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Aspect of the degradation and adsorption kinetics of atrazine
and metolachlor in andisol soil

P. Jaikaew', F. Malhat?", J. Boulange' and H. Watanabe'

Summary The degradation kinetics and sorption characteristics of atrazine and metolachlor in Japa-
nese andisol soil were evaluated using laboratory incubation of soil samples. The water content of the
soil was set to field capacity while three different temperatures (5, 25 and 35°C) were considered for
the experiment. First order model fitted the degradation kinetics of both herbicides under the inves-
tigated temperature range with half-lives ranging from 19.2 to 46.9 days for atrazine and from 23.4 to
66.9 days for metolachlor, respectively. The activation energies (Ea) of atrazine and metolachlor calcu-
lated using Arhenius equation were 21.47 and 23.91 kJ mol”, respectively. The soil sorption study was
conducted using the batch equilibrium process. The adsorption behaviors of atrazine and metolachlor
were investigated using linear, Freundlich and Langmuir isotherms although the linear and Freundlich
isotherms gave relatively high correlation coefficient (R?) and very low standard error of estimate (SEE).
The free energy (AG°®) values were in the range -30.6 to -32.0 kJ/mol, and -32.1 to -41.5 kJ/mol for atra-
zine and metolachlor, respectively. Thermodynamic parameters indicated that the adsorption is spon-
taneous, endothermic accompanied by increase in entropy. The understanding of atrazine and me-
tolachlor sorption processes is essential to determine the pesticide fate and availability in soil for pest
control, biodegradation, runoff and leaching.
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Introduction (a) (b)

Pesticides mainly enter the environment
through agronomic applications. Their in-
teractions with soil depend on their phys-
icochemical properties and on the nature
and composition of the soil (Rodriguez-Lie-
bana et al., 2011). Atrazine [2-chloro-4-eth-
ylamino-6-isopropylamino-1,3,5-triazine]
and metolachlor [2-chloro-N-(2-ethyl-6-
methylphenyl)-N-(2-methoxy-1- methyleth-
yl)- acetamide] (Figure 1a and b) are two
commonly used herbicides for control-
ling the pre- and post-emergence of annu-
al grasses and broad-leaved weeds in many
crops, including maize, sorghum, and turf
grasses (Tomlin, 2006). Atrazine was report-
ed as commonly contaminating surface wa-
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Figure 1. Chemical structures of (a) atrazine and (b) me-
tolachlor.

ter and groundwater in the United States
because of its relatively high water solubil-
ity and its widespread use (U.S. Geological
Survey 1999). Similarly, metolachlor and its
metabolites have been detected in streams,
rivers, ponds, and wells (Rebich et al., 2004;
Kalkhoff et al., 1998).

Once pesticides are applied to agricul-
tural land as they were designed, they ad-
sorb to solids (plants and soil particles) in a
dynamic process (EIShafei et al., 2009). The
sorption processes play an important role in
the fate and movement of agricultural pes-
ticides. Hall et al. (2015) reported that, the
most commonly used parameters to evalu-
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ate pesticide leaching to underground water
are the chemical half-life (DT50 day) and the
sorption distribution coefficient (K, L kg™).
Since the range of the sorption distribution
coefficient for a given pesticide depends on
the organic carbon of the soil, the sorption
parameters reported in the literature are
generally normalized in respect to the soil
organic carbon content (K , L kg™) (Oliveira
etal., 2013). Because pesticide fate and trans-
portis largely controlled by the sorption be-
havior of the chemical, accurate site-specif-
ic K _values are essential for evaluating the
potential leaching risk caused by pesticides
in soil (Chirukuri and Atmakuru, 2015). Sorp-
tion is a dynamic process in which mole-
cules are continually transferred between
the bulk liquid and solid surface and influ-
enced by the physicochemical properties of
the pesticide itself, as well as the properties
of the soil. The adsorption—-desorption pro-
cess of pesticide in soil affects not only the
movement, volatilization, and degradation
behaviors of pesticides, but also their bio-
availability, transformation by biotic agents,
and the possibility of contamination of un-
derground water or surface water (Patakiou-
tas and Albanis, 2002). In addition, Scribner
et al. (1992) reported that, the observed dif-
ferences in adsorption between the organ-
ic compounds in the same soil are because
of difference in the physical and chemical
characteristics of the compounds. Local cli-
matic conditions can strongly influence the
aforementioned soil properties and in turn,
the sorption of applied herbicides (Langen-
bach et al., 2001). Therefore, investigation of
herbicide behaviors in agricultural soils un-
der different temperatures is required to im-
prove the risk assessment of aquatic ecosys-
tem.

To evaluate the risk caused by atrazine
and metolachlor in regards to water con-
tamination, this study focuses on evaluating
the dissipation behavior and sorption char-
acteristics of atrazine and metolachlor in
andisol soil. The aim was to identify the fac-
tors influencing the degradation, and sorp-
tion of atrazine and metolachlor. The effect
of temperature on the degradation and ad-

sorption of atrazine and metolachlorin andi-
sol soil was also considered.

Materials and methods

Materials

All organic solvents and atrazine and me-
tolachlor reference standards (purity 99.5%)
were of analytical grade and purchased from
Wako Pure Chemical Industries (Osaka, Ja-
pan). Water was produced with a Milli-Q Wa-
ter Purification System (Millipore, Billerica,
MA, USA). Glass filters and syringe filters were
from Whatman (Maidstone, UK). Macroporo-
us Diatomaceous earth (MDE) column (Chem
Elut, 20 mL) was purchased from Varian (USA),
Supelclean ENVI-18 and Graphitized Carbon
Black (GCB) SPE cartridge (1000 mg, 6 mL)
was purchased from Agilent (USA).

Experimental procedures

Soil characterization. Soil samples were col-
lected from the experimental farm of To-
kyo University of Agricultural and Technolo-
gy, located on Fuchu, Tokyo, Japan. Soil was
gathered from the surface up to 10 cm deep
and was not previously treated with atrazine
or metolachlor. The soil taxonomic order is
andisol. In general, andisol soils are rich in
organic matter (OM), with high specific sur-
face area, and contain short-range ordered
minerals. Physicochemical characteristic of
the soil used in this study was described in
details by Jaikaew et al. (2015). The soil had
the following physicochemical properties:
pH 5.8, organic carbon content 6.95%, and
cation exchange capacity 34.1 (Table 1).

Dissipation in soil. After collecting the soil
from the experimental farm, it was air-dried
and sieved (2 mm diameter). Then, the soil
was transferred into vials which contained
each 10 g of soil. The soil samples (vials) were
wetted and kept at 84% of the water hold-
ing capacity. This level of water content was
the average condition observed during a
field experiment (Jaikaew et al., 2015). Since
water was re-introduced in the samples, mi-
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Dissipation and adsorption of herbicides in soil 3

Table 1. Physicochemical properties of sur-
face soil (0-5 cm) (Jaikaew et al.,, 2015).

pH (H,0) 5.8

Organic carbon content (%) 6.95

Cation exchange capacity (cmol/kg)| 34.1

Specific gravity (mg/mq) 2.50

Core Sand, 2.0-0.2mm (%) 13.7

Fine Sand, 0.2-0.02mm (%) 29.5

Silt, 0.02-0.002mm (%) 334

Clay, £ 0.002mm (%) 23.4

Soil texture (ISSS) Clay Loam (CL)

Average porosity (%) 0.79

crobial activity was reestablished. The sam-
ples were pre-incubated in dark incubators
at 5, 20 and 35°C for 14 days before fortifi-
cation with 3.0 mg kg™ of atrazine and me-
tolachlor. They were then incubated at 5, 20
and 35°Cin the dark again during the exper-
iment. The moisture content of the samples
was adjusted every 2 days at 35°C and every
2 weeks at 20 and 5°C. The amount of wa-
ter to replenish was determined by compar-
ing the weights of the pre-incubated and in-
cubated bottles. At predetermined intervals
(0, 7,14, 30, 60 and 120 days after treatment)
triplicate soil samples were removed to de-
termine the residues of atrazine and me-
tolachlor.

Jaikaew et al. (2015) reported that the
half-life values for atrazine and metolachlor
significantly reduced during winter time
having an average temperature of 5°C.
The soil microbial activities were assumed
to be insignificant as soil temperature ap-
proached to near zero °C. The effect of re-
duced microbial activity on dissipation of
pesticide in soil was examined at tempera-
ture 5°C by conducting experiment on ster-
ile and non-sterile soils. The sterilization
was carried out by three consecutive auto-
claving (TOMY 970 mm (SX-500)) for 20 min
at 120°C with aninterval of 3 h. The soil sam-
ples underwent the same procedure as that
described above. Freshly bidistilled water
was used for maintaining humidity of the
sterile soil samples.

Adsorption in soil. The batch equilibrium
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technique recommended by OECD (2000)
was used to determine the soil adsorption
constants of atrazine and metolachlor in the
andisol soil type at 5, 20 and 35°C. Before
initiation of the experiment, the soil sam-
ples were sterilized as previously described.
Sterilization was performed to restrain (pre-
vent the biodegradation of atrazine and me-
tolachlor) microbial degradation, and 50 mL
polypropylene centrifuge tubes were filled
with 25 g of sterile soil. An aliquot of 50 mL
of 0.01 M CaCl, solution was added to each
vial to produce soil solution ratio of 1:2 and
equilibrated for 4 h at 5, 20 and 35°C. To the
test vessels, 0.1, 0.5, 1.0, 3.0 and 5.0 ug g™ of
atrazine and metolachlor were added and
they were placed in a horizontal shaker at
50-60 rpm for 24 h. The vials were removed
from the rotator and centrifuged for 5 min at
approximately 3000 RPM in a cooling centri-
fuge at 5-10°C. After centrifugation, the su-
pernatant was transferred for determination
of equilibrium concentration (g ) of herbicide
as discussed later. The adsorption experi-
ments were triplicated. One blank (without
herbicides) and one control (without soil)
were included in each sample batche to as-
sure the quality control of the experiments.

Herbicides extractions. Water sample: water
samples were extracted using solid phase
extraction technique. Briefly, water samples
were filtered through a Glass Fiber filter and
then adjusted to pH = 2.5 by phosphoric
acid before extraction. Water samples were
applied to preconditioned Supelclean EN-
VI-18 solid phase extraction cartridges un-
der vacuum at a flow rate of 4 mL min™. Af-
ter the whole sample had passed through,
the cartridge was dried under vacuum for 5
min and herbicides were eluted with 6 mL of
acetonitrile at a rate of 1 mL min™. The elu-
ate was evaporated to dryness under a gen-
tle stream of nitrogen (40-45°C) and the dry
residue was re-suspended into 1 mL of ac-
etonitrile, filtered through 0.22-um PTFE fil-
ter which then was analyzed in an HPLC-
Diode Array Detection (DAD) system as is
described below.

Soil sample: Atrazine and metolachlor were
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extracted from soil samples using the or-
ganic solvent acetone and then underwent
solid phase extraction as described by Jai-
kaew et al. (2015). The water and soil extracts
were re-suspended with 2 mL of acetonitrile
filtered through 0.22-mm PTFE filter (Milli-
pore, Billerica, MA) and transferred to a glass
vial for final determination.

HPLC determination. HPLC analyses were
conducted using a SHIMADZU VP series lig-
uid chromatography, equipped photodiode
array detector (DAD). A VP-ODS analytical
column (150 mm X 4.6 mm id, 4.6 um parti-
cle size) was used. The mobile phase was ac-
etonitrile: water, 35: 65 (v/v) for atrazine and
acetonitrile: water (0.1% acetic acid) 20:80
(v/v) for metolachlor, with a flow rate of 1
mL min” and the oven temperature during
the analysis was 40°C. The injection volume
was 20 pL. Detection wavelengths for atra-
zine and metolachlor were set at 220 and
204 nm, respectively.

Data analysis

Method validation. The method was validat-
ed by assessing linearity, recovery, precision,
and specificity of peak areas. Samples of un-
treated water and soil were spiked with atra-
zine and metolachlor standard solutions at
two fortification levels (LOQ and 10 x LOQ).
Quantification was accomplished by using
a calibration curve prepared by serial dilu-
tions (concentration 0.05-5.0 ug ml?) of the
stock solution prepared in mobile phase.
Based on a signal to noise ratio of 3:1, the
limit of detection of the instrument was es-
tablished.

Dissipation kinetics and thermodynamic anal-
ysis. The dissipation processes of atrazine
and metolachlor in soil were assumed to fol-
low the first-order kinetic. The degradation
rate constant and half-life were calculated
using first-order rate equation:

C, =Cpe™ (1)

where C represents the concentration of the

herbicide residues at the time of t, C, repre-
sents the initial concentration after applica-
tion, and k is the degradation rate constant
in day”. The half-life (DT, ), defined as the
time required for the herbicide residue level
to fall to half of the initial residue level after
application, was calculated from the deg-
radation rate constant for each experiment
using egn. 2.

In(2
DT, = (2)
k
The degradation rate constant and the tem-
perature influences on the kinetic analysis of
degradation of atrazine and metolachlor in

soil under the effects of temperatures were
expressed by Arrhenius relation as follows:

)

—Ea

k= Aekr o

where k is the first-order degradation rate
constant, A is the pre-exponential factor
(day™), Ea is the herbicide degradation acti-
vation energy expressed in kJ mol”, R is the
universal gas constant equal to 8.31 x 103
(kJ mol™), and T is the absolute temperature
expressed in Kelvin. Using the propriety of
natural logarithm in regard to linearization,
eqgn. 3 becomes:

In(k) = In(4) — 24
RT
The advantage of egn. 4 is that plotting -In(k)
against the reciprocal of absolute tempera-
ture (1/T) results in straight lines. Therefore,
the activation energy of atrazine and me-
tolachlor can be extracted from the slope of
the linear plot created for atrazine and me-
tolachlor, respectively.

In this study, the temperature influence on
the rate of degradation was quantified us-
ing the parameter Q, which can be extract-
ed from the following equation:

(T-T,,)
ky = kTref O Tf ©)
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where k_ (day”) is the degradation rate at
temperature T (°C), k. (day™) is the degrada-
tion rate at a reference temperature Tref (°C).
The Q,, value is usually obtained from lab-
oratory incubation studies under controlled
temperature and soil moisture regimes.

Adsorption analysis. The amount of atrazine
and metolachlor adsorbed after equilibri-
um was calculated according to the differ-
ence between the initial and the final equi-
librium solution concentrations by Eqn. (6)
as follows:

_ (G -C)-V

e

(6)
m

where g, (mg kg") is the amount of atrazine
and metolachlor adsorbed by the soil, and
C,and C,(mg L") are the initial and equilibri-
um aqueous concentrations, respectively. V
(L) is the volume of the solution, and m (kg)
is the mass of the soil.

The sorption behaviors of atrazine and me-
tolachlor were further analyzed using linear,
Freundlich and Langmuir equations. The lin-
ear model relates the sorbed-phase concen-
tration to the aqueous concentration as:

q,=K,-C, 7)

where K, is the soil sorption coefficient (L
kg™). It incorporates both adsorption at the
mineral surface and partitioning into any
natural organic matter (ElShafei et al., 2009).
Organic matter (OM) greatly affects the ad-
sorption process of the pesticides in the soil,
mainly because the particles of organic mat-
ter or clay provide the soil with an increased
number of adsorptive sites onto which pes-
ticides molecules can bind (Rani and Sud
Sant, 2014). Therefore, K, is usually normal-
ized with respect to the soil organic matter
content (Egn. 8):
K
=—4 (8)

KOC
Joc

where K__is the soil organic carbon sorp-
tion coefficient (kg L") and f__is the amount
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of organic matter in the soil (g g7). Next, the
experimental data were tested using the
Freundlich equation which is related to non-
ideal, reversible, and multilayer adsorption
with non-uniform distribution of adsorption
heat and affinities over the heterogeneous
surface (Bajeer et al., 2012). The equation was
used in its log-transformed form (Egn. 9):

log(q,) =log(K )+ —log(C,) ©)
n

where K. (L kg™) is the adsorption coefficient
characterizing the adsorption capacity and
nis the Freundlich equation exponent relat-
ed to the adsorption intensity, which is used
as an indicator of the adsorption isotherm
nonlinearity. The Langmuir equation is val-
id when the adsorption involves the attach-
ment of only one layer of molecule to the
surface and the surface has a specific num-
ber of sites where the solute molecules can
be attached (Giles et al., 1960). The Lang-
muir equation is (Egn. 10):

1 1 1

=—+
qe QO bQO Ce

where Q; and b are Langmuir constants re-
lated to maximum monolayer adsorption
capacity and energy of adsorption, respec-
tively. The coefficient b reflects the equilibri-
um constant for the adsorption process and
is an indication of the affinity of the adsor-
bent for pesticides (Gupta et al., 2006).

The fitting of the isotherm models was
checked by the coefficient of determination
(R*) and the standard error of estimate (SEE).
The SEE value was computed as:

(10)

SEE = 2.(4,~4.) ()
n—2

where g_and g are the measured and calcu-
lated adsorbed amount of pesticide in soil,
respectively and n is the number of mea-
surement. Using the Langmuir constant, the
enthalpy of adsorption (AH®), the entropy of
adsorption (AS°), and the free energy of ad-
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sorption (AG®) can be calculated using the
following equations:

AG°=—-RTInb (12)

AG°=AH°-T -AS° (14)

Where all parameters were previously de-
fined.

Results and discussion

Method performance

The mean recoveries in water samples
for atrazine and metolachlor ranged from
97.02% to 102.2% and 95.15% to 99.33%,
while in soil samples ranged from 96.08% to
98.33% for atrazine and from 98.75 to 99.78
for metolachlor (Table 2). The RSD ranged
from 0.75 to 3.34% for atrazine and from 1.75
t0 4.12% for metolachlor, respectively. Recov-
ery rates and their RSD were acceptable. The
LODs (limits of detection) and LOQs (limit of
quantification) were found to be 0.01 mg kg™
and 0.05 mg kg™ respectively, for both herbi-
cides in both matrices. These results demon-
strate the good performance of the method.
The matrix effect of this method was inves-
tigated by comparing standards in solvent
with matrix-matched standards for five rep-
licates at 1 mg kg™. Good linearity was ob-
tained over the concentration range (0.05-5
pug mL") with R? > 0.999 for atrazine and me-
tolachlor under these conditions.

Dissipation of atrazine and metolachlor
The herbicides that are used for weed
control and more generally to protect plants
usually come into contact with soil, where
their fate and transport processes are affect-
ed by a variety of processes (de Wilde et al.,
2008). Temperature is a very important fac-
tor governing the rate of degradation in soil.
In the present study, the monitored tem-

peratures were 4.8 + 0.3, 20.3 £ 0.3, and 35
+ 0.1°C, which are close to the targeted tem-
peratures of 5, 20, and 35°C. In the follow-
ing discussion these targeted temperatures
are therefore used. The concentrations of
atrazine 1 hour after the application of her-
bicides were 2.78 + 0.04, 2.74 + 0.06, 2.79 *
0.02 mg kg for the samples kept at 5, 20, and
35°C, respectively. In the samples where soil
was sterilized and kept at 5°C, average atra-
zine concentration was equal to 2.84 + 0.08
mg kg™. The concentrations of metolachlor
were in the same ranges: 2.89 + 0.03, 2.81 +
0.01,2.85+0.06 mg kg™ for the samples kept
at 5, 20, and 35°C, respectively. The average
concentration of metolachlor in the samples
that were sterilized and kept at 5°C was 2.86
+ 0.07 mg kg™'. At the end of the experiment,
120 days after the application of herbicides,
the concentrations of atrazine were as low
as 0.49 £ 0.06,0.09 +£ 0.02 and 0.04 £ 0.01 mg
kg™ (17.5%, 3.4% and 1.6% of initial concen-
tration, respectively), while the concentra-
tions of metolachlor were 0.74 + 0.01, 0.10
0.01 and 0.08 + 0.01 mg kg™ (26%, 3.5% and
2.9% of initial concentration, respective-
ly), for temperatures of 5, 20, and 35°C, re-
spectively. The final concentration of herbi-
cides in the samples that were sterilized and
stored at 5°C were 0.54 = 0.01 and 0.81 +
0.02 mg kg for atrazine and metolachlor, re-
spectively. These concentrations were simi-
lar to that of the samples kept at 5°C and not
sterilized (Table 3).

The dissipation of atrazine and metol-
achlor in soil kept at 5, 20, and 35°C is dis-
played in Figure 2. In general, the dissi-
pations of both atrazine and metolachlor
increased with increasing temperature (Fig-
ure 2a and b). The dissipation trends of the
sterilized and unsterilized samples kept at
5°C were similar (for both atrazine and me-
tolachlor). The degradation rate constants
ranged from 0.014 to 0.036 day™’ for atra-
zine and from 0.010 to 0.028 day’, for me-
tolachlor, respectively.

The corresponding half-lives ranged
from 19.2 to 46.9 days for atrazine and from
23.4t0 66.9 days for metolachlor, respective-
ly (Table 3). The significance of difference in
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Table 2. Recovery percentage of atrazine and metolachlor.

Matrix Fortification levels Atrazine Metolachlor
name (mg kg?) (n*=15) Recovery (%) RSD**(%) Recovery (%) RSD**(%)
Water 0.05 97.02 3.34 95.15 412
0.5 102.2 0.75 99.33 1.98
Soil 0.05 96.08 1.63 98.75 2.74
0.5 98.33 1.52 99.78 1.75
* number of replicates
** Relative Standard Deviation
Table 3. Half-lives and rate equation of atrazine and metolachlor in soil.
Tempera- Atrazine Metolachlor
tures Rate equation DT50 (days)  CI* (days) Rate equation DT50 (days)  CI* (days)
5°C C, =2.538¢"" 46.9 43.2-49.6 | C,=2.568¢ """ 62.0 61.4-63.0
50 C =2.6421e"" 49.7 48.3-51.0 | C =2.603¢"" 66.9 65.7-68.0
20°C C,=2.388¢% 23.5 224245 | C =2.749¢"" 24.7 24.3-25.0
35°C C, =2.487¢"" 19.2 18.1-20.2 | C, =2.404¢ "™ 23.4 23.1-24.0

* Lower and upper 95% confidence intervals of the half-life

** Sterilized samples
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Figure 2. Dissipation of the herbicides (a) atrazine and (b) metolachlor at different soil temperatures.
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half-life values at different temperatures was
investigated for all combinations of tempera-
tures for atrazine and metolachlor (Student’s
t test, a=0.05). The results were identical for
both herbicides; there were no significant
differences between the half-lives computed
at 35 and 20°C. In addition, sterilized and un-
sterilized samples at 5°C also yield statistical-
ly identical half-lives. Pesticide degradation
was reported to be optimal at mesophilic
temperature range (Topp et al., 1997). The
half-life values of atrazine and metolachlor
confirm this statement as there were signifi-
cant differences between the half-lives com-
puted at 5°C (sub-optimal conditions) and
20 or 35°C (optimal temperature conditions).
The results regarding half-life calculated for
the samples kept at 5°C supported that, in
those samples, biodegradation was limited
while the major dissipation pathway was as-
sumed to be identified as being hydrolysis.
For all the other combinations of tempera-
tures, the computed half-life of atrazine and
metolachlorwere significantly different. Con-
sequently, the dissipation rates of both her-
bicides were significantly affected by tem-
perature ranging from 20 to 5°C. Vryzas et al.
(2012) reported that the DT50 ranged from
5 to 18 days for atrazine and 56 to 72 days
for metolachlor, respectively. Another study
by Gaynor et al. (1998) stated that the DT50s
of atrazine and metolachlor were similar and
ranged from 31 to 66 days. In general, atra-
zine and metolachlor are considered to be
persistent in soils and their half-life ranged
from 15 to more than 60 days depending on
the soil physicochemical properties (Byer et
al., 2011). The low half-life values reported
in the literature (Barriuso and Houot, 1996;
Vanderheyden et al., 1997; Singh et al., 2003;
Yassir et al., 1999) were related to (1) high
soil pH which support higher bacterial bio-
mass, (2) soil exposed to repeated applica-
tions of herbicides, and (3) specific manage-
ment practices . The half-life of atrazine and
metolachlor computed in this study are in
agreement with the literature (Gaynor et al.,,
1998) and a previous field monitoring study
(Jaikaew et al., 2015). The long half-lives of
atrazine and metolachlor calculated for 5°C

were similar to those observed in the field
during the winter season while the shorter
half-lives at 20 and 35°C were similar to those
observed in the field during the summer sea-
son (Jaikaew et al., 2015).

The activation energies of atrazine and
metolachlor calculated using Arhenius
equation (Eqn. 4) were 21.47 and 23.91 kJ
mol™, respectively. The Ea of atrazine and
metolachlor in this study is smaller than that
reported in EFSA (2005). The Q,; approach
gives a quantitative measure of the dissipa-
tion response to temperature. The average
Q,,s computed for atrazine and metolachlor
were 1.35+0.22 and 1.42 + 0.41, respectively.
It can be interpreted as an increase of 10°Cin
temperature would increase atrazine degra-
dation by 1.35 fold while the degradation of
metolachlor would increase by 1.42 fold. The
Q,,s of atrazine and metolachlor were both
larger than that reported for the fungicide
azoxystrobin (Purnama et al., 2014) but low-
er than the default value of 2.58 proposed
by the FOCUS Work Group (FOCUS, 2011). In
this study, the soil moisture content of the
soil was kept at about 84% of the field ca-
pacity which probably explain the differenc-
es in half-life. Topp and Smith (1998) report-
ed that the Q,, of atrazine and metolachlor
was typically greater is soils with higher soil
moisture content, while the average Q, for
three soil types were 2.52 and 1.77 for atra-
zine and metolachlor, respectively.

Adsorption equilibrium of atrazine and
metolachlor

The present investigation primarily fo-
cuses on the effect of temperature with
respect to adsorption. The adsorption
isotherms obtained for atrazine and me-
tolachlor were characterized by Giles et al.
(1960) as C-shaped (Figure 3). This type of
isotherm is characterized by the constant
partition of solute between solution and
substrate, until the maximum possible ad-
sorption, where an abrupt change to a hori-
zontal plateau occurs. In this study, the pla-
teau is not visible, therefore the isotherms
can be classified as C-1 following the clas-
sification established by Giles et al. (1960).

© Benaki Phytopathological Institute
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This indicates that within the concentration
range used for atrazine and metolachlor, the
complete saturation of the soil surface has
not been reached. The linearity of the ad-
sorption process indicate that the number
of sites for adsorption remains constant: as
more solute is adsorbed, more sites must be
created (Giles et al., 1960). The sorption of
atrazine and metolachlor in this andisol soil
was moderate, as indicated by the low K.and
K, values presented in Table 4. The sorption
of both herbicides was well fitted by the lin-

61 (a)

—B8— Atrazine 5 °C

—{1— Atrazine 20 °C

Atrazine absorded (mg kg!)
w

—l— Atrazine 35 °C

0 0,2 0,4 0,6 0,8 1 1,2
Atrazine in solution (mg L)

ear, Freundlich and Langmuir isotherm (R* >
0.98). However, the SEE were the highest us-
ing the Langmuir equation (Table 4). There-
fore, the adsorption data can be explained
better using the linear and Freundlich iso-
therm at all experimental temperatures. The
sorption isotherms of atrazine were close to
being linear since n was equal to unity for
the experiments kept at 5 and 35°C while it
was equal to 0.99 for the experiment kept at
20°C (Table 4). C-type (n=1) isotherms have
been also described for the sorption of atra-

T (b)

i3

a0 O

£ &

3 4] ,

-E a”/"

© ’J:L;:‘

S 24 ’,"/” --4=F-- Metolachlor 5 °C

S e

2 o ---0-- Metolachlor 20 °C

o g .-

2

g ---- Metolachlor 35 °C
0 ; . : .

0 0,5 1 1,5 2

Metolachlor in solution (mg L)

Figure 3. Adsorption isotherm of (a) atrazine and (b) metolachlor at different temperatures (error bars shows standard de-

viation).

Table 4. Linear, Freundlich and Langmuir isotherms and adsorption coefficients of atrazine

and metolachlor.

Atrazine Metolachlor
Models Parameters
5°C 20°C 35°C 5°C 20°C 35°C
K, (Cl) 452 451 418 3.12 2.94 3.05
) (Lkg™ (3.47-5.06) (3.70-5.07) (3.11-4.79) | (2.39-3.80) (2.40-3.31) (2.65-3.72)
Linear R 0.99 0.99 0.98 0.98 0.99 0.98
SEE 0.60 0.25 0.36 0.25 0.36 0.29
K. (Cl) 4.4 4.52 am 2.98 3.04 3.15
(Lkg™ (4.38-4.45)* (4.47-4.55)° (3.91-4.34)%| (2.96-2.99)* (3.00-2.99)* (3.05-3.25)*°
Freundlish n 1.00 0.99 1.00 0.98 1.00 0.97
R? 0.99 0.99 0.98 0.99 0.98 0.99
SEE 0.35 0.24 0.39 0.30 0.28 0.26
b (L mol™) 0.95 3.86 6.42 1.6E2 1.86 6.5E7
. Q0 (mol g™ 4.88E3 1.13E3 7.51E# 1.78E" 1.57E3 7.51E3
Langmuir
R? 0.99 0.99 0.99 0.99 0.99 0.99
SEE 0.65 1.55 1.60 0.66 1.07 0.43

Cl: Upper and lower 95% confidence interval

a, b: Assess the significance of the K, K, and computed at different temperatures (two tailed t-test, a=0.05)
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zine on soils (Celis et al., 1997). The exponent
1/n of metolachlor was less than 1 for tem-
perature of 5 and 35°C which indicating that
metolachlor adsorbed to the andisol soil de-
creased slightly as the initial concentration
increased (Flores et al,, 2009; Seybold and
Mersie, 1996). Adsorption of atrazine and
metolachlor can be considered to be linear
over the concentration range evaluated. The
significance in difference of K. and K, at dif-
ferent temperatures was investigated using
two tails t-test, assuming equal variance in
the data for all combination of temperatures
(Table 4). The results were contrasted, and
no temperature effect was detected with
the adsorption of atrazine and metolachlor.
In general, decreasing herbicide adsorption
at higher temperatures has been observed
and correlated to the increase of the solubil-
ity of herbicide (Kovaios et al.,, 2006). Atra-
zine solubility in water was reported to be
33 mg L' at 20°C while the solubility of me-
tolachlor in water was 530 mg L' at 20°C
(Nemeth-Konda et al., 2002). In addition, at
higher temperatures, the bond between
component atoms and soil surface might be
weaker so that herbicides can easily move
from soil to water solute, resulting in a de-
crease of sorption with increasing temper-
atures. These trends were however not ob-
served in the reported experiments.

The sorption results of atrazine and me-
tolachlor were similar to those reported in
the literature. The K, values reported for
atrazine include 0.2-4.2 L kg"' (Brouwer et
al., 1990), 3.8-6.5 L kg (Sharon and Koskin-
en, 1990), 0.4-3.1 L kg™ (Moreau and Mouvet,
1997),and 1.5-2.0 Lkg™ (Seybold and Mersie,
1996). For metolachlor, K. ranging from 3.72
to 6.61 and n ranging from 0.97 to 1.17 were
reported by Krutz et al. (2004). The K, values
determined for metolachlor in this paper are

also within the range of the K, reported in
the literature (Krutz et al., 2004).

To compare our result with other studies,
the adsorption coefficients were normalized
with respect to the organic carbon content
of the soil used in this experiment (Egn. 8);
for this andisol soil, the K _varied between
59.7 and 64.0 L kg™ for atrazine and between
43.1 and 45.7 L kg™ for metolachlor, respec-
tively. K _was reported to be negatively cor-
related with the aqueous solubility of chem-
icals (Seybold and Mersie, 1996). This trend
was confirmed by this experiment as the sol-
ubility of atrazine is lower than that of me-
tolachlor and the average K _of atrazine was
higher than that of metolachlor.

Adsorption thermodynamic of atrazine
and metolachlor

The effect of temperature and moisture
on the mass transfer of solutes is particularly
complex, where solubility of compounds in
water, transport to the binding sites via dif-
fusion and chemical sorption reactions are
enhanced at higher temperatures (Tripathi
et al., 2015; Chirukuri and Atmakuru, 2015).
The enthalpy and entropy values can give
some indication of the type of mechanism
involved in the sorption process. For the en-
thalpy (AH®), Van der Waals interactions pre-
vail at low energy level while H bonds are
the main interactions in the range of 8-40 kJ
mol™ (DiVincenzo and Sparks, 1997). Chem-
ical sorption was reported to be associat-
ed with enthalpy higher than 40 kJ mol”
(Flores et al., 2009; Rani and Sud Sant, 2014).
The enthalpy of adsorption of atrazine and
metolachlor calculated for this study were
45.5 and 82.9 kJ mol”, respectively (Table 5).
The value for atrazine indicated H bond in-
teractions between atrazine and soil func-
tional groups. The sorption of s-triazines on

Table 5. Thermodynamic parameters for adsorption of atrazine and metolachlor in andis-

ol soil.
- AG° (kJ/mol)
AH® (kJ/mol) AS° (J/mol K)
278 K 293 K 308 K
Atrazine 45,5 77.2 32.0 31.8 30.6
Metolachlor 82.9 409.1 41.5 32.1 36.5
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organic matter was indeed governed by H
bonds and proton transfer between s-triaz-
ines and acidic groups of humic substanc-
es (Barriuso et al., 1997). For metolachlor,
our findings suggest that sorption is mainly
driven by chemical interactions. In addition,
the adsorption of atrazine and metolachlor
on andisol soil was confirmed as being en-
dothermic by the positive AH° (Table 5). The
entropy (AS°), of atrazine and metolachlor is
positive, resulting in an increase in the disor-
der which have been interpreted by ElSha-
fei et al. (2009) and Gurses et al. (2004) as the
increasing degree of freedom of the water
molecules as the molecules of herbicides
decrease. The positive value of entropy re-
sulted in negative values for AG° which in-
dicates spontaneous adsorption processes
and that adsorption occurs through a bond-
ing mechanism (ElShafei et al., 2009; Gupta
et al., 2006; Shariff, 2011). In general, the val-
ue of AG® for adsorption decreased with in-
creasing temperature indicating that the in-
teraction of pesticide was spontaneous with
high preference of the soil surface.

Conclusion

In conclusion the half-lives of atrazine were
46.9, 23.5, and 19.2 days at 5, 20, and 35°C,
respectively. The half-lives of metolachlor
were 62.0, 24.7, and 23.4 days for 5, 20, and
35°C, respectively. The dissipation rate of
atrazine and metolachlor were significantly
affected by temperature in the 5-20°Crange.
Investigation of the adsorption behaviors of
atrazine and metolachlor using linear, Freun-
dlich and Langmuir isotherms, showed that
the linear and Freundlich isotherms well fit-
ted the experimental data. The range of the
parameters were similar to those reported
in the literature; K _of atrazine ranged from
59.7 and 64.0 L kg™ while that of metolachlor
ranged from 43.1 and 45.7 L kg™'. Tempera-
ture did not affect the adsorption of atrazine
and metolachlor. The sorption of both herbi-
cides was highlighted as being endothermic
by calculating the enthalpy of adsorption
which was positive. In addition, the range of

© Benaki Phytopathological Institute

the parameter suggested that atrazine and
metolachlor adsorbed to soil majorly due to
H bond interactions and chemical interac-
tions, respectively, between herbicides and
soil functional groups.
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Kiwvntikn amodopnong kat po@nong twv {I{avioktovwy
atpalivn kat metolachlor o€ éda@o¢ n@ailcTelaKNG TEPpag

P. Jaikaew, F. Malhat, J. Boulange kat H. Watanabe

NepiAnyn Ztnv mapovoa epyacia aflohoyROnKe n KIVNTIKK amodounong Kat Ta XapaKTnPIoTIKA po-
@nong twv (llavioktévwy atpadlivng kat metolachlor o 1anwvikd €dagog neatoTtelaknc téppag (andi-
sol). H kivntikr) TN amodounonc SiepeuvnOnke e emwaon Twv Selyudtwy e6APOUC OTO EPYAOTIPIO.
H meplekTikOTNTA 0 vePd opiobnke otnv udatoikavotnta Tou e6APOUC, EVW Yia To Teipapa Aeon-
Kav undPn Tpelg SlapopeTikéC Beppokpaaieg (5, 25 kat 35°C). H kivnTikr amoddéunonc kat Twv dvo (ila-
VIOKTOVWV amodoOnKe XpNOILOTOIWVTAS KIVNTIKA TPWTNE TAENS 0TO OUYKEKPIUEVO EUPOC BepoKpa-
olag, e xpovoug nuIwnE mou Kupaivovtav amod 19.2 €éwg 46.9 nuépeg yla v atpadlivn kal amd 23.4
o€ 66.9 nuépeg yia to metolachlor, avtiotoiya. O evépyeleg evepyomoinong (Ea) Tng atpadivng Kal Tou
metolachlor umohoyiotnkav xpnoipomolwvtag tnv e€iowon Arhenius kat ftav 21.47 kait 23.91 kJ mol”,
avtiotoixa. H pehétn pédenong oto ¢dagog mpayuatomolidnke xpnotpomolwvtag tn pébodo batch
equilibrium. H oupmepipopd mpoopognong Tn¢ atpadivng kail tou metolachlor diepevviBnkav xpnot-
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pomolwvTag TIG 1060eppeg Mpappikn, Freundlich kat Langmuir. And autég, ot 1060gppeg Mpappikg Kat
Freundlich ¢dwoav oxetikd uPnAo cuvteAeoTh cUOXETIONG (R?) Katl TTOAD XaUNAG TUTTIKG OQAAUA EKTI-
MNong (SEE). H eAe0Bepn evépyela (AG®) KupdvOnke yia tnv atpadlivn amé -30.6 €w¢ -32.0 kJ mol”, kat yia
1o metolachlor amé -32.1 éw¢-41.5 kJ mol™. H a§loAdéynon twv Beppoduvapikwy mapapétpwy £deiée ot
n mPoopO@naon ivat auBopuntn, evodBepun Kal cuvodeleTal amd avénon Tne evipomiac. H katavon-
on Twv dladikactwv pdenonc tn¢ atpadivng kai tou metolachlor ival amapaitntn oto kaboploud TnC
TUXNG KOl CUUTTEPLPOPAG TWV PUTOPAPHAKWY Kal TNG S1aBECINOTNTAG TOUC GTO £60POG, Yia TOV EAeYXO
TWV QUTOTTAPACITWY, TN Bloamoddunon, TNV AMoPPON Kal TNV EKTTAUON.
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