
n
e−Dpq

2
nt/r2

0 (6)

hus,

n(1 − Ft) = A − Dpq
2
1

r2
0

t (7)

here A = ln[6α(α + 1)]/(9 + 9α + α2q2
1), r0 the mean radius

f particles, qn’s are the non-zero roots of tan qn = (3qn)/(3 +
q2

n) and α = (3V )/(4πr3
0) represents the volume ratio of exter-

al solution to the solid particles. Constant k2 can be correlated
o Dp with a combination of Eqs. (5) and (7) as follows:

p = k2
(Ct + C̄t)r2

0

q2
1

(8)

The calculated values of k1 and k2 depending on initial con-
entration were presented in Fig. 4 and in its inset, respectively.
sing the of k1 and k2 values calculated Ft versus t curves accord-

ng to McKay model are compared to experimental points in
ig. 3a. As it is seen in Fig. 3a experimental data well predicted
y McKay model in the lowest concentration of 2,4-D solution
t four temperatures.

Amounts of solute adsorbed (qt in mol/g) up to equilibrium
re plotted against contact time at five initial concentrations
epending on temperature in Fig. 5(a–e). As easily can be seen
rom Fig. 5(a–e), although modeled curves according to McKay
ig. 4. The changes of McKay constants depending on initial concentration of
,4-D solutions.
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F of: (a
4 d the

d
t
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ig. 5. Amounts of solute adsorbed at different temperatures in 2,4-D solutions
.0 × 10−4 M. (Solid and dashed curves have been calculated using Paterson an
Paterson’s equation, which assumes a constant particle-
iffusion coefficient independent of initial solution concentra-
ion, was also applied to the data [34]. Typical adsorption kinetics
s described in terms of fractional attainment of equilibrium Ut

a

U

) 6.0 × 10−5 M, (b) 8.0 × 10−5 M, (c) 1.0 × 10−4 M, (d) 2.0 × 10−4 M and (e)
McKay constants, respectively.)
t time t and determined experimentally as follows:

t = qt

qe
(9)
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Table 1
Effective diffusion coefficients and activation parameters for 2,4-D adsorption on the BS

Model C0 × 104 (M) D0 (m2/s) �Ea* (kJ/mol) �H* (kJ/mol) �G* (kJ/mol) �S* (kJ/mol K) r

H. McKay (1st) 0.6 1.76 × 10−11 11.51 8.92 39.64 −0.10 0.999
0.8 0.32 × 10−11 7.02 4.42 39.33 −0.12 0.999
1.0 1.10 × 10−11 10.67 8.07 39.94 −0.11 0.964
2.0 0.59 × 10−11 9.75 7.15 40.54 −0.11 0.997
4.0 1.19 × 10−11 13.81 11.22 42.89 −0.11 0.999

H. McKay (2nd) 0.6 5.26 × 10−14 2.85 0.25 45.36 −0.15 0.918
0.8 3.72 × 10−14 2.39 −0.21 45.75 −0.15 0.888
1.0 0.72 × 10−14 −1.36 −3.96 46.06 −0.17 0.962
2.0 1.54 × 10−14 0.69 −1.91 46.24 −0.16 0.821
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On the other hand, the value of D0 is also 7.73 × 10−13 m2/s
because Dp value calculated from Paterson’s equation is
independent of temperature. The reported average diffusion
coefficients calculated using Bt method for 2,4-D on different
4.0 0.19 × 10−14 −4.24

aterson 0.6–4.0 7.73 × 10−13 0.00

n order to determine Ut according to Paterson’s model the
ollowing equation was employed [34,37]:

t = w + 1

w
{1 − f1[f2(1 + f3) − f4(1 + f5)]} (10)

ere, f1 = 1/(a − b), f2 = a exp(a2P), f3 = erf(aP1/2),
4 = b exp(b2P), f5 = erf(bP1/2); a and b roots of equation:
2 + 3wx − 3w = 0 (a > b), w = C̄eV̄ /CeV , C̄e and Ce are
quilibrium concentrations in solid and solution phases and V̄

s the volume of the solid phase, and P = Dpt/r2
0.

The values of Ut were calculated according to Paterson’s
quation using a Dp value of 7.73 × 10−13 m2/s. The qt versus
curves (solid curves) derived from the Ut values are com-
ared to experimental points and McKay curves in Fig. 5(a–e).
t can be seen from the figures, the curves modeled according
o Paterson’s equation well fit to the experimental points whole
emperature and concentration range for the constant Dp value
f 7.73 × 10−13 m2/s indicating particle-diffusion process is a
ominant mechanism on the overall adsorption.

It can be concluded that from these results film-diffusion
rocess contributes on the mechanism only at the lowest
nitial solution concentration because experimental data are
ell predicted by McKay model considered both film- and
article-diffusion. At higher concentrations, deviations between
bserved and calculated qt values at especially initial fast process
ndicate that film-diffusion should be neglected. Furthermore, as
an be deduced from the Arrhenius plot presented in the follow-
ng section both Df and Dp values calculated from the k1 and
2 in Fig. 4 decrease as initial concentration increases. The con-
entration dependence of diffusion coefficients further confirms
hat McKay model is not suitable to describe experimental data
t higher concentrations.

.2. Activation parameters

Both Df values calculated from Eq. (4) by using the known
urface area of the adsorbent and a film thickness of equal to

ean particle radius and, Dp values computed by using Eq. (8)

re temperature dependent. Thus, the energy of activation Ea and
he effective diffusion coefficients D0 for adsorption process can
e determined by applying following type Arrhenius equations

F
d

−6.84 46.55 −0.18 0.805

−2.60 35.86 −0.13 1.000

38]:

= D0 exp

(
− Ea

RT

)
(11)

n D = ln D0 − Ea

RT
(12)

here T is the absolute temperature (K), R the gas constant
kJ/mol K).

The values of Ea and D0 for film- and particle-diffusion
rocesses are determined from ln D − 1/T plot in Fig. 6
nd presented in Table 1. As it is seen from the Table 1,
he effective film-diffusion coefficients corresponding to fast
nitial stage of adsorption process fall within a magnitude
f (0.32–1.76) × 10−11 m2/s whereas the effective particle-
iffusion coefficients are found to be (0.72–5.26) × 10−14 m2/s.
ig. 6. Arrhenius plots drawn using film- and particle-diffusion coefficients
erived according to McKay model.
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Fig. 7. (a) Adsorption isotherms of 2,4-D at different temperatures, (b) applica-
tion of the data to the Freundlich and the D–R equations. (The solid and dashed
curves in (a) have been calculated using the Freundlich and the D–R constants,
respectively.)

Table 2
The Freundlich isotherm parameters for 2,4-D adsorption on the BS

pH T (K) n k × 105 (mol/g) r

Natural 298 0.445 15.56 0.994
308 0.464 21.75 0.993
318 0.472 27.16 0.990
328 0.473 31.59 0.987

3.5 298 0.315 3.97 0.966
4.0 0.292 3.04 0.964
5.0 0.269 2.31 0.958
N. Ayar et al. / Chemical Engin

ctivated carbon samples are in the magnitude of ∼10−12 m2/s
8].

The values of Ea are positive for film-diffusion process
hereas they have both negative and positive signs around zero

or particle-diffusion. The Ea value for particle-diffusion accord-
ng to Paterson’s model is also zero. Activation energy for the
article-diffusion is that needed for the ions to jump from one
attice point to another position. Since the magnitude of Ea is
elated to the structure of solid particles low value is obtained
or loosely packed solid particles [35,36].

Thermodynamic parameters for transition state can be deter-
ined using the following type linearized Eyring equation [38]:

n
D

T
= ln 2.72d2 k

h
+ �S∗

R
− �H∗

T
(13)

here k and h are Boltzmann and Planck constants, respectively
nd d the average distance between the successive exchanging
ites, �S* and �H* the entropy and the enthalpy of activation,
espectively. The values of �H* calculated from the slope of
yring plots (not shown here because of similarity with Arrhe-
ius plots) are also presented in Table 1.

The values of �S* were computed from the intercept using
d value of 2.6 × 10−10 m estimated using known site density

nd surface area of the adsorbent.
The values of Gibbs free energy of activation �G* were

alculated for 298 K using following well-known equation:

G∗ = �H∗ − T�S∗ (14)

he values of �S* and �G* are presented in Table 1 together
ith other activation parameters.
The negative �S* values imply that the existence an entropy

arrier in the present system and no significant change occurs
n the internal structure of the BS. The values of �G* > 0 show
hat there also exists an energy barrier. The energy barrier in
ctivated state may arise partially from hydration of 2,4-D anions
n solution phase [35]. When the ions enter from the solution
nto the particle surface at least some of the water molecules
orming hydration shell of ions are stripped off. Simultaneously,
he degree of freedom of ions declines.

.3. Effect of temperature on adsorption isotherms

The equilibrium data for 2,4-D adsorption in natural medium
t different temperatures are shown in Fig. 7a. The data were
tted to the Freundlich, Dubinin–Radushkevich (D–R) and
angmuir isotherm equations.

Freundlich equation is used to describe the adsorption char-
cteristics of the natural adsorbents because of its simplicity
nd excellent description of the data. The linear form of the
reundlich isotherm equation is given by [39]:

n qe = ln k + n ln Ce (15)
here k and n are the Freundlich constants. Their values are
alculated from the slopes and intercepts of the straight lines of
n qe versus ln Ce plot in Fig. 7b and presented in Table 2. The
arameter k is considered as a relative measure of adsorbent

5.5 0.246 1.81 0.951
6.5 0.205 1.08 0.945
7.5 0.170 0.68 0.885
8.0 0.158 0.57 0.922
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Table 4
The Langmuir isotherm parameters for 2,4-D adsorption on the BS

pH T (K) qm × 106 (mol/g) K0 ΔG0 (kJ/mol) r

Natural 298 5.45 10.82 −5.90 0.993
308 7.03 8.39 −5.45 0.995
318 7.72 10.19 −6.14 0.982
328 8.78 10.55 −6.43 0.976

3.5 298 3.87 3.97 −6.81 0.989
4.0 3.49 3.04 −7.08 0.991
5.0 3.13 2.31 −7.39 0.994
5.5 2.81 1.81 −7.72 0.995
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apacity because the Freundlich isotherm does not into account
constant capacity. The values of the parameter n are smaller

han unity, which may be correlated with surface heterogeneity.
he n values close to zero are related to more heterogeneous sur-

ace [40]. The isotherm curves (solid lines) modeled according
o Freundlich equation using the k and n constants presented
n the Table 2 are compared in Fig. 7a to the experimental
ata. The equilibrium data for 2,4-D adsorption are reasonably
ell predicted by Freundlich isotherm equation. In the previ-
us studies dealt with 2,4-D adsorption have also been shown
hat isotherm data fit well to Freundlich equation for some soil
amples [6], activated carbon [8,11] and organophilic sepiolite
14].

The (D–R) isotherm parameters permit the calculation of
dsorption capacity and mean adsorption energy, which defined
s free energy change when one mole of ion is transferred to the
urface of adsorbent from infinity in the solution.

The linearized D–R equation is given by following equation
41]:

n qe = ln qm − βε2 (16)

here qm is the adsorption capacity of adsorbent per unit weight
mol/g), β the constant related to the mean adsorption energy (E),
the Polanyi potential calculated from,

= RT ln

(
1 + 1

Ce

)
(17)

s shown in Fig. 7b, a plot of ln q versus ε2, allows the estimation
f qm from the intercept and β from the slope. Mean adsorption
nergy is calculated from the following relation:

= (−2β)−1/2 (18)

Using the D–R constants shown in Table 3 obtained the-
retical curves (dashed lines) are also in agreement with the
xperimental data (Fig. 7a). It has been reported that data
btained from 2,4-D adsorption on the organophilic sepiolite

re well described with D–R equation [14].

Another useful model is the Langmuir isotherm equation,
hich assumes the monolayer coverage on an energetically iden-

ical homogeneous adsorbent surface. The linearized form of the

able 3
he D–R isotherm parameters for 2,4-D adsorption on the BS

H T (K) qm × 106 (mol/g) E (kJ/mol) r

atural 298 20.24 11.3 0.992
308 25.32 11.5 0.990
318 29.71 11.8 0.986
328 33.43 12.3 0.982

.5 298 9.28 13.5 0.957

.0 7.93 14.0 0.956

.0 6.73 14.5 0.950

.0 5.70 15.2 0.944

.5 4.26 16.6 0.939

.5 3.16 18.1 0.880

.0 2.80 18.8 0.913

i

l

i
2
a

i
l
w

t
i
a
T
g
o

.5 2.31 1.08 −8.39 0.997

.5 1.87 0.68 −9.09 0.998

.0 1.79 0.57 −8.83 0.998

angmuir equation may be written as [42]:

Ce

qe
= 1

Kqm
+ 1

qm
Ce (19)

here K is the adsorption equilibrium constant related to the
inding energy and qm is the mono-layer capacity. The param-
ters of K and qm for 2,4-D removal at different temperatures
re calculated from Ce/qe versus Ce plots (not shown here). If
he equilibrium concentration Ce is expressed in molality unit,
he thermodynamic adsorption equilibrium constant K0 is found
o be non-dimensional. Langmuir parameters and standard free
nergy changes (�G0) evaluated from following equation in the
emperature range from 298 to 328 are presented in Table 4:

G0 = −RT ln K0 (20)

The values of �G0 calculated with the same way for sorption
f 2,4-D on tire rubber granules have been found more nega-
ive from −12.83 to −17.26 kJ/mol when temperature increased
rom 285 to 230 K indicating that a more spontaneous adsorption
rocess [8].

Standard enthalpy (�H0) and entropy changes (�S0) were
omputed as 0.81 kJ/mol and 0.02 kJ/mol K from the slope and
ntercept of ln K0 versus 1/T plot (not shown here) drawn accord-
ng to following relation:

n K0 = �S0

R
− �H0

RT
(21)

The low value of �H0 shows that spontaneity of the reaction
s entropy controlled. The values of �H0 and �S0 parameters for
,4-D—tire rubber granules sorption system have been reported
s 11.83 kJ/mol and 0.09 kJ/mol K, respectively [9].

It has been reported that the Langmuir model fit well to exper-
mental data for 2,4-D adsorption on activated carbon [8,11],
ayered double hydroxides [15], fertilizer and steel industry
astes [10].
As it is seen from the Tables 3 and 4, the adsorption capaci-

ies calculated from the Langmuir and D–R equations increase
n the order (5.45–8.78) × 10−6 and (2.02–3.34) × 10−5 mol/g

s the temperature increases from 298 to 328 K, respectively.
he higher capacities obtained from the D–R equation sug-
est that adsorbate–adsorbate interactions might be contribute
n the adsorption mechanism. The more negative free energy
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E = −�G0) values estimated from the D–R parameters may
lso be arising from a higher entropy change as a result of these
nteractions.

The reported Langmuir capacity of fertilizer industry waste
carbon slurry) is 9.60 × 10−4 mol/g. The capacities of blast fur-
ace slag and dust of steel industry wastes have been reported
s 1.36 × 10−4 and 9.50 × 10−5 mol/g whereas 2,4-D is hardly
dsorbed on the sludge [10]. Adsorption capacity of 2,4-D on a
hemically modified silica gel surface with the silylating agent
-trimethoxysilylpropylamine is 4.67 × 10−5 mol/g on the other
and, capacities on zinc–aluminum–chloride layered double
ydroxides increase in the range of (1.28–5.24) × 10−3 mol/g

hen Zn/Al ratios decrease from 4 to 2 [13,15]. Amounts of
,4-D adsorbed on tire rubber granules and on organophilic sepi-
lite (dodecylammonium sepiolite, DAS) have been evaluated
s ∼2.65 × 10−7 and ∼4.5 × 10−5 mol/g at initial concentra-

ig. 8. (a) Adsorption isotherms of 2,4-D at different pH values (the curves have
een calculated using the Langmuir constants) (b) application of the data to the
angmuir equation.
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ions of 1.5 × 10−5 and 4 × 10−4 M, respectively [9,14]. The
dsorbents mentioned above are either specifically prepared
r modified different methods except for tire rubber granules.
hese procedures increase the cost of adsorbents. Since the BS

s a low cost high abundant material it can be considered as a
uitable adsorbent for 2,4-D removal.

.4. Effect of pH on adsorption isotherms

As it is seen from Fig. 8a, the equilibrium data obtained from
he experiments in different initial concentrations at 298 K have
een used for construction of the adsorption isotherms in the pH
ange from 3.5 to 8.0. It can be deduced from the Fig. 8a amount
f 2,4-D adsorbed on the BS decreases with increasing pH. Since
he number of protonated surface on the adsorbent increases
ith decreasing pH and 2,4-D ionizes to an organic anion and
+ ion in the studied pH range (pKa = 2.6). Coulombic attrac-

ion forces between more positively charged surface and 2,4-D
nions are responsible for increasing adsorption with decreas-
ng pH as reported previous studies [10,11]. Natural pH of the
olutions in the studied concentration range is 5.6. Adsorption
f 2,4-D on the BS remarkably decreases when ionic strength
s adjusted with NaCl at the same pH region. This result sug-
ests that Cl− ions compete with the 2,4-D anions for the same
dsorption sites on the BS surface.

Experimental data evaluated from the equilibrium condi-
ions at different pHs were fitted to the Langmuir isotherm and
epicted in Fig. 8b. Using the isotherm constants presented in
he Table 4 theoretical curves were calculated and compared
xperimental data in Fig. 8a. As shown from the Fig. 8a, exper-
mental data are reasonably well described by the Langmuir

odel. Isotherm parameters calculated according to the Fre-
ndlich and D–R equations are shown in the Tables 2 and 3,
espectively.

. Conclusions

Adsorptive removal of the herbicide 2,4-D by the BS has
een studied in the concentration range of (0.6–4.0) × 10−4 M
t different temperatures. Removal capacity of the adsorbent
ncreased with the increasing concentration and temperature.

The kinetic data are well described with McKay model at the
owest initial concentration of 2,4-D indicating the contribution
f film-diffusion on adsorption mechanisms.

Paterson’s equation reasonably well fits to kinetic data points
t entire concentration and temperature range studied. The con-
tant diffusion coefficient calculated according to Paterson’s
quation might be useful for designing a treatment plant for
emoval of 2,4-D by using the BS.

Equilibrium data are quite well predicted by the Freundlich,
–R and Langmuir isotherm equations. Freundlich exponents

ower than unity indicate favorable adsorption. Thermodynamic

arameters for activated state, �E* > 0, �H* > 0, �G* > 0 and
S* < 0, show that both energy and entropy barrier exist in

he system. Although an energy barrier is available in the
ransition state free energy change (�G0 < 0) evaluated using
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hermodynamic adsorption equilibrium constant derived from
he Langmiur equation indicate that adsorption of 2,4-D on the
S is a spontaneous process.

The increase of adsorption capacity with decreasing pH
hows that 2,4-D anions are preferred on positively charged
dsorption sites while it decreases because of a competition
etween 2,4-D anions and Cl− ions arising from inert electrolyte
sed for the ionic strength adjustment.
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and geochemical characterization of Gürün oil shales, central Anatolia,
Turkey, Oil Shale 23 (4) (2006) 297–312.

25] W.D. Smith, N.D. Naylor, Oil shale resources of Nova Scotia. Department
of Mines and Energy, Econ. Jeol. Series 3 (1990) 274–354.

26] N.E. Altun, Cahit Hicyilmaz, J.Y. Hwang, A.S. Bağcı, Evaluation of a
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