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Dilek Angin®* Ayse Ilci

Department of Food Engineering, Faculty of Engineering, University of Sakarya, Esentepe 54187, Sakarya, Turkey,
email: angin@sakarya.edu.tr, (D. Angin), a.ilci@hotmail.com (A. Ilci)

Received 27 July 2016; Accepted 16 May 2017

ABSTRACT

In this study, activated carbon was prepared from olive-waste cake by chemical activation using zinc
chloride and subsequently it was utilized for the removal of 2,4-dichlorophenoxy acetic acid (2,4-
D) from aqueous solution. The surface characterization of both raw material and activated carbon
was undertaken byusing FTIR spectroscopy and scanning electron microscopy (SEM) technique.
The surface area and micropore volume of chemically modified activated carbon were 1418 m?* g~
and 0.197 cm® g7, respectively at 800°C and at an impregnation (ZnCl :olive-waste cake) ratio of 3:1.
The adsorption experimental data indicated that the adsorption isotherms are well described by the
Langmuir equilibrium isotherm equation and the calculated monolayer adsorption capacity was
129.87 mg g at 298 K. The adsorption process attains equilibrium within 300 min and adsorption
free energy is 0.707 k] mol™. The adsorption kinetics of 2,4-dichlorophenoxy acetic acid (2,4-D) obeys
the pseudo-second-order kinetic model. The thermodynamic parameters such as AG®, AH® and AS°®
were calculated to estimate the nature of adsorption and these parameters indicate a feasible, spon-
taneous and exothermic adsorption.According to these results, prepared activated carbon could be
used as a low-cost and very effective adsorbent for the adsorption of 2,4-D from aqueous solutions.
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1. Introduction

2,4-Dichlorophenoxyacetic acid (2,4-D) is a typical chlo-
rinated aromatic compound, which was first herbicide syn-
thesized [1]. It is used for controlling wide variety of broad
leaf weeds and grasses in plantation crops, such as sugar
cane, oil palm, cocoa and rubber. The 2,4-D is commonly
preferred because of its low-cost and good selectivity [1-3].
The World Health Organization identifies 2,4-D as mod-
erately toxic (Class II) to human beings and animals and
recommends the maximum permissible concentration in
drinking water as 70 ng/L [1]. On the other hand 2,4-D is a
poorly biodegradable pollutant. Consequently, it has been
frequently detected in water bodies in various regions of
the world. The toxicity of pesticides and their degradation
products are making these chemical substances a potential
hazard by contaminating our environment. Therefore, the
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removal of pesticides from water is one of the major envi-
ronmental concerns [1-10].

Adsorption onto activated carbon is the most wide-
spread technology used to remove toxic substances from
wastewater due to its low cost, ease of operation, flexibil-
ity and simplicity of design [11-15]. Commercial activated
carbon should have been a preferable adsorbent for the
removal of organic pollutants from wastewater, but its
widespread use is restricted due to high associated costs
[16]. Therefore, many researchers have investigated more
cheaper and efficient activated carbon production from
industrial and agricultural wastes [16-21].

Food industries produce large volume of solid and liquid
residues, which represent a disposal and potential environ-
mental pollution problem. Likewise, olive oil production,
one of the foremost agro-food industries in Mediterranean
countries, generates different quantities and types of by
products depending on the production system adopted
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[22]. Turkey is the 6™ in olive production in the world and
according to FAOSTAT data olive and olive oil productions
in the country were 1,700,000 and 190,000 tons, respectively,
in 2015. Depending on the olive oil production method used
in each country, amount of solid waste changes, e.g, in our
country approximately 60-85% of solid waste is formed [23].
Therefore, this study has focused on the production and
characterization of activated carbon from olive-waste cake by
chemical activation with ZnCl, In addition, the adsorption of
2,4-dichlorophenoxyacetic acid (2,4-D) on activated carbon
was studied with respect to pH, adsorbent dosage,contact
times, solution temperature and initial 2,4-D concentration.
The experimental data were analyzed by the Freundlich,
Langmuir, Dubinin-Radushkevich and Temkin isotherms.
Also, pseudo-first-order and pseudo-second-order kinetic
models have been used to describe adsorption mechanism.

2. Materials and methods
2.1. Materials

Olive-waste cake was supplied by the HISAR Olive
Ind. Inc. (Manisa, TURKEY), and they were first air dried,
then crushed and finally sized. The fraction of particle sizes
between 1 and 2 mm was chosen for subsequent studies.
All chemical reagents used in this study were of analyti-
cal grade. 2,4-dichlorophenoxyacetic acid (2,4-D) with high
purity (=98%) was supplied from Sigma-Aldrich. The stock
solution of 2,4-D was prepared by dissolving an accurate
quantity of pesticide in deionized water.

2.2. Preparation of activated carbon

In the current study, chemical activation of olive-waste
cake was performed using zinc chloride (ZnClL,). The impreg-
nation ratio was calculated as the ratio of the weight of ZnCl,
in solution to the weight of the olive-waste cake used. The zinc
chloride (ZnCl,) impregnation ratio was selected as 3:1. Based
on twenty to sixty grams of ZnCl, were dissolved in 250 mL
of distilled water, and then twenty grams of olive-waste were
mixed with the ZnCl, solution and stirred at approximately
80°C for 24 h to ensure a complete reaction between ZnCl, and
olive-waste. The mixtures were then filtered and the remain-
ing solids were dried at 105+3°C for about 24 h. Carbonization
of the impregnated samples was carried out in a 316 stainless
steel tubular reactor with a length of 90 mm and an inter-
nal diameter of 105 mm (Protherm PTF 12) under nitrogen
flow. About 10 g of the impregnated sample was placed on
a ceramic crucible in the tubular reactor and heated up to the
final activation temperature (800°C) under the nitrogen flow
(=200 cm® min™) at heating rate of 10°C min™ and held for 2 h
at this final temperature. The resulting solids after carboniza-
tion were boiled at about 90°C with 100 mL of 1 N HCl solution
for 30 min to leach out the activating agent, filtered and rinsed
by warm distilled water several times until the pH value was
reached to 6-7. Finally, they were dried at 105+3°C for 24 h.

2.3.Characterization of olive-waste cake and activated carbon

The contents of carbon, hydrogen, nitrogen and sulfur
of the olive-waste cake and activated carbons were mea-

sured using a LECO CHNS 932 Elemental Analyzer with
+0.4% accuracy (LECO Instruments, USA). The oxygen con-
tents were calculated by difference. Proximate analyses of
olive-waste cake were determined according to the ISO R
771, ISO R 749 and ASTM E 872. Content of ash, moisture
and volatile matter of activated carbon were determined
according to the ASTM D2866, ASTM D2867 and ASTM
D5832, respectively. Fixed carbon content was determined
by difference. To determine the surface area of olive-waste
cake and activated carbon, the nitrogen adsorption-desorp-
tion isotherms at 77 K were measured by an automated
adsorption instrument, Micromeritics Instruments, Tristar
IT 3020. The surface area was determined from nitrogen
adsorption data by using Micromeritics Instruments soft-
ware. Adsorption data were obtained over the relative pres-
sure, P/PO, range from 107 to 1. The sample was degassed
at 300°C under vacuum for 5 h. The apparent surface area
of nitrogen was calculated by using the BET (Brunauer—
Emmett-Teller) equation within the 0.01-0.2 relative pres-
sure range. Surface functional groups of olive-waste cake
and activated carbon were determined by Fourier trans-
form infrared spectra (FTIR) using SHIMADZU IR Prestige
21. Also, surface morphologies were studied by scanning
electron microscopy (SEM). SEM images were performed
using JEOL-JSM-6060LV Scanning Electron Microscope.

2.4.Batch adsorption of 2,4-dichlorophenoxyacetic acid

Adsorption experiments were conducted through
a batch type process. The studied variables were initial
pH, adsorbent dosage and initial 2,4-D concentration of
solution. In the procedure for the batch pH studies, 0.2 g
adsorbent and 100 mL of 2,4-D solution containing 100 mg
L™ 2,4-D were mixed and shaken at 298 K for 24 h using
a temperature controlled water bath with a shaker (GFL).
After adsorption, samples were filtered and then the con-
centration of 2,4-D in the supernatant solution was ana-
lyzed. All concentrations were measured by using UV
spectrophotometer (Shimadzu UV-Vis 1240) at 220 nm. The
initial pH values of the solutions were adjusted to different
values (2, 3, 5, 6.22, 7, 9 and 11) by adding dilute NaOH
or HCI solutions. The pH was measured with pH-meter
(Mettler-Toledo). After adsorption, the pH value provid-
ing the maximum 2,4-D removal was determined. Also, for
the purpose of researched the effect of adsorbent dosage,
batch experiments were carried out at 298 K and optimum
pH value of the solution for 24 h shaking period by adding
different amounts of activated carbon (0.1-0.8 g) into each
100 ml 2,4-D solution (100 mg L™). The removal percentage
of 2,4-D was calculated according to the following equation:

Removal (%) = % %100 1)

0

where (mg L) are initial and equilibrium concentrations of
the pesticide (2,4-D), respectively [11,12,24].

For the adsorption isotherm and investigation of effect
of initial concentration on 2,4-D removal, 0.2 g adsorbent
was contacted with 100 mL 2,4-D solution with different
initial concentration (50, 100, 150, 200, 250 and 300 mg L)
without adjusting pH (pH value 6.22). The flasks were agi-
tated at 120 rpm using a temperature controlled water bath
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with a shaker (GFL), and maintained at 298 K for 24 h until
the equilibrium was reached. The suspensions were filtered
and 2,4-D concentrations were measured using a UV spec-
trophotometer. 2,4-D uptake at equilibrium, g, (mg g™), was
calculated by the following equation:

qe — (CO Ce )V (2)
w

where C; and C, (mg L™) are initial and equilibrium con-
centrations of the 2,4-D, respectively, V (L) is the volume of
the 2,4-D solution, and w (g) is the mass of used activated
carbon [11-13]. The equilibrium data were then fitted using
Langmuir, Freundlich, Dubinin-Radushkevick (D-R) and
Temkin isotherm models.

Langmuir isotherm assumes monolayer adsorption
onto a surface containing a finite number of adsorption
sites. The linear form of Langmuir isotherm equation [11-
16,25] is represented by the following equation:

9. __1 G 3)
CE QOKL QO

where g, is the equilibrium pesticide (2,4-D) concentration
on the adsorbent (mg g™), C, the equilibrium pesticide
concentration in the solution (mg L), Q, the monolayer
adsorption capacity of the adsorbent (mg g™'), and K, is
the Langmuir adsorption constant (L mg™). When C/g,
was plotted against C, straight line with slope 1/Q, was
obtained indicating that the adsorption of 2,4-D onto acti-
vated carbon.

The essential characteristics of the Langmuir isotherm
can be expressed in terms of a dimensionless equilibrium
parameter (R ) which is defined by:

1
TR G @

L 0
where K| is the Langmuir constant and C, the highest pes-
ticide (2,4-D) concentration (mg L™). The value of R, indi-
cates the type of the isotherm to be either unfavorable
(R, > 1), linear (R, = 1), favorable (0 < R, <1) or irreversible
(R, =0)[12,13].

Freundlich isotherm assumes heterogeneous surface
energies, in which the energy term in Langmuir equation
varies as a function of the surface coverage. The well-
known logarithmic form of Freundlich isotherm is given by:

logg, =log K + llogCL, (5)
n

where g, is the amount adsorbed at equilibrium (mg g™),
C, the equilibrium concentration of the adsorbate (2,4-D),
and K, and n are Freundlich constants, n giving an indica-
tion of how favourable the adsorption process and K, (mg
g™) is the adsorption capacity of the adsorbent. K, can be
defined as the adsorption or distribution coefficient and
represents the quantity of pesticide adsorbed onto activated
carbon adsorbent for a unit equilibrium concentration. The
slope 1/n ranging between 0 and 1 is a measure of adsorp-
tion intensity or surface heterogeneity, becoming more het-
erogeneous as its value gets closer to zero. A value of 1/n

below 1 indicates a normal Freundlich isotherm while 1/n
above 1 is indicative of cooperative adsorption [11-13,25].

The isotherm model suggested by Dubinin and Radu-
shkevich [12,26] has been used to describe the liquid phase
adsorption and on the basis of Dubinin-Radushkevich
(D-R) equation adsorption energy can be estimated. Assum-
ing that the adsorption in micropores is limited to a mono-
layer and the Dubinin-Radushkevich equation [12,27,28]
can be written as:

9. = q.exp(-Be’) 6)

where g, is the D-R monolayer capacity (mg g™'), B a con-
stant related to sorption energy, and ¢ is the Polanyi poten-
tial which is related to the equilibrium concentration as
follows:

8=RTln{1+Ci} @)

e

where R is the gas constant (8.314 ] mol™” K™) and T (K) is
the absolute temperature. The constant B gives the mean
free energy, E, of sorption per molecule of the sorbate when
it is transferred to the surface of the solid from infinity in the
solution and can be computed using the relationship:

1

ST ®

The Temkin isotherm model [12,25,26] contains a factor
that explicitly takes into account adsorbing species-adsor-
bate interactions. This model assumes the following: (i) the
heat of adsorption of all the molecules in the layer decreases
linearly with coverage due to adsorbent-adsorbate inter-
actions, and that (ii) the adsorption is characterized by a
uniform distribution of binding energies, up to some max-
imum binding energy. The derivation of the Temkin iso-
therm assumes that the fall in the heat of sorption is linear
rather than logarithmic, as implied in the Freundlich equa-
tion. The Temkin isotherm has commonly been applied in
the following form:

q.=B,In(AC,) )
Eq. (9) can be linearized as:

g,=B,InA+B,InC, (10)
where B, = RT/b, with b (J mol™), A (L g™"), R (8.214 ] mol™!
K1) and T (K) are Temkin constant related to heat of sorp-
tion, equilibrium binding constant, gas constant and abso-
lute temperature, respectively [12,28].

Adsorption kinetic experiments were conducted by con-
tacting 0.2 g adsorbent with 100 mL pesticide solution (100
mg L) at 298 K solution temperature and optimum pH
(6.22) with continuous shaking. The concentration of 2,4-D
in supernatant was determined at different time intervals.

In order to analyze the kinetic mechanism of adsorp-
tion process, the experimental data were fitted in the pseu-
do-first-order, pseudo-second-order, and intra-particle
diffusion models which are described as Eqs. (11)—(13);
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Pseudo-first-order equation:

kit
11
2.303 (1

Pseudo-second-order equation:

log(q, —4,) =logg, -

L1t .
9 k. 4.
Intra-particle diffusion equation:
1
g, =kt>+C (13)

where g,and gq,(mg g™) are amounts of 2,4-D adsorbed over
a given period of time f and at equilibrium, respectively; t is
the adsorption time (min); k, (min™), k, (g mg™" min™), and kn
(mg g min~'/?) are the adsorption rate constant of the pseu-
do-first-order adsorption, the pseudo-second-order adsorp-
tion and the intra-particle diffusion,respectively; and C (mg
g™') is a constant in the intra-particle diffusion equation, cor-
responding to the thickness of boundary layer [29-31].

Three thermodynamic parameters, i.e. change in the
Gibbs free energy (AG®), enthalpy (AH®), and entropy (AS°),
were calculated to evaluate the thermodynamic feasibility
and the nature of the adsorption process. AG° can be calcu-
lated according to the following equation:

AG® = —RTInK, (14)
where R is the gas constant (8.314 ] mol™ K™), T is the tem-
perature (K), and K, is the thermodynamic equilibrium
constant of the adsorption process, reflecting pesticide dis-
tribution between the solid and liquid phases at equilib-
rium. Equilibrium constant (K|) was estimated as:

9.
K, ===
e (15)
According to the van’t Hoff equation:
ik, =25 _AH (16)
R RT

The values of AH® (k] mol™) and AS°® (J] mol'K™) were
evaluated from the slope and intercept of van’t Hoff plots
[29,32].

3. Results and discussion
3.1. Characterization of olive-waste cake and activated carbon

The results of proximate and ultimate analysis and sur-
face properties of the olive-waste cake and activated carbon
are given in Table 1. The carbon content has increased by
77% relative to raw material after activation process which
was determined as 87.92 wt.%. On the other hand, hydro-
gen, nitrogen and oxygen contents decreased. This is due
to the release of volatiles during carbonization that results
in the elimination of non-carbon species and enrichment of
carbon [12,17]. Since the sulfur content of activated carbon

Table 1
Characteristics of the olive-waste cake and activated carbon

Surface properties Olive-waste  Activated
cake carbon
BET surface area (m?g™) n.d. 1418.0
Micropore area (m? g™) n.d. 392.43
Total pore volume (cm® g™) n.d. 0.410
Micropore volume (cm® g™) nd. 0.197
Average pore diameter (nm) n.d. 1.16
Moisture content (wt.%) 4.66 1.40
Proximate analysis (wt.%)
Volatile Matter 76.08 5.81
Ash 3.56 0.22
Fixed carbon* 20.36 93.97
Ultimate properties
Carbon 49.55 8792
Hydrogen 6.55 1.14
Nitrogen 0.38 0.54
Sulphur n.d. n.d.
Oxygen* 43.52 10.40
*By difference

*n.d.: not determined

was below the detection limit, the activated carbon could be
used in adsorption and purification process.

The olive-waste cake contains 3.56 wt.% ash, 76.08 wt.%
volatile matter and 20.36 wt% fixed carbon. The accept-
able ash content of the olive-waste cake indicates that it is
a suitable precursor for activated carbon production. The
activation process led to an increase in fixed carbon content
while decreasing in volatile matter content. The content of
ash was greatly decreased. This is due to the release of vol-
atiles during carbonization that results in the elimination
of non-carbon species and enrichment of carbon [33]. The
porosity has a strong effect on the adsorption properties of
the activated carbon. The specific surface area of activated
carbon was found to be 1418 m? g and the most of the
material (28%) consist of micropores. The activated carbon
produced from olive-waste cake in this study contained
both micropores and mesopores but the mesopore volume
was larger than the micropore volume.

Even though the identification of all the chemical spe-
cies on the surface of a chemically modified (ZnCl)) acti-
vated carbon is not an easy task: however, the information
about the chemical nature of the carbon surfaces may be
obtained by using Fourier transform infrared (FTIR) spec-
troscopy. FTIR analysis results of olive-waste cake and
activated carbon were given in Fig. 1. The O-H stretching
vibrations between 3200 and 3400 cm™ of the precursor
material (olive-waste cake) indicate the presence of phenols
and alcohols. The low frequency values for these bands sug-
gest that hydroxyl groups are involved in hydrogen bonds
[34,35]. The binary band appearing in the FTIR spectrum at
about 2922.87 cm™ were generally attributed to symmetric
or asymmetric stretching of aliphatic band in -CH, -CH,
or -CH, [21]. This band was observed as much stronger at
olive-waste cake than activated carbon. These two func-
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tional groups were formed, possibly due to the extraction of
H element and OH groups from the aromatic rings during
the impregnation and heat treatment stages as a result of
the dehydration effect of ZnCl, [36]. Also the presence of the
above mentioned peaks together with the presence of C=0
stretching vibrations between 1700 and 1750 cm™ is com-
patible with the presence of ketone and aldehyde groups.
The presence of both O-H and C=O stretching vibrations
also indicated the presence of carboxylic acids and their

Activatedcarbon

Olive-waste cake

Transmittance, (%)

3395.20cm™

[

2922.87cm™

I

1740.3 cm™

/

1031.15cm™

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber, (cm?)

Fig. 1. FTIR spectra of olive-waste cake and activated carbon.

Olive-wastecake
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derivatives [34]. This carbonyl and carboxyl groups are
also preserved in activated carbon obtained after heat treat-
ment. The peak 1031.15 cm™ occurred due to the presence
of primary, secondary and tertiary alcohols, phenols, ethers
and esters showing C-O stretching and O-H deformation
vibrations. These bands decreased with activation process
as compared to the raw material. This situation may be
attributed to the decomposition of cellulose, hemicellulose
and lignin in the olive-waste cake by chemical (ZnCl,) acti-
vation process [12,20,36].

In order to examine the surface morphology, the olive-
waste cake and activated carbon were submitted to scan-
ning electron microscopy (SEM). Fig. 2 illustrates the SEM
images of the olive-waste cake and activated carbon. The
significant differences were observed between the surface
topographies of olive-waste cake and activated carbons. It
is seen that a thick wall structure of the olive-waste cake
exists along with a little porosity at the raw material. This
is supported by the BET surface area result (not detected).
The thick wall in the raw material opened and wider poros-
ity was created by the chemical activation. Also, activated
carbon exhibit an even, homogeneous, highly porous and
well pronounced structures, indicating good possibility for
the adsorption of pollutions [20,25].

3.2. Effect of initial pH

The initial pH of solution is one of the most important
factors influencing the properties of adsorbate, adsorbent
and the adsorption process. The influence of initial pH was
attributed to the electrostatic interaction between the 2,4-D
and the activated carbon surface. The effect of initial pH
value on the removal of pesticide (2,4-D) was investigated
at the different pH values (2.0, 3.0, 5.0, 6.22, 9.0 and 11.0)
for activated carbon (Fig. 3). As shown in Fig. 3, closer rates
of 2,4-D removal were observed at pH values 2, 3 and 6.22
(98.31 wt.%; 98.34 wt.% and 98.16 wt.%, respectively) how-
ever the rate was lower at pH 5 (97.48 wt.%). The rate of
removal decreased continuously over pH 6.22 and finally
it reached to minimum value at pH 11 (94.21%), It was

Z8kU

%1, 8081 16

b

Fig. 2. Scanning electron microscopy images (x1000) of olive-waste cake and activated carbon.
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Fig. 3. Effect of solution pH on the adsorption of 2,4-D onto ac-
tivated carbon.

observed that the 2,4-D adsorption was highly dependent
on the pH of the solution. Solubility of 2,4-D in water is
lower than 900 mg/L, and 2,4-D is an acidic chemical sub-
stance which is present as deprotonated form (anion) in
water solution. Its solubility is even poorer in acid solution
which may lead to removal of 2,4-D at high efficiency. On
the other hand, the 2,4-D molecules are in the ionized form
when the pH value of solution is higher than 6.22, and the
degree of dissociation of 2,4-D increases gradually with
increasing pH which makes it more negatively charged. On
the other hand in alkaline solution the surface charge is neg-
ative and 2,4-D is in anionic form and therefore due to the
electrostatic repulsion between 2,4-D anion and negative
surface, the removal percentage is lower in alkaline solu-
tions [1,6]. Thus pH 6.22 (original value) was selected as the
optimum pH value for all further experiments.

3.3. Effect of adsorbent dosage

The effect of the activated carbon dosage on the
removal percentage of 2,4-D is shown in Fig. 4. It is appar-
ent that the removal percentage of 2,4-D increased as the
activated carbon dosage was increased. The reason for
that was the increase in the number of available adsorp-
tion sites arisen from the increasing the adsorbent dosage
[37]. The removal of pesticide (2,4-D) at different adsor-
bent dosages showed that it was highly dependent on
the dosage until a certain level as explained by the fact
that as the adsorbent content increases, the contact sur-
face offered also increases. The saturation level that cor-
responds to the maximum rate of pesticide elimination is
obtained from an activated carbon content of 0.2 g/100
mL solution. When the activated carbon dosage was 0.2
g/100 mL, the removal percentage of 2,4-D could reach to
97.66% beyond which the removal efficiency is negligible.
This can be attributed to electrostatic interactions between
the functional groups at the cell surfaces [38]. Therefore,
the 0.2 g/100 mL was chosen as the optimum dosage and
used for further adsorption experiments.

100

98 1

96 A

94 -

90 -

2.4-D removal (%)

88

86 1

04 05 06 07 08 09
Adsorbent Dosage (g)

84 T T T
00 01 02 03

Fig. 4. Effect of adsorbent dosage on the adsorption of 2,4-D onto
activated carbon.

3.4. Effect of initial concentration

The effect of initial concentration on adsorption was
investigated from 50 to 300 mg L™ 2,4-D solution. The
amount of adsorbed 2,4-D at equilibrium (g,) increased
from 24.07 to 119.32 mg g™ as the initial 2,4-D concentration
was increased from 50 to 300 mg L. This was due to the
increase in the driving force of the concentration gradient,
caused by the increase in the initial 2,4-D concentration.

The adsorption isotherm describes how the adsorption
molecules distribute between the liquid phase and the solid
phase when the adsorption process reaches an equilibrium
state [24]. The analysis of the isotherm data by fitting them
to different isotherm models is an important step to find the
suitable model that can be used for design purpose [32,39].
In this study, four isotherms models were used for describ-
ing the results, namely the Langmuir, Freundlich, Dubinin-
Radushkevich (D-R) and Temkin isotherm. Comparison of
isotherm models for 2,4-D adsorption onto activated carbon
are shown in Fig. 5. Also, the fitting results, i.e. isotherm
constants and correlation coefficients are shown in Table 2.

The Langmuir model fitted the experimental data bet-
ter than other isotherm models, indicating the adsorption
of 2,4-D onto the activated carbon tended to monolayer
adsorption. The Langmuir represents the equilibrium dis-
tribution of adsorbate between the solid and liquid phases
[40]. Furthermore, the R? values of the four isotherm mod-
els descend in the order of: Langmuir > Dubinin-Radush-
kevich > Temkin > Freundlich. Langmuir isotherm model
was established by the two hypotheses. First, adsorbent
surface is homogeneous with identical adsorption sites.
Second, each adsorption sites can only accommodate an
adsorbate molecule [37,39]. Through a comparison of cor-
relation coefficients (R?) of isotherm models, the Langmuir
isotherm model (R?= 0.9955) was better. So, the Langmuir
isotherm model was the most appropriate to describe the
correlation of the experimental data in the concentration
range studied.

For the Langmuir adsorption isotherm, one of the essen-
tial characteristics could be expressed by dimensionless
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constant (R)) called equilibrium parameter [24]. By pro-
cessing the above equation, R, value for investigated pesti-
cide-adsorbent system was found to be between 0.018-0.10
and confirmed that the activated carbon is favorable for the
adsorption of 2,4-D under the conditions used in this study.

160
140 -
120 - P i
:100 ] . — : ‘.__:’.g-f ...........
w VY <V
g 8091 [ Lo
= [ Ve
: d
60 4 / Y ®  Experimental
Langmuir
L2y ____. Freundlich
20 1 T
--------- Temkin
0 . - - ; ' '
0 0 2 3 40 50 60 70
Ce (mg L)

Fig. 5. Comparison of different isotherm models for the adsorp-
tion of 2,4-D onto activated carbon.

Table 2

The Langmuir isotherm parameters, Q, and K, was found
129.87 mg g™ and 0.181 L mg™!, respectively.

Several studies have been conducted using various types
of adsorbents for 2,4-D adsorption. A comparison of the
adsorption results of activated carbon obtained in this study
with those of some other adsorbents reported in literature is
given in Table 3. It can be seen from the table that olive waste
cake based activated carbon shows the comparable adsorp-
tion capacity with respect to other adsorbents. This indicates
that olive waste cake could be considered as a promising
material for the removal of 2,4-D from aqueous solutions.

3.5. Adsorption kinetics

Adsorption kinetic describes the control mechanism
of adsorption processes which in turn governs the mass
transfer and equilibrium time [41]. The experimental data
of 2,4-D adsorption onto activated carbon at different time
intervals were examined using pseudo-first-order, pseu-
do-second-order and intra-particle diffusion kinetic models.
The pseudo-first-order model is based on the assumption
that the adsorption rate is determined by the number of
adsorption sites on the surface of the adsorbent; the pseu-
do-second-order model is based on the assumption that the
adsorption rate is determined by the square of the number
of vacant adsorption sites on the surface of the adsorbent
[1,6,37-40]. The fit of these models was checked by each

Adsorption isotherm constants for adsorption of 2,4-D onto activated carbon at 298 K solution temperature

Isotherms Constants
Langmuir Q,(mgg™) K, (Lmg™) R, R?
129.87 0.181 0.018-0.10 0.9955
Freundlich K (mg g™)-(L mg™)'/ n R?
29.68 2.64 0.8101
Dubinin-Radushkevich g, (mgg™) B (mol* kj?) E (kj mol™) R?
106.03 1.0 0.707 0.9527
Temkin A(Lg™) B R?
241 25.119 0.9458
Table 3
Comparison of adsorption capacities of 2,4-D onto activated carbons obtained from various materials
Adsorbents BET Surface Adsorption Capacity Reference
Area (m?g™) (mg g™
Olive waste cake activated carbon 1418 129.87 Present study
Mesoporous carbon (Fe/OMC) 1054.50 30042 Tang et al., 2015 [1]
Commercial activated carbon 73148 181.82 Salman and Hameed, 2010 [2]
Date stones activated carbon 763.40 238.10 Hameed et al., 2009 [5]
Filter paper activated carbon - 7713 Khoshnood and Azizian, 2012 [6]
Modified activated carbon 790 47.39 Chingombe et al., 2006 [7]
Fertilizer plant waste activated carbon 380 212.10 Gupta et al., 2006 [8]
Corncob activated carbon 127391 300.17 Njoku and Hameed, 2011 [9]
Synthesized Carbon-SBA-15 771 140.05 Mom¢ilovi¢ et al., 2013 [10]
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Fig. 6. Linear kinetic plots for the adsorption of 2,4-D onto ac-
tivated carbon (a) pseudo-first-order, (b) pseudo-second-order,
(c) intra-particle diffusion model.

linear plot of log (q,-q,) versus t (Fig. 6a), (t/qt) versus t
(Fig. 6b) and g, versus t'” (Fig. 6¢) at 298 K solution tem-
perature, respectively and by comparing to the correlation
coefficients for each expression. The rate constants, calcu-
lated equilibrium uptakes and the corresponding correla-
tion coefficients are given in Table 4. It was found that the
correlation coefficients (R?= 0.9987) of pseudo-second-order

Table 4
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Kinetic parameters for the adsorption of 2,4-D onto activated

carbon at 298 K solution temperature.

oerperimerst (8 &™) 48.828
Pseudo-first-order k, (min™) 0.0078
Docatcutation (MG 87 20.76
R? 0.9523
Pseudo-second-order k,(g mg'min™) 0.0475
Docatentation (MG 87 50.00
R? 0.9987
Intra-particle diffusion kp (mg g'min™7?) 1.286
C(mgg™) 24.42
R? 0.8892

kinetic model was very close to 1. It means that the adsorp-
tion kinetics of 2,4-D on activated carbon was primarily
elaborated by the pseudo-second-order kinetic model. In
addition, the uniformity between the experimental values
of equilibrium adsorption capacity (g,) and the theoretical
values proved that the adsorption experiment was well fit-
ted by t pseudo-second-order kinetic model once again. The
result suggested the adsorption rate was closely related to
the effective number of adsorption sites of activated carbon
prepared from olive-waste cake rather than the concentra-
tion of 2,4-D. Therefore the adsorption kinetic could well
be approximated more favorably by pseudo-second-order
kinetic model for 2,4-D adsorption. Similar results were
also reported by other researchers [1-6,37-41]. Maximum
adsorption capacity of 2,4-D onto activated carbon was
observed at 300 min, it can be said that beyond which there
is almost no further increase in the adsorption and in thus
selected as the equilibrium contact time.

The pseudo-first-order and pseudo-second-order kinetic
models cannot identify the diffusion mechanism and the
kinetic results were then analyzed by using the intra-particle
diffusion kinetic model [11,29-31]. According to the intra-par-
ticle-diffusion model, a plot of g, versus t” should be linear if
intra-particle-diffusion is involved in the adsorption process,
and if this line passes through the origin the intra-particle
diffusion is the rate controlling step. When the plot does not
pass through the origin, this is an indication of some degree
of boundary layer control and this further shows that the
intra-particle diffusion is not the only rate limiting step, but
also other kinetic models may control the rate of adsorption,
all of which may be operating simultaneously [27,31]. As can
be seen from Fig. 6¢, the linear plots did not pass through the
origin. This indicates that the intra-particle diffusion was not
only a rate controlling step.

3.6. Thermodynamic parameters

Adsorption thermodynamics such as Gibbs free energy
change (AG®), enthalpy change (AH®), and entropy change
(AS®) provide an insight into the mechanism and adsorption
behavior of an isolated system. Its original concept assumes
that energy cannot be gained or lost, which entropy change
is the driving force [32]. Generally, free energy (AG®) values
between —20 kJ mol~ and 0 k] mol™ suggests a physisorption
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Table 5
Thermodynamic parameters for the adsorption of 2,4-D onto
activated carbon

T (K) AG® (k] mol™) AH° (k] mol™)  AS° (J mol™!
K™

298 —8.50+0.09 —19.54+4.08 —36.96+13.67

308 —8.08+0.12

318 -7.76+0.37

process; whilst AG® values in range of —80 k] mol™ to —400 k]
mol™ suggests a chemisorption process [12,29]. In Table 5,
the Gibbs free energy change (-8.50, -8.08 and —7.76 k] mol™")
during the adsorption process was negative for the experi-
mental range of temperatures, corresponding to a sponta-
neous physical process of 2,4-D adsorption onto activated
carbon at 298, 308 and 318 K. The negative value of AH®
(-19.54 k] mol™) indicates exothermic nature of adsorption
process. Meanwhile, the value of AS® was -36.96 ] mol™ K7,
which indicated increased randomness at the solid-solution
interface with the loading of 2,4-D molecules onto the exter-
nal and internal surfaces of the carbonaceous substance.

4. Conclusions

This study was demonstrated that activated carbon
obtained from olive-waste cake by chemical activation
acts as a good adsorbent for the removal of pesticides
(2,4-dichlorophenoxyacetic acid) from aqueous solutions.
The activated carbon obtained from olive-waste cake by
chemical activation (ZnCl,) has high pore volume and a
large surface area. It was found that specific surface area
and total pore volume of activated carbon were 1418.0 m?
g and 0.410 cm® g*. The surface functional groups and sur-
face morphology of activated carbon were investigated by
using FTIR spectrometer and scanning electron microscopy
(SEM) techniques. The batch adsorption studies clearly
suggest that the high adsorption capacity (129.87 mg g™)
of activated carbon in neutral solutions (pH around 6.22)
is due to the strong electrostatic interactions between its
adsorption site and pesticide (2,4-D). The optimum adsor-
bent dosage was determined as 0.2 g/100 mL because of
the 2,4-D removal efficiency is negligible at higher adsor-
bent dosages. The adsorption isotherm studies showed that
Langmuir adsorption isotherm model adequately described
the adsorption of 2,4-D onto activated carbon and the max-
imum adsorption capacity was found to be 129.87 mg g'.
In addition, 2,4-D adsorption onto activated carbon follows
the pseudo-second-order kinetic model and it has also been
applied to predict the rate constant and capacity of adsorp-
tion. The thermodynamic parameters indicated a feasible,
spontaneous and exothermic adsorption.
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