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Adsorption and Desorption Behavior of Herbicide Metribuzin
in Different Soils of Iran
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ABSTRACT

In this study, the batch equilibrium method was used to conduct metribuzin
adsorption/desorption experiments with eight soils from different regions of Iran. The
results indicated that the organic carbon (OC) content, clay content, cation exchange
capacity (CEC), and pH had a combined effect on the metribuzin adsorption on soil.
Under the experimental conditions, the adsorption amount of metribuzin on soils was
positively correlated with the content of soil organic carbon. Freundlich adsorption
isotherm provided the best fit for all adsorption and desorption data. The values of K. .45,
Freundlich adsorption capacity, ranged from 0.16 to 2.53 L kg. Soil organic carbon
content and pH were the main factors influencing adsorption. Adsorption was positively
correlated with OC and negatively correlated with pH. Metribuzin desorption showed
that almost all of the adsorbed metribuzin was desorbed in all soils, except soil 1 and 8.
However, adsorption was not completely reversible.
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INTRODUCTION

The increasing worldwide need for food
demands a higher agricultural productivity,
which can partly be achieved through the
use of pesticides. Unfortunately, pesticides
contaminate the environment through
intensive or inappropriate use (Commission
of the European Communities, 1991;
Dhawan et al., 2009). The negative impact
of the use of pesticides on human health and
on the environment has attracted much
attention (Brown et al., 2003; Hendawi et
al., 2013; Liaghat and Prasher, 2003).
Quantifying the fate of applied herbicides in
the soil is essential for minimizing their
mobility in the soil environment (Selim and
Naquin, 2011).

The herbicide Metribuzin [4-amino-6-(1,1-
dimethylethyl)-3-(methylthio)-1,2,4-triazin-

5(4H)-one ], a triazine, is widely used as a
selective  herbicides for pre and
postemergence control of annual grasses
(Papadakis and Mourkidou, 2002; Worthing,
1987) and numerous broadleaf weeds in the
field and vegetable crops, turf grass, and on
fallow lands by inhibiting photosynthesis of
susceptible plant species (WSSA, 1994).
Metribuzin is a white crystalline solid
compound with a molar mass of 2143 ¢
mol” and solubility of about 1.22 g L in
water. It is highly soluble in most organic
solvents including acetone (820 g L) and
methanol (450 g LY. Metribuzin is a
heterocyclic, basic organic molecule and its
molecular formulation is CgH;4N,OS (Figure
1) (Kidd and James, 1991).

The adsorption—desorption behavior of a
soil-applied herbicide is one of the most
important factors governing its
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Figure 1. The chemical structure of
metribuzin.

environmental impacts such as degradation,
transition, and leaching (Pusino, 2004). Soil
is a heterogeneous mixture of several
components, many of which are organic and
inorganic compounds of varying
compositions and surface activities, and may
thereby considerably affect the herbicide
behaviors. Various soil characteristics such
as organic carbon content, clay content, pH,
and CEC have been determined to affect the
adsorption—desorption of herbicides (Lin et
al., 1997; Morrica et al., 2000; Pusino,
2004).

Based on the U.S Environmental
Protection Agency health advisory report,
metribuzin level for drinking water is 175
ug L. Metribuzin concentrations in ground
water were reported in the range of 0.60-
6.80 ug L' (Goodrich et al., 1991). Triazine
herbicides are weakly basic and can be
adsorbed to both soil organic carbon and
clay minerals (Goss, 1992; Weber, 1994)
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and as the soil pH decreases, the adsorption
increases slightly (Landlie et al., 1976). The
extent to which metribuzin leaches to
ground water is an inverse function of
organic matter content of soil. It s half-life in
soil ranges between 2.5 and four months
(Sharom and Stephenson, 1976).

No data has been published on the
adsorption—desorption of metribuzin in
Iranian soil. The objectives of this research
were: (1) to study the detailed adsorption
isotherms and desorption characteristics of
metribuzin in eight types of soils with
various physical and chemical properties, (2)
to quantify metribuzin desorption hysteresis,
and (3) to investigate the influence of soil
properties on its adsorption—desorption.

MATERIALS AND METHODS
Soil Samples

The eight soil samples used in this study
were collected from agricultural fields and
contained no detectable amount of
metribuzin residues. Samples taken from the
plow layer (0-20 cm), were air dried at room
temperature, mixed thoroughly, and sieved
through 2 mm mesh. Some physical and
chemical properties of the soils were
determined, which are summarized in Table
1. Soil pH was measured in 1:2.5 soil-water
suspension with a glass pH electrode, the
soil organic carbon was measured by

Table 1. The physical and chemical properties of the tested soils.

Soil Textural Class pH Organic Clay Sand Silt CEC*
No. Carbon
% cmol (+)Kg™!

1 Loam 7.73 2.33 254 40.96 33.64 23.15
2 Loam 8.01 0.475 234 38.96 37.64 22.23
3 Clay Loam 7.82 0.62 374 36.96 25.64 30.35
4 Clay Loam 7.64 1.38 294 32.96 37.64 25.36
5 Silty Clay 7.78 0.76 454 14.96 39.64 34.97
6 Clay Loam 7.96 0.475 31.4 36.96 31.64 17.48
7 Loam 7.6 0.475 13.4 50.96 35.64 12.77
8 Sandy Loam 7.97 0.62 19.4 58.96 21.64 20.62

“ cation exchange capacity
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oxidation method with K,Cr,0;-H,SO,. The
CEC was determined by the ammonium
acetate method, soil particle fractions were
determined by the hydrometer method (Gee
and Bauder, 1988).

Herbicide and Chemicals

Analytical grade metribuzin with purity of
99% was used for the present study. The
organic reagents used included acetonitrile,
ethyl acetate, calcium chloride, and sodium
sulfate, all of analytical grade. Standard
stock solution of metribuzin (1,000 mg L™
was prepared in acetonitrile and stored in the
dark at 4°C. Working standard solutions
were prepared by appropriate dilutions in
0.01 mol L™ CaCl, solution (0.01% NaNy3).

Adsorption/Desorption Experiments

Adsorption experiments were carried out
using the batch equilibrium technique. Five
gram of air-dried soil was placed in 50 mL
Teflon centrifuge tubes with screw caps and
equilibrated with 25 mL of 0.01 mol L™
CaCl, solution (0.01% NaNj) containing 6
different concentrations of metribuzin (0.07,
0.1, 0.3, 0.5, 0.7, 1 mg L"). One series of
tubes without soil was also monitored as the
control to determine the effects of
metribuzin adsorption onto the tubes and the
following  possible  degradation  of
metribuzin during the process. The amount
of metribuzin adsorption to centrifuge tubes
was negligible (< 1%).Thus, the reduced
herbicide in solution was considered to be
responsible only for soil adsorption. Then,
soil suspensions were shaken on a
reciprocating shaker for 24 hours at 25+1°C
in dark. Preliminary experiments indicated
that 24 hours shaking was sufficient to reach
the apparent equilibrium (result not shown).
Subsequently, the suspensions  were
centrifuged at 4,500 rpm for 15 minutes.
After extraction of the analyte from the
solution, it was analyzed by gas
chromatography. The amount of metribuzin
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adsorbed was calculated from the difference
between the initial and final concentration in
solution. All experiments were conducted in
duplicate.

Desorption experiments began
immediately after the adsorption experiment.
Supernatants with the volume of 5 mL were
withdrawn from the adsorption treatments
with 0.5, 0.7, and 1 mg L', respectively, and
were replaced with the same volume of
metribuzin-free 0.01 mol L CaCl, solution
and, then, samples were re-equilibrated on a
reciprocating shaker for 24 hours at 25+1°C.
After that, the samples were centrifuged for
15 min at 4,500 rpm. These steps were
repeated  four  times  consecutively.
Subsequent analyses were conducted as
described above. The concentration of
metribuzin in solutions was determined, and
the amount of desorbed metribuzin by the
soil after each adsorption step was
calculated. Thus, each level of dilution,
provided one point to the desorption
isotherms.

Effect of pH on Adsorption

The  adsorption  experiments  were
conducted at different pH values of 0.01 M
CaCl, solutions by addition of HCI and
NaOH. The pH of solutions were adjusted to
4.5, 6.5 and 8.5 respectively. The initial
concentrations of metribuzin were 0.07, 0.1,
0.3, 0.5, 0.7, and 1 mg L. Then, the test
was carried out in the same way as the batch
equilibration experiments described above.
In this study, three different types of soils
were used to determine pH effect on
metribuzin adsorption in soils.

Metribuzin Extraction and Analysis

Metribuzin residue from solution was
extracted as below: A 1-ml aliquot was
sampled from the supernatant and 2 mL of
ethyl acetate was added and shaken for 1
minute. After shaking, the samples were left
for 1 minute and 1 g of anhydrous sodium
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sulfate was added to each tube to remove
any trace of moisture from the ethyl acetate
fraction (Majumdar and Singh, 2007). The
upper ethyl acetate layer was collected to
determine metribuzin concentration and
stored at 4°C prior to analysis by gas
chromatography equipped with electron
capture detector (GC-ECD). Metribuzin
concentrations in the ethyl acetate fraction
were quantified by an Agilent, 7890A GC
equipped with ®Ni electron capture
detectors (ECD) and fitted with HP-5
column [30 m longx0.32 mm (id)x0.25 pm
(film thickness)]. The gas chromatograph
operating conditions were: initial oven
temperature 120°C, oven temperature 120 to
270°C at 20 °C min" with a final holding
time of 0.5 minutes, detector temperature,
300 °C, injector temperature 300°C and
carrier gas (N,) flow rate (99.99% purity) 5
mL min™. Under these conditions, retention
time of metribuzin was 6.248 min. Recovery
of metribuzin from samples was more than
92.5%. The concentration of analyte was
quantified using external standards in the
range of 0.01-5 mg L™".

Data Analysis

Amounts of adsorbed metribuzin were
determined by the mass balance equation,
expressed as Equation (1):

_ v(c, —c) 0
m

Where, g is the specific adsorbed amount
of solute (mg kg), V is the volume of the
equilibrium solution (25 mL), Ci and C
represent the initial concentration and the
remaining  solution  concentration  of
metribuzin (mg L), respectively, and m is
the mass of the air-dried soil (g). The two
most widely used linearized form of the
equations, Freundlich and Langmuir, were
employed to describe adsorption and
desorption isotherms and are defined as
Equations (2) and (3), respectively:

Logq = LogKf +LfL0gC 2)
n
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c_ L + 1 C 3)

qg kb b

Where, ¢ is the metribuzin concentration
on the soil after adsorption/desorption (mg
kg'), C is the metribuzin equilibrium
concentration in solution (mg L"), and K;
and n are the adsorption -coefficients
characterizing the adsorption-desorption
capacity and the Freundlich equation
exponent related to adsorption intensity that
is used as an indicator of the adsorption
1sotherm nonlinearity, respectively, and b is
the maximum adsorption capacity; K is the
Langmuir constant, which is indicative of
relative adsorption energy.

The OC-normalized constant (K, was
calculated for adsorption as Equation (4):

Koc = kd
Y%ooc

Where, K, as the distribution coefficient,
was calculated by the equation K;,= ¢/C, g
and C are the same as above; % OC is the
percentage of organic carbon of soil
(Hamaker and Tompson, 1972). The
hysteresis coefficient, H, for the adsorption
and desorption isotherms was calculated
according to Equation (5):

H:ﬂ 5
n

Where, n and n; are the Freundlich
constants obtained for the adsorption and
desorption isotherms, respectively (Barriuso
et al., 1994). Relationships between soil
properties and adsorption coefficients were
tested by Pearson correlation. The statistical
analysis and model development were
performed using the software SPSS 16.0 for
Windows.

x100 “4)

RESULTS AND DISCUSSION
Soil Characteristics

As shown in Table 1, the soil
characteristics varied widely. The organic
carbon content varied from 0.475 to 2.33%.
Soil pH ranged from 7.60 to 8.01, and clay
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content varied from 13.4 to 45.4%. The CEC
ranged from 12.77 to 34.97 cmol (+) kg
Among soil properties, the organic carbon
content was positively correlated with clay
content and CEC, and was negatively
correlated with pH and sand content. The
clay content was positively related to the
CEC, but was negatively related to sand
content. The sand content was negatively
correlated with silt and CEC (Table 2).

Adsorption Isotherm

The simulation parameters of Freundlich
and Langmuir Models are presented in Table
3. The results showed that the coefficients of
determination (rz) and Langmuir constants

JAST

of most of the soils were significant, but for
Freundlich equations, both coefficients of
determination (r*) and the constants (K; n)
were significant. The results indicated that
the isotherms were well described by the
Freundlich equation. Vryzas et al. (2007)
described the same result for metolachlor,
atrazine, and three conversion products of
atrazine. The adsorption of metribuzin by
soils increased with solution concentration
(Figure 2), suggesting that adsorption sites
were not saturated at the concentrations used
in this study (except for soils 1 and 7). The
adsorption of metribuzin in the different
soils studied increased in the order: soil 1>
soil 8> soil 4> soil 5> soil 3> soil 6> soil 2=
soil 7. Therefore, it can be concluded that
soils number 1, 8, and 4 had high adsorption

Downloaded from ormr.modares.ac.ir at 23:16 IRDT on Monday May 7th 2018

Table 2. Correlation coefficients between soil properties for the 8 soils studied (N= 8).

Organic Carbon pH Clay Sand Silt CEC’
Organic Carbon 1
pH -0.421 1
Clay 0.022 0.074 1
Sand -0.101 0.138 -0.877" 1
Silt 0.170 -0.402 0.188 -0.637" 1
CEC 0.166 0.010 0.874™  -0.750°  0.131 1

“ Cation Exchange Capacity.
** Correlation is significant at 0.01 probability level, * Correlation is significant at 0.05
probability level.

Table 3. Adsorption constants and coefficient of determination (1*) of metribuzin on the eight
soils based on the Freundlich and Langmuir equations.

Soil Freundlich langmuir
Kfaas" /g r Kocb K¢ b’ r
(Lkgh) (Lkgh)
1 2.53" 0.908" 0.9977  108.584 0.445"  7.407 0.673"
2 0.18" 0.609" 0.989"  37.895 17217 02747 08617
3 0.57" 0.727" 0.991"  91.935 13917 08747  0919"
4 1.08" 0.804" 0.997"  78.261 0.853"  2.155" 0.84"
5 0.75" 0.741" 0.989"  98.684 03517 4.115 0.685"
6 0.32" 0.678" 0.997"  67.368 14527 05047  0.895"
7 0.16" 0.895" 0.982"  33.684 1.497" 0.667 0.817
8 1.817 0.873" 0.999”  291.935 0.597" 43487 0895

“ Kpqas 1s the Freundlich empirical constant indicative of the adsorption capacity; ng is the
Freundlich empirical constant indicative of the adsorption intensity; ° Organic carbon-
normalized constant, © K is the Langmuir constant, which is indicative of relative adsorption
energy, ¢ b is the maximum adsorption capacity of Langmuir model.

™ Correlation is significant at 0.01 probability level, = Correlation is significant at 0.05
probability level.
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——Soil 1 —0—Soil 2 ——Soil 3 —<Soil 4
——Soil 5 —o—Soil 6 —+—Soil 7 —Soil 8
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Figure 2. Adsorption isotherms of metribuzin on eight soils. ¢ is the amount of metribuzin

adsorbed per unit weight of soil and C is the equilibrium metribuzin concentration.

capacity for metribuzin; while soils number
2, 6, and 7 had low adsorption capacity. The
highest adsorption capacity (K= 2.53) of
soil 1 was about 16-fold of the lowest
adsorption capacity (K= 0.16) of soil 7. The
calculated K; by Johnson and Pepperman
(1995) and Lagat et al. (2011) are in the
range of K coefficients for metribuzin in the
present study.

Simple correlation coefficients between
soil properties and adsorption parameters (K;
n) of metribuzin are summarized in Table 4.
There was a significant positive relationship
between the K and the OC content (r= 0.809,
P< 0.01), while the relationship between the n
value and the OC content (r= 0.500) was
negative. It is difficult to understand the nature
of the relationship between OC and Ky only by
simple correlation analysis. Soil organic
carbon has a main role in adsorption of
pesticides (Arias-Estévez et al., 2008). The
adsorption of s-triazines on organic carbon is
governed by H bonds and proton transfer

between s-triazines and acidic groups of humic
substances (Barriuso et al., 1997; Garcia-
Valcarcel and Tadeo, 1999). The K, values
for the metribuzin in eight soils varied from
33.684 to 291.935 (L kg') (Table 3). These
values are in the range of K,. coefficients for
metribuzin described by Johnson (2001). The
relatively high K, values determined in this
study for soils 8, 1, and 5 suggest the
contribution of mineral constituents as well as
soil organic carbon. Adsorption studies of s-
triazines have indicated a stronger interaction
between s-triazine and organic carbon than
between s-triazine and clay. As data have
shown, the metribuzin adsorption was stronger
in soil with higher organic carbon (Table 1;
Figure 2).

pH Effect on Metribuzin Adsorption

Soil pH has important role in controlling
the dissociation or protonation process of

Table 4. The bivariate correlation between Ky, n and soil properties (N= 8).”

Organic Carbon pH Sand Silt CEC”
K¢ 0.809%*¢ -0.099 0.219 -0.305 0.134
n -0.500 0.640%¢ -0.408 0.239 0.212

“ Kyis the Freundlich empirical constant indicative of the adsorption capacity; n is the Freundlich
empirical constant indicative of the adsorption intensity, ” Cation Exchange Capacity
** Correlation is significant at 0.01 probability level, ~ Correlation is significant at 0.05 probability

level.
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both the herbicide and the adsorbent surface;
therefore, the metribuzin adsorption on the
three tested soils was affected by changing
pH of the solution. The results showed that
the K; values and n for metribuzin were
changed independent of pH values in the
three selected soils (Figure 3). The K;
coefficient of metribuzin adsorption on soils
was rather high at low pH values and
decreased with the increasing pH values of
the suspension (Figure 3-a). As shown in
Figure 3b, in adsorption of metribuzin in
soils, the n-parameter varied from low
values at pH 4.5 to higher values at pH 8.5,
showing high affinity at a low pH value,
whereas low affinity at a high pH value. This
indicates that the availability of the
adsorption sites to metribuzin molecules is
reduced as the pH value increase. The
increase of solution pH decreased the
fraction of positively charged metribuzin
species; therefore, metribuzin adsorption
were reduced on the negatively charged
organic matter surfaces. Gao et al. (1998)
reported the same result for triazine
herbicides and also stated that the maximum
adsorptions of s-triazine herbicides were
achieved when the solution pH values were
near their pK values of 1.7-2.6. The pH
could play an important role if pesticides
and herbicides exist in cationic, anionic, or
nonionic forms. Moreover, Pang et al.
(2007) stated that the low water solubility of
pesticide at low pH could contribute to the
high adsorption level because the retention
of a pesticide onto organic surface is often
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inversely correlated with its water solubility.
Desorption Characteristics

Table 5 shows desorption of metribuzin in
soils at different concentrations. The I/ny.q,
values (Table 5) were higher than the 1/ 1,4,
values (Table 3). At the same time,
desorption hysteresis coefficient, H, was
found to be close to 1 in most of the soils (H
ranged from 0.631 to 0.954). Generally, a
value of H close to 1 means that desorption
proceeds as quickly as adsorption does;
therefore, hysteresis is absent. On the other
hand, a value of H< 1 indicates that the rate
of desorption is lower than that of
adsorption, thus, hysteresis takes place
(Pusino et al., 2004). Except for soil 1,
metribuzin desorption from all other soils
were not hysteretic (Table 5), suggesting
that a significant amount of the metribuzin
adsorbed was easily desorbed and the
metribuzin adsorption by soil was reversible.
In this study, it was shown, that the
hysteresis coefficient values of all soils
decreased with increasing initial metribuzin
concentrations. This result was in contrast to
some studies, which suggested that more
molecules were taken up by low-energy
binding sites at high solute concentration
and, therefore, could be readily desorbed
(Gao et al. 1998; Gunasekara and Xing,
2003). Majumdar and Singh (2007) found a
similar result and suggested that metribuzin
was very poorly retained in the natural soil
and all of the adsorbed metribuzin was

——Soil 1 —0—Soil 5 ——Soil 7 ——Soil 1 -0 Soil 5 ——Soil 7
4 2
35 [a] (]
1.6
3
S 5s 5 ﬁ___:-——_’::i:::é
o 15 c 08
# 1
05 A\A; 04
0+ 0

4.5 6.5 8.5 4.5 6.5 8.5
pH pH

Figure 3. Effect of pH values on adsorption of metribuzin in soils. Ky and n,4, are the Freundlich empirical
constants indicative of capacity and intensity of adsorption, respectively.
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Table 5. Freundlich parameters, coefficients of determination (r*), and hysteresis coefficients
(H) for desorption of metribuzin in five soils.”

Soil Initial Ko gestt 1/ ges” r H H,*
No. Concentration
(mgL™
1 0.5 455+0.002¢ 1.220+0.009 0989 0.715 0.631
0.7 4.26 +0.005 1.289 + 0.008 0.997  0.677
1 3.53 +0.007 1.750 £0.002  0.981  0.499
3 0.5 0.63 +0.007 0.971 +0.005 0.993 0922  0.894
0.7 0.39 + 0.005 0.994 + 0.001 0.996  0.901
1 0.46 + 0.002 1.042 + 0.008 0.998  0.859
5 0.5 0.68 + 0.005 0.839 + 0.005 0.993  0.883  0.844
0.7 0.78 +0.002 0.877 +0.001 0.993  0.845
1 0.85+0.011 0.923 +0.001 0.998  0.803
7 0.5 0.15 +0.004 0.729+£0.009 0988 0997 0.954
0.7 0.19 + 0.008 0.751+£0.009 0992  0.968
1 0.10 + 0.005 0.811 +0.005 0.991  0.896
8 0.5 2.45 +0.002 1.119 +0.001 0.995 0.781  0.736
0.7 2.68 +0.007 1.184 + 0.005 0.994  0.737
1 2.31 +0.005 1.262+0.004  0.995  0.692

“ Kj.aes 18 the Freundlich empirical constant indicative of the desorption capacity; b Ny.des 15 the
Freundlich empirical constant indicative of the desorption intensity; © Average values of H,

Meanzstandard deviation.

desorbed during the desorption step. Also,
the amount and strength of metribuzin
adsorption increased by adding organic carbon
to soils. The correlation between desorption
hysteresis (averaged H values) and soil organic
carbon was determined (r= -0.817, P= 0.046).
The highest hysteresis effect (lowest H) was
observed in Soil 1, which had the highest
adsorption capacity (Table 5) and was the
most effective in retaining metribuzin,
presumably because of the highest organic
carbon content. Harper (1988) found that the
magnitude of metribuzin adsorption on surface
soil was positively correlated to soil OC and

——0.5 ppm —0-0.7 ppm ——1ppm

08

C (mg/L)

C (mg/L)

0 1 2 3
Desorption Step

clay content; however, adsorption was not
completely reversible.

The results of metribuzin desorption versus
time are shown in Figures 4-a and 4-b (for
soils 3 and 7, respectively): a decrease in
metribuzin concentration in solution was
observed after each successive desorption step.
The  relationship  between  metribuzin
concentration in solution and desorption time
was described using an exponential equation.
During four desorption steps, the differences
of metribuzin concentration in solution among
the initial concentration treatments of 0.5, 0.7
and 1 mg L™, in all soils were significant (P<

—=0.5 ppm ~0—0.7 ppm ——1 ppm

[v]

0 1 2 3 4
Desorption Step

Figure 4. Metribuzin concentration in solution with time during desorption from soil 3 (a) and soil 7 (b)
equilibrated with three initial metribuzin concentrations. The concentrations of metribuzin at day O of
desorption time meant the metribuzin concentrations at 24 hours of adsorption time in the adsorption
experiment.
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0.01). As shown in Figure 4, desorption
pattern of metribuzin was biphasic, a slow
desorption following an initial fast phase.

CONCLUSIONS

Batch experiment has shown that different
kinds of soils have different adsorption
capacities for metribuzin. The adsorption
capacity of metribuzin, which was positively
correlated with soil organic carbon content,
was the highest in soil 1, while that of soils 2
and 7 were the lowest. The pH of the
solution controlled metribuzin adsorption in
the studied soils. It is concluded that the
availability of the adsorption sites to
metribuzin molecules is reduced as the pH
increases. The main reason for the high
extent of metribuzin adsorption measured at
low pH may be due to the lack of charge and
higher lipophilicity of the neutral molecular
species within the herbicide. The metribuzin
desorption in almost all of the soils was not
hysteretic, therefore, a significant amount of
the metribuzin adsorbed was easily desorbed
in four steps. However, adsorption was not
completely reversible.
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