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Abstract

To investigate the thermodynamics parameters for adsorption- desorption behavior of metolachlor (nonionic
herbicides) and 2,4-D (anionic herbicides) on the selected soils by using a kinetic approach. The objective of this
study to investigate the rate constants and other kinetic parameters for the adsorption-desorption behavior and to
elucidate the effect of temperature, the experiments were done at 10, 25, 40 +1 °C. Data from the experiments
revealed that the adsorption- desorption of metolachlor and 2,4-D on the selected soil samples followed the first
order rate law, and revealed that adsorption of metolachlor and 2,4-D was spontaneous exothermic, a partly
physical and partly chemical in nature to some extent. Values of adsorption rate constant k, were in the range
0.853 - 2.263 and 0.765 - 2.399 for metolachlor and 2,4-D respectively, desorption rate constant k4 were in the
range 0.744 - 1.303 and 0.705 - 1.289 for metolachlor and 2,4-D respectively. By using the Arrhenius equation
the activation energy of each adsorption-desorption of both pesticides were calculated. The activation energy E,
for adsorption processes followed the range 14.667 - 17.361 kJ-mol'and 16.053 -31.088 kJ-mol ™' for metolachlor
and 2,4-D respectively. Values of equilibrium constant InK, were in the range 0.036 - 0.608 and 0.018 - 0.869 for
metolachlor and 2,4-D respectively. The free energy change AG® values were in the range -0.095 to -1.431
kJ-mol”, and -0.048 to -2.048 kJ-mol™" for metolachlor and 2,4-D respectively. Values of enthalpy change AH®
followed the range -5.954 to -13.353 kJ'mol” and -16.998 to -42.127 kJ-mol" for metolachlor and 2,4-D
respectively. The value of entropy change AS® followed the range-16.138 to -1.757 I'mol*K™', and -16.292 to
-61.292 J-mol™-K™' for metolachlor and 2,4-D respectively.
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1. Introduction

Sorption of a pesticide is governed by two processes: transport of adsorbate from the exterior bulk solution to the
accessible sorption site in the interior soil matrix and formation of sorptive bonding. The former is diffusion
process, and the latter is related to sorption mechanisms, such as the activation energy of sportive bonds. Either
of these processes, however, can be the rate-limiting step (Singh et al., 1986; Subramaniam et al., 2005).

Temperature is an important factor governing the rate of adsorption in soil pore. The acceleration of adsorption
reactions can be described by Arrhenius equation and may be used to predict the behavior of pesticides in soil
(Braida et al., 2003; Evarett, 1954). The effect of temperature on the rate of hydrolysis is exemplified by the
work (Smith et al., 2003; Ismail et al., 2002). The existence of a number of experiments that use a correction of
solubility- temperature effect on the standard enthalpy of the pesticide adsorption processes (Di Cesari & Smith,
1994; Cheung & Biggar, 1974).

The main factors that controlling the sorption of herbicides by SOM include, the hydrophobicity characteristic of
the adsorbent and adsorbate, and the properties of the soil system, such as clay mineral composition, pH, kinds
and amounts of exchangeable cations, moisture, and temperature (Borisover & Graber, 1997). The observed
differences in adsorption between the organic compounds in the same soil are because of difference in the
physical and chemical characteristics of the compounds (Scribner et al., 1992).

The metolachlor belongs to chloroacetanilide herbicides which used in corn crops and cotton, its soluble in water,
and poorly bound to most soils so it leaching down towards the ground water (Wauchope et al., 1992; Krutz et al.,
2004).
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The 2,4-D as acidic herbicide is most widely used herbicide to kill or suppresses unwanted plants by its chemical
structure through the herbicide’s mode of action mechanism (biochemical or physical) (McCall et al., 1980;
Parker & Doxtader, 1983). Its adsorption involved ionic interaction with positive charges in soil and also the less
energetic Van der Waals forces and charge transfer (Kahan, 1973; Nearpass, 1976). Thus sorption may occur as a
result of enthalpy-related and entropy-related forces, hydrophobic bonding is an example of entropy driven
processes; it’s due to the combination of London dispersion forces. For polar chemical the second type are
greater due to electrostatic interaction.

2. Materials and Methods
2.1 Soils

Fresh soil samples were taken from six main agricultural locations in Kurdistan Region, representing a wide
range of physico-chemical properties. Subsamples of homogenized soils were analyzed for moisture content,
organic matter content, particle size distribution, texture, pH, loss on ignition and exchangeable basic cations.
The detail was characterized in our previous article (Shariff, 2011).

2.2 Pesticides

Analytical grad substituted metolachlor [2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-methyl)
acetamide] (purity 97.8%), and 2,4-D [2,4-dichlorophenoxyacetic acid] (purity 98%) were purchased from
Riedal-de Haen, Sigma-Aldrich company. All chemicals used were of analytical grade reagents and used without
pre-treatments. Standard stock solutions of the pesticides were prepared in deionised water.

2.3 Adsoption — Desorption Experiments

Adsorption of the two pesticides and the effect of temperature from aqueous solution was determined at
temperature (10, 25, 40 = 1 'C) employing a standard batch equilibrium method (Kafia & Rounak, 2009; Ahmad
et al., 2001) Duplicate air-dried soil samples were equilibrated with different pesticide concentrations (3, 5, 10,
and 15 pg'ml™") were for the two pesticides at the soil solution ratios 4:8, 5:10 for metolachlor and 2,4-D
respectively, in 16 ml glass tube fitted with Teflon-lined screw caps. The samples plus blanks (no pesticide) and
control (no soil) were thermostated and placed in shaker for 0.5, 1, 3, 6, 9, 12 and 24 h for metolachlor and 0.5, 1,
1.5,2,2.5,3,3.5, 4, 6 and 24 h for 2,4-D. The tubes were centrifuged for 20 min. at 3000 rpm. One ml of the
clear supernatant was removed and analyzed for the pesticide concentration (Kahan, 1973; Rounak & Kafia,
2011; Suman & Gajbhiye, 2002).

Pesticide identification was done by PerkinElmer series 200 USA family high performance liquid
chromatography (HPLC). One ml of the clear supernatant was removed and analyzed for the pesticide
concentration (Kafia & Rounak, 2009). Pesticide identification was done by PerkinElmer series 200 USA family
high performance liquid chromatography (HPLC) equipped with a changed loop (20 ul), Ci3 reversed phase
column, flow rate 1.0 ml'min”', and a variable wave length UV detector at wavelengths 220 nm and 200 nm for
metolachlor and 2,4-D respectively. Separation of the two pesticides in aqueous phase was achieved with a
mobile phase of at ratio of acetonitrile and water (v/v) were 80:20, 60:40 (acidified with 0.1% phosphoric acid)
for metolachlor and 2,4-D respectively. Under these conditions the retention time of metolachlor, and 2,4-D was
5.37, 4.69 min respectively.

Desorption processes and the effect of temperature from aqueous solution were determined at temperature (10,
25,40 + 1 C and done as each test tube was placed in a thermostated shaker after equilibration for 24 h with
different pesticide concentrations (3, 5, 10 and 15 pg-ml™) the samples were centrifuged, 5 ml of supernatant was
removed from the adsorption equilibrium solution and immediately replaced by 5 ml of water and this were
repeated for four times. The resuspended samples were shaken mentioned time previously for the kinetic study.

Each sample was injected twice to determine the pesticide content by integrating the obtained peak with the
respective standard pesticides. The pesticide content was average of two measurements, with no more than 5%
deviation between the measurements.

3. Data Analysis

3.1 Adsorption-Desorption Kinetics

The rate constants for adsorption of each pesticide on soils were calculated using the first order rate expression
(Suman & Gajbhiye, 2002):

t (1)

Log(C - Cy) = LogC -
2.303
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Where k is k, is the rate constant for adsorption process (h™), t the time (hour), C is C, the concentration of
pesticide added (ug'ml") and C, the amount adsorbed (ug'ml") at time t. In all cases, first order equation
provided satisfactory fit for the data as linear plots of log (C, - C;) against t (Table 1).

The same equation used to describe the process of desorption in all experiments and on all soil samples (Soledad
M. et al., 2004). Where k is kg is the desorption rate constant (h™"), C,is the amount of released pesticides at
time t and C is C, is the amount of released pesticides at equilibrium and k is kg is the slope of straight line
which is equal to coefficient release rate of kg.s. A plot of log (C. — C;) versus t should give a straight line with
slope —k4e/2.303 and intercept of log C. of both pesticides demonstrated in (Table 1).

3.2 Equilibrium constant

The thermodynamic parameters associated with the adsorption processes which were calculated from the
variation of the thermodynamic equilibrium constant K,,, with change in temperature. The equilibrium constant
K, was obtained from the ratio adsorption rate constant k, to desorption rate constant K,.; which enable us to
calculate the thermodynamic parameters for physic-chemical equilibrium between pesticides and soil, during the
adsorption reaction which can be defined as (OP. Bansal, 2004):

k
Ko = 2 (2)
kdes
The results were summarized in table 1 for metolachlor and 2,4-D respectively, figurel-a &b show the Variation

of K, with temperatures T for metolachlor and 2,4-D respectively.

3.2.1 Arrhenius activation energy

The Arrhenius activation energy E, for the adsorption and desorption processes for each pesticide on soils were
calculated by linearised Arrhenius equation (Elkhatib et al., 2007; Chaudhary & Prasad, 1999):

Ea 3)
RT

Where k; adsorption rate constant or desorption rate constant, E,; the activation energy, R; gas constant 8.314
J-(Kmol)", and T; absolute temperature, A; preexponential factor. As the plot of -Ink against the reciprocal of
absolute temperature resulted in straight lines for each system. The activation energies were evaluated from the
slope of each linear plot as shown in table 2&3 for metolachlor and 2,4-D respectively.

Ink=1In4d-

3.2.2 Activation parameters

A plot of In (k/T) against the reciprocal of absolute temperature for each system, the enthalpy of activation, AH",
and the entropy of activation, AS" were calculated from Eyring equation (Sparks & Liebhardt, 1983; Sismanoglu
et al., 2004):

% %
1n£=ln5+AS Al “)
T h R RT
Where k; adsorption rate constant or desorption rate constant: AH'; enthalpy of activation, AS"; entropy of
activation, k; Boltzmann’s constant1.38.102 JK!, h; Plank’s constants h = 6.6.10>* Js. As shown in figure 2,
and 3 the enthalpy of activation, AH", and the entropy of activation, AS~ were calculated from the slope and the
intercept of each linear plot as shown in table 2& 3 for metolachlor and 2,4-D respectively.

The free energies of activation, AG™ for each system were determined by using the equations bellow (Lindistrom
et al., 1970).
* % *
AG =AH —TAS (5)
The values of AG™ were determined at a T value which is equal to 298.15 K, and these values are included in
table 2&3 for metolachlor and 2,4-D respectively.
3.2.3 Isosteric enthalpy of Adsorption

The isosteric enthalpy of adsorption is the standard enthalpy of adsorption at a fixed surface coverage. Values of
isosteric heat of the adsorption as a function of the amount of the chemical adsorbed (x) was calculated by the
expression (Lindistrom et al., 1970):

an = r(HCe . (6)

1
d(—-)
T
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Where C, is the equilibrium concentration, and the average were calculated for each concentration, The results
were summarized in table 4 for metolachlor and 2,4-D respectively.

3.2.4 Standard free energy change
Adsorptions equilibrium constant (K,), can be expressed in terms of the standard Gibbs or free energy for
adsorption (AG®) (Rounak & Kafia, 2011).

AG’ = —RTLnK o @)
The results were summarized in table 5 & 6 for metolachlor and 2,4-D respectively.
3.2.5 Standard enthalpy and entropy change

The standard enthalpy change of adsorption (AH®) represents the difference in binding energies between the
solvent and the soil with the pesticides. Values of AH® and standard entropy change (AS°) also determined
graphically from the following equation (Rounak & Kafia, 2011; Young et al., 2004):

W2 ®)
RT R

Plotting -InK, against 1/T, a straight line is expected the standard enthalpy change (AH®) of adsorption were

determined from the slope, and the intercept equal to AS°/R. The results were summarized in table 7.

LnKo =

4. Results and Discussion
4.1 Arrhenius activation parameters

Values of adsorption rate constant k, were in the range 0.853 - 2.263 and 0.765 - 2.399 for metolachlor and 2,4-D
respectively, desorption rate constant kq were in the range 0.744 - 1.303 and 0.705 - 1.289 for metolachlor and
2,4-D respectively. The Values of adsorption rate constant for metolachlor and 2,4-D on selected soil samples
were in were greater than the desorption constant for Metolachlor and 2,4-D on selected soil samples. Indicating
that adsorption processes was faster than the desorption for metolachlor and 2,4-D, due to the characteristics of
each pesticide and their interactions with soil constituents (Bansal, 2004). The Values of adsorption-desorption
rate constant for metolachlor and 2,4-D on selected soil samples decreased by increasing the temperature.

By using the Arrhenius equation the activation energy of each adsorption-desorption of both pesticides were
calculated. The activation energy E, for adsorption processes followed the range 14.667 - 17.361 kJ-mol" and
16.053 - 31.088 kJ-mol" for metolachlor and 2,4-D respectively. While for desorption processes followed the
range 3.635 - 8.796 kJ'mol" and 4.034 - 12.339 kJ-mol™ for metolachlor and 2,4-D respectively, and the values
of R? in range 0.862 to 0.999 for metolachlor and 0.849 to 0.999 for 2,4-D. As the values of E, for adsorption
processes were higher than desorption. E, for physical must be low (10 - 28 kJ) and high (30 — 40 kJ) for
chemisorption. The values of E, also supported the order of pesticides adsorption on soil samples. The adsorption
rate constant and amount adsorbed increased with the increase in organic matter content of soil, indicating that
the adsorption occurred via organic matter (Bansal, 2004). The highest activation energy, the stronger
temperature dependence of the rate constant. That is, a high activation energy signifies that the rate constant
changes rapidly with temperature (Lindistrom et al., 1970).

The enthalpy of activation, AH" for adsorption-desorption were calculated from Eyring equation (4). Values of
AH" followed the range -16.728 to -19.463 kJ'mol”, -6.109 to -11.269 kJ-mol" for adsorption-desorption of
metolachlor respectively. Values of AH" followed the range -18.526 to -28.573 kJ-mol”, -14.813 to -6.508
kJ-mol™ for adsorption-desorption of 2,4-D respectively. The negative values of AH indicated the possibility of a
chemisorptions. The most probable nature of the adsorption was physical type, and a hydrogen bond formation
was suggested to explain the higher value (Sismanoglu, 2004).

The values of isosteric enthalpy of adsorption were followed the range 981.579 - 1,076.642 kJ-mol”, 880.401 -
1,405.050 kJ-mol" for Metolachlor and 2,4-D respectively on selected soil samples. The values of isosteric heat
of adsorption as a function of amount of chemical adsorbed was almost the same for all the both pesticides on six
soils that support our inference regarding the mechanism of adsorption. These values were relatively small and
were of the order which was consistent with a physical type of adsorption (Young et al., 2004).

The values of entropy of activation AS” followed the range -297.93 to -309.68 J-mol™'k"', -265.67 to -283.37
J-mol k™! for adsorption-desorption of metolachlor respectively. While the values followed the range -304.675
to -338.912 J-mol "k and -266.149 to -294.931 for adsorption-desorption of 2.4-D respectively. The negative
values pointing to the formation of an activated complex by coordination or association of the both pesticides
and exchangeable cation with results loss in the degree of freedom of the pesticide (Yang et al., 2003; Griffin &
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Jurinak, 1973).

The values of free energy change AG™ for adsorption of the studied pesticides on the selected soil samples at
283.15, 298.15 and 313.15 K were summarized in tables 2 & 3 for metolachlor and 2,4-D respectively. The
values of AG" for adsorption of studied pesticides were negative and decreased with the rise in temperature,
which due to the formation of an activated complex as AG" represents the energy barrier and governs the reaction
rate (Lindistrom et al., 1970). The AG" values were in the range -102.87 to -109.38 kJ-mol”, and -82.926 to
-93.204 kJ-mol™ for adsorption-desorption of metolachlor respectively. The AG" values were in the range
-106.624 to -126.569 kJ-mol™ -83.465 to -100.092 kJ-mol™ for adsorption-desorption of 2,4-D respectively.

4.2 Equilibrium constant

Equilibrium constant K,: It is well known that K, is constant at constant temperature and the position of
equilibrium depends only on thermodynamic quantities and is independent of any consideration of kinetics or
mechanism. The large difference in the equilibrium adsorption arise mainly from the difference in the rate of
desorption. Values of equilibrium constant K, conducted by the ratio between the rate of adsorption rate to the
rate of desorption (Bansal, 2004; Gupta et al., 2004), equilibrium constant for metolachlor and 2,4-D on selected
soil samples respectively. The values of thermodynamic equilibrium constant, in all cases; are summarized in
table 5 & 6. Values of equilibrium constant InK, were in the range 0.036 - 0.608 and 0.018 - 0.869 for
metolachlor and 2,4-D respectively. Values of K, obtained can vary among soils due to the quantities and
composition of soil components. The K, values were decreased with rise in temperature as in fig la & b,
confirming that the pesticides had a high preference for adsorption at low temperature.

The values of AG® for adsorption of studied pesticides were negative and decreased with the rise in temperature,
indicating that at all experimental temperatures; the interactions of pesticides on soils were spontaneous with a
high preference of the soil surface. The magnitude of AG® also showed that the interactions of pesticides with the
soil were thermodynamically spontaneous process and adsorption occurred through a bonding mechanism. The
free energy change AG® values were in the range -0.095 to -1.431 kJ'mol”, and -0.048 to -2.048 kJ-mol” for
metolachlor and 2,4-D respectively. At constant temperature, the higher the value of AG® the slower is the rate of
adsorption. The values of AG® increased with rise in temperature. The results obtained in the present study are
similar to those of Gupta, et al. (Gupta, 2004) who reported an increase in the values of AG® with temperature.
Variation of AG® with temperature may be due to the increase in the degree of freedom of adsorbed molecules,
which enhances the desorption rather than adsorption at higher temperatures (Michael Sander et al., 2005;
Alexandre G. S. Prado et al., 2004). This indicates that the adsorption process is spontaneous, in all temperature
and for the both pesticides.

The values of enthalpy change AH® followed the range -5.954 to -13.353 kJ'mol™” and -16.998 to -42.127
kJ-mol™ for metolachlor and 2,4-D respectively. The results were summarized in table 7. The negative values of
AH’indicated the exothermic behaviors of the reaction, as the temperature increases the negative values of AH’
is decreased. The linear nature of the plot indicates that the mechanism of adsorption is not changed as
temperature is changed. The values of R* were in the range 0.889 to 0.999, and 0.883 to 0.990 for metolachlor
and 2,4-D respectively which supported the linear nature of the plot. The amount of energy released during
adsorption is changed because the supply of thermal energy is different.

The negative enthalpy of adsorption for partition coefficient, indicating an exothermic binding reaction
(Swanson & Dutt, 1973), showing that the interaction of pesticides with the soil is an energetically stable
exothermic process and the adsorption occurred through a bonding mechanism. The AH® values explained the
binding strength of pesticides to the soil. The lower negative value of AH’ indicates stronger binding. The
different values of AH® for adsorption of the same pesticide on the selected soils may be correlated to differences
in soil constituents. Thus low values of AH® pointed towered chemisorptions, hence the herbicides adsorption
may be due to coordination and /or protonation, hydrogen bonding and dipole association or van der Waal’s
forces, and metal ion bridged mechanism between the clay and / or organic molecules occur with or without a
water bridge. Our results showed that the negative values of AH® decrease with temperature. This indicates that
the interactions between the pesticides and the studied soil samples were stronger at lower temperature. The
exothermic nature of the adsorption process of all six soil samples shows that these processes are energetically
stable consistent with a physical type of adsorption.

The results were summarized in table 7 where AS° followed the range. The value of entropy change AS°
followed the range-16.138 to -1.757 Tmol k!, and -16.292 to -61.292 J'mol’":k! for metolachlor and 2,4-D
respectively. A negative slope of equation 6 means that InK,, K, itself, decreases as the temperature rises in the
case of metolachlor and 2,4-D. Therefore, in the case of exothermic reaction the equilibrium shifts a way from
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adsorption of some insight into the thermodynamic basis of this behavior which can be found in the equation 6
when the reaction is exothermic, -AH®/T corresponds to positive change of entropy of the surroundings, and
favors the adsorption. When temperature is raised -AH°/T decreases and the increasing entropy of the
surroundings which has a less potent role. As a result, the equilibrium lies less to the adsorption process. The
negative values of AS® indicate that the adsorption complexes of the herbicide formed on all six soil samples
were stabilization, Association, fixation or immobilization of the pesticides molecules as a result of adsorption
decreased the degree of freedom, causing negative entropy effect (Hundal & Pasricha, 1994; Alam et al., 2005).
The changes in the standard entropy (AS°®) of adsorption suggest a formation of ion-ion and hydrophobic
interactions in the higher spacing, resulting in the decrease in the standard entropy (Jana.T. K. & Das B., 1997,
Adlophe Monkiedje & Micheal Spiteller, 2002).

The values of entropy reflected how it’s a function for disorder, at all the experimental temperatures. The values
of entropies pointing to the formation of the complexity by; coordination or association of the herbicides and an
exchangeable cation with the resultant of the loss in the degree of freedom of the pesticide. The negative values
of AS° decreased with the increasing of temperature indicated that the reaction is spontaneous and exothermic,
for all the both pesticides and this supported our results that the increase of the temperature from 288.15 to
308.15 K leads to increase the thermal energy for the reactant and products combined with the decrease in the
rate of adsorption reaction. On the other side, the increase in the thermal energy of the reactant and product leads
to increase the disorder of reactant and product which decrease the bond energy formation for products of the
reaction (adsorption).

5. Conclusion

To understand the basic reactions in soils, the knowledge of kinetics and thermodynamics is essential.
Unfortunately, thermodynamics and kinetic investigations of clay and soils are limited. This is particularly true
for soils that contain complex mixtures of clay minerals, non-crystalline components, oxides, hydroxides and
organic matter. Adsorption experiments were conducted at 10, 25, and 40 ‘C to study the thermodynamic
(equilibrium) parameter, associated with the adsorption of the studied pesticides on the selected soil samples.
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Table 1. Adsorption rate constants k,, desorption rate constants ky and equilibrium rate constants k, for
metolachlor and 2,4-D on the selected soil samples

Soils

S Sz S; S4 Ss Se
k, (calc) 1.783 2.108 1.916 1.911 1.735 2.263
283.15 kg (calc) 1.073 1.164 1.276 1.041 1.003 1.303

K, 1.662 1.811 1.502 1.836 1.729 1.737
k, (calc) 1.366 1.502 1.532 1.348 1.326 1.696
Metolachlor 298.15K kg (calc) 1.004 1.117 1.123 0.984 0.914 1.079

K, 1.360 1.345 1.364 1.370 1.449 1.572
k, (calc) 0.977 1.162 1.069 0.957 0.853 1.158
313.15K kq (calc) 0.747 0.956 1.031 0.897 0.744 1.042

K, 1.308 1.215 1.037 1.067 1.146 1.111
k, (calc) 1.942 2.289 2.399 2.210 2.209 2.134
283.15 kg (calc) 1.173 1.289 1.164 1.220 0.925 1.235

pesticides Temp(K) | Parameter

K, 1.659 1.774 2.009 1.811 2.387 1.729

k, (calc) 1.239 1.433 1.661 1.747 1.213 1.475

2,4-D 298.15K kg4 (calc) 1.071 1.178 0.974 1.038 0.885 0.987
K, 1.157 1.216 1.706 1.683 1.369 1.494

k, (calc) 1.014 0.943 0.977 0.952 0.765 1.016
313.15K kg (calc) 0.995 0.865 0.863 0.741 0.705 0.746
K, 1.019 1.090 1.131 1.284 1.085 1.362
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Table 2. Thermodynamic parameters for the adsorption-desorption change at three temperatures for adsorption of
metolachlor on the selected soil samples

E, (kJ'mol™), R? AH, (kJ-mol™), R? AS, (J'mol K™ AG, (kJ'mol™)

Soil
Adsorption | Desorption | Adsorption | Desorption | Adsorption | Desorption | Adsorption | Desorption
-14.750 -8.796 -17.223 -11.269

S, -300.37 -283.37 -104.07 -93.204
0.991 0.862 0.993 0.909
-14.667 -4.783 -17.140 -7.256

S, -298.88 -268.68 -103.56 -84.945
0.998 0.880 0.998 0.942
-14.254 -5.283 -16.728 -7.712

S; -297.93 -269.73 -102.87 -85.705
0.974 0.993 0.980 0.997
-16.989 -3.635 -19.463 -6.109

S4 -307.79 -265.67 -108.46 -82.926
0.999 0.971 0.999 0.988
-17.361 -7.294 -19.834 -9.768

Ss -309.68 -278.78 -109.38 -90.376
0.972 0.941 0.978 0.965
-16.427 -5.545 -18.900 -8.019

Se -304.27 -270.79 -106.88 -86.317
0.988 0.885 0.991 0.946

Table 3. Thermodynamic parameters for the adsorption-desorption change at three temperatures for adsorption of
2,4-D on the selected soil samples

E, (kJ-mol™), R? AH, (kJ-mol™), R? AS, (Jmol"K™) AG, (kJ-mol™)
Soil
Adsorption | Desorption | Adsorption | Desorption | Adsorption | Desorption | Adsorption | Desorption
16.052 4.034 -18.526 -6.508
S, -304.675 -266.149 -106.624 -83.465
0.965 0.999 0.974 0.999
21.797 9.722 -24.270 -12.196
S, -323.315 -285.120 -117.757 -94.638
0.999 0.892 0.999 0.927
21.372 7.351 -23.846 -9.825
Ss -321.319 -277.970 -116.756 -90.200
0.977 0.993 0.981 0.997
20.523 12.168 -22.997 -14.640
S, -318.559 -294.266 -115.107 -99.727
0.924 0.948 0.938 0.963
31.0880.99 6.609 -28.573 -9.082
Ss -338.912 -276.936 -126.569 -89.158
8 0.849 0.998 0.912
18.226 12.339 -20.699 -14.813
Se -311.226 -294.931 -110.690 -100.092
0.999 0.991 0.999 0.994
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Table 4. Isosteric heat change of adsorption of metolachlor and 2,4-D on the selected soil samples

metolachlor 2,4-D
Soil average X (kJ/mol) Average X (kJ/mol)
298.15K 298.15K
S 966.198 880.401
S, 982.243 1,219.434
Ss 981.579 1,247.428
Sy 1,076.642 1,172.980
Ss 1,009.510 1,405.050
Se 1,044.887 1,062.569

Table 5. Equilibrium constants and standard free energy change at three different temperatures for adsorption of
metolachlor on the selected soil samples

. T, K T,K T:K

soil InK, AG? (kJ/mol) InK, AG® (kJ/mol) InK, AG?® (kJ/mol)
S, | 0508 -1.196 0.308 -0.762 0.268 -0.699

S, | 0594 -1.399 0.296 -0.733 0.195 -0.507

S; | 0.405 -0.952 0311 -0.770 0.036 -0.095

S4 0.608 -1.431 0.315 -0.781 0.064 -0.168

Ss 0.547 -1.288 0.372 -0.921 0.137 -0.357

S6 0.552 -1.300 0.452 -1.120 0.105 -0.273

Table 6. Equilibrium constants and standard free energy change at three temperatures for adsorption of 2,4-D on

the selected soil samples

. T, K T, K T; K

ol InK, | AG®(KJ/mol) InK, AG®° (KJ/mol) | InK, | AG®(KJ/mol)
N 0.504 -1.187 0.1459 -0.362 0.018 -0.049

S, 0.574 -1.350 0.196 -0.485 0.086 -0.225

S; 0.698 -1.643 0.534 -1.323 0.122 -0.319

S, 0.594 -1.397 0.521 -1.291 0.250 -0.651

S5 0.869 -2.048 0.318 -0.780 0.081 -0.212

S¢ 0.547 -1.289 0.402 -0.995 0.309 -0.803
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Table 7. Standard enthalpy change and standard entropy change (determined graphically) for adsorption of
metolachlor and 2,4-D on the selected soil samples

Soil metolachlor 2,4-D
01
AH° (kJ/mol) R> | AS° (J/mol’k) | AH® (kJ/mol) R? AS® (J/mol-k)
S -5.954 0.889 -16.998 -12.019 0.944 -38.525
S, -9.884 0.940 -30.198 -12.074 0.924 -38.195
S; -9.016 0.959 -28.199 -14.021 0.928 -43.352
S4 -13.353 0.999 -42.127 -8.356 0.883 -24.294
Ss -10.048 0.988 -30.832 -19.491 0.959 -61.976
Se -10.881 0.890 -33.485 -5.887 0.990 -16.292
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Figure 1. Variation of equilibrium rate constant with (K,)Temperature (T) for, (a) metolachlor (b) 2,4-D on the
six selected soil samples (¢ S, m S), A S;, x Sy, * Ss, @ S¢)

144 ISSN 1916-9698  E-ISSN 1916-9701



www.ccsenet.org/ijc International Journal of Chemistry Vol. 3, No. 4; December 2011

0.0p31 0.0032 0.0033 0.0034 0.0035 0.0036
E 5
X
c
-
.5 4
1/Tem (kelven)
(@
0.0p31 0.0032 0.0033 0.0034 0.0035 0.0036
S
Y -5.2 A
c
-l
-6.2 -
1/Tem (kelven)

(b)
Figure 2. Variation of In (K,/T) with 1/T for metolachlor of, (a) adsorption o (b) desorption o on the six soil
samples (‘ S,,mS,, A S; xS, * Ss, @ S6)
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Figure 3. Variation of In (K,/T) with 1/T for 2,4-D of, (a) adsorption (b) adsorption on the six soil samples(¢ S,
u S2a A S3: X S49 * SS) L4 S6)
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