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The use of pesticides in agriculture has become a source of pollution of soil and water in the last
decades. Extensive pesticide transport losses due to leaching and runoff produce nonpoint source
contamination of soils and water. One of the soil processes that reduce pesticide transport losses is
adsorption by soil particles; therefore, enhancement of pesticide retention by soil can be used as a
strategy to attenuate the environmental impact of pesticides. In this work, organoclays were
prepared by treating Wyoming montmorillonite (SWy-2) and Arizona montmorillonite (SAz-1) with
different organic cations and were assayed as soil amendments to enhance the retention and
reduce the leaching losses of the herbicide fluometuron [N,N-dimethyl-N-[3-(trifluoromethyl)phenyl]
urea] in soils. Two agricultural soils from Southern Spain were selected for being high-risk scenarios
of ground and surface water contamination. First, a batch adsorption study was conducted to
identify organoclays with high affinity for fluometuron. Among the different organoclays assayed,
spermine-treated Wyoming montmorillonite (SW-SPERM) displayed high and reversible adsorption
of fluometuron and was selected as an amendment for subsequent persistence, leaching, and
herbicidal activity experiments of fluometuron with unamended and amended soils. Amendment of
the soils with SW-SPERM at rates of 1%, 2%, and 5% greatly enhanced fluometuron retention by
the soils and retarded fluometuron leaching through soil columns. Incubation experiments revealed
that the persistence of the herbicide in the amended soils was similar to that in unamended soils and
that most of the herbicide was ultimately available for degradation. Bioassays demonstrated that the
reduced leaching losses of fluometuron in soils amended with SW-SPERM may result in increased
herbicide efficacy if heavy rainfall events occur shortly after herbicide application.
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INTRODUCTION cotton and olive crops. Adequate weed control has traditionally
been more difficult to achieve in cotton than in other spring crops
because cotton grows slowly early in the season and thus is less
competitive with weeds (4). In olive groves, soil composition and
pronounced slopes favor herbicide leaching and runoff (5). The
from extensive pesticide transport losses through leaching and risk of herbicide 'transportlos'ses is exaperbated iq Southern Spain
runoff processes. Such losses can be particularly noticeable in because most soils are poor in organic matter (i.., <2%), and
the case of highly mobile, soluble pesticides. This has led to a §hort bUt heavy rainfall events are r;lgtlvely common, partlcula}rly
considerable amount of research directed to predict the environ- in spring and autumn, when herbicides are commonly applied.
mental fate of agricultural pesticides and to prevent their adverse These entire factors make Southern Spain a high-risk scenario for
environmental effects, such as ground and surface water pollu- ground and surface water contamination (6), and appropriate
tion (I, 2). management practices are needed to minimize pesticide transport
losses and movement to ground and surface water.
Fluometuron [N, N-dimethyl-N'-[3-(trifluoromethyl)phenyl]
urea] is a pre- and early postemergence phenylurea herbicide
widely used to control grass and broad-leaf weeds in cotton
and olive crops. Several studies have been conducted to under-
stand the behavior of this herbicide in soils, including studies

The environmental problems associated with the use of pesti-
cides in agriculture are a matter of increasing concern because
pesticides are increasingly being detected in ground and surface
waters. One main problem associated with pesticide use results

The environmental fate of pesticides is greatly dependent on
site-specific environmental variables, such as soil characteristics
or climatic conditions (3). In Southern Spain, two high-risk scena-
rios of ground and surface water contamination by pesticides are
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Figure 1. Chemical structures of fluometuron and the organic cations.

of organic amendments (/4) and controlled release formula-
tions (15).

Unaltered and modified clay minerals have been proposed as
adsorbents to reduce the environmental impact of pesticides
(16—19). Clay minerals are very good adsorbents mainly for
cationic and highly polar, neutral pesticides. Nevertheless, they
can be easily modified to enhance their affinity also for hydro-
phobic pesticides. Organoclays, that is, natural clay minerals with
their original inorganic exchange cations replaced with organic
cations, have been proven to be very good adsorbents for different
classes of pesticides because the organic cations change the nature
of the clay mineral surface from hydrophilic to hydrophobic, thus
increasing its affinity for hydrophobic compounds (/9—21). The
modification of clay minerals with naturally occurring organic
cations has recently been pointed out as particularly interesting to
reduce concern about the incorporation of these materials into soil
and aquatic environments for practical applications (3, 6, 22, 23).

Organoclays have extensively been proposed as adsorbents to
remove pesticides from water and as supports in pesticide slow
release formulations; however, literature on the potential useful-
ness of organoclays as soil amendments to enhance the pesticide
retention process in soil with the purpose of optimizing the
behavior of pesticides in agricultural soils is scarce (24). The
objectives of this article were (i) to develop organoclays with high
affinity for the herbicide fluometuron and (ii) to evaluate, under
laboratory conditions, the effects of adding organoclays to two
soils from Southern Spain on fluometuron sorption, persistence,
leaching, and bioefficacy in the soils. Beneficial effects of the
addition of organoclays to the soils with regard to efficacy and
environmental impact of the herbicide fluometuron are discussed.

MATERIALS AND METHODS

Herbicide, Soils, and Organoclays. Fluometuron (Figure 1) is a
phenylurea herbicide with a molecular weight of 232.2 gmol ™" and a water
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solubility of 110 mg L™ at 20 °C. Pure analytical fluometuron (purity =
99.5%) purchased from Sigma-Aldrich (Spain) was used to prepare the
external standards for fluometuron analysis and the initial solutions used
in the batch adsorption experiments. Commercial fluometuron (Dinagam
Linz, 50% suspension concentrate) from Bayer (Spain) was used in the
persistence, column leaching, and bioassay experiments.

Two soils (A and B) from Seville (SW Spain) were used in this study.
The two soils had similar pH and organic carbon contents, but they had
markedly different textures (Table 1). Soil A was a clay soil sampled from a
cotton area located in Las Cabezas de San Juan (Seville, Spain) and was
found to contain a background concentration of fluometuron of 0.24 mg
kg™ !, presumably resulting from previous applications of this herbicide to
the soil as an agricultural practice. Soil B was a sandy loam soil sampled
from an olive grove located in Coria del Rio (Seville, Spain) and contained
no background concentration of fluometuron. The soils were sampled
(0—20 cm), air-dried, sieved (2 mm), and stored at 4 °C until used.

The synthesis and characterization of the organoclays used in this work
have previously been described in detail in Celis et al. (6). Briefly, Na-rich
Wyoming montmorillonite (SWy-2) and Ca-rich Arizona montmorillo-
nite (SAz-1) from The Clay Minerals Society (Purdue University) were
modified with the following organic cations (Figure 1): L-carnitine (CAR),
spermine (SPERM), hexadimethrine (HEXAD), tyramine (TYRAM),
phenyltrimethylammonium (PTMA), and hexadecyltrimethylammonium
(HDTMA). Modification was carried out through ion exchange reactions
by treating the montmorillonites with solutions containing an amount of
organic cation equal to 100% of the cation exchange capacity of the clays
(CECswya = 76.4 cmol. kg '; CECsa, = 120 cmol, kg™'). All organic
cations were supplied by Sigma-Aldrich as high-purity chloride or bromide
salts (purity > 98%). The nomenclature and some characteristics of the
unmodified and modified montmorillonite samples used in this work are
summarized in Table 2.

Adsorption of Fluometuron by the Organoclays. Adsorption of
fluometuron by the unmodified and modified montmorillonite samples
was determined at a single initial herbicide concentration C;,; = 1 mg L
using the batch equilibration procedure. Triplicate 20 mg montmorillonite
samples were equilibrated with 8 mL of an aqueous solution of fluome-
turon (1 mg L™") by shaking for 24 h at 20 4 2 °C. After equilibration, the
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Table 1. Physicochemical Properties of the Soils Used

fluometuron
sand sit  clay organic content?
soil texture %) (%) (%) C(%) pH (mg kg’1)
soil A clay 15 26 59 073 7.2 0.24

soilB sandy loam 67 8 25 052 72

@Background concentration of fluometuron (mg kg™ air-dried soil) determined
by extraction of 4 g of soil with 10 mL of methanol.

Table 2. Nomenclature and Some Characteristics of the Unmodified and
Modified Montmorillonites Used in This Work

OCtS?  dypt®

montmorillonite organic cation (%) (A)

SWy-2 (Blank) SWy-2 0 15.1
SW-CAR SWy-2 L-carnitine 61 14.2
SW-SPERM SWy-2 spermine 96 13.0
SW-HEXADIM SWy-2 hexadimetrine 88 14.0
SW-TYRAM SWy-2 tyramine 62 14.4
SW-PTMA SWy-2 phenyltrimethylammonium 82 14.6
SW-HDTMA SWy-2 hexadecyltrimethylammonium 93 18.0
SAz-1 (Blank) SAz-1 0 15.2
SA-CAR SAz-1 L-carnitine 4 14.8
SA-SPERM SAz-1 spermine 96 13.0
SA-HEXADIM SAz-1 hexadimetrine 88 142
SA-TYRAM SAz-1 tyramine 50 15.0
SA-PTMA SAz-1 phenyltrimethylammonium 79 15.0
SA-HDTMA SAz-1 hexadecyltrimethylammonium 101 24.0

@Qrganic cation saturation: percentage of the CEC of SWy-2 or SAz-1
compensated by organic cations (calculated from the N content of the samples).
®Basal spacing values for air-dried oriented specimens.

suspensions were centrifuged, and 4 mL of the supernatant solution was
removed, filtered using glass fiber filters (pore diameter = 0.45 um), and
analyzed by high-performance liquid chromatography (HPLC) to deter-
mine the equilibrium concentration, C. (mg L"), of fluometuron. The
amount of fluometuron adsorbed, C (mg kg™"), was determined from the
difference between the initial (Cj,;) and equilibrium (C,) herbicide con-
centrations. Triplicate fluometuron initial solutions (1 mg L") without
adsorbent were also shaken for 24 h and served as controls. The percentage
of fluometuron adsorbed (% Ads) was calculated by using the following
formula: % Ads = [(Ciy; — Co)/Cini] x 100. Distribution coefficients for
organoclays, Ky (L kg™ "), were calculated as Ky = Cy/C..

For the organoclays displaying the greatest affinity for fluometuron
(SA-HDTMA, SW-SPERM, and SW-HDTMA), adsorption—desorption
isotherms were also obtained. Triplicate 20 mg adsorbent samples were
equilibrated by shaking for 24 h at 20 &+ 2 °C with 8 mL of solutions
with different initial fluometuron concentrations (C;,; = 0.1, 0.2, 1, and
2mg L"), After equilibration, the suspensions were centrifuged, and 4 mL
of the supernatant solutions were removed, filtered, and analyzed by
HPLC. The amount of herbicide adsorbed was calculated from the
difference between the initial and equilibrium fluometuron concentrations.
Desorption was measured immediately after adsorption from the highest
equilibrium point of the adsorption isotherm. The 4 mL of supernatant
removed for the adsorption analysis was replaced with 4 mL of distilled
water. After shaking for 24 h at 20 + 2 °C, the suspensions were
centrifuged, and the herbicide concentration was determined in the super-
natant. This desorption procedure was repeated three times. Adsorption
isotherms were fit to the logarithmic form of the Freundlich equation: log
C, = log K+ Nilog C., where C (mg kg ") is the amount of fluometuron
adsorbed at the equilibrium concentration C, (mg L"), and K;and N;are
the empirical Freundlich constants.

Adsorption of Fluometuron by Unamended and Amended Soils.
The organoclays with higher affinity for fluometuron (SA-HDTMA,
SW-SPERM, and SW-HDTMA) were selected as soil amendments to
determine their effect on fluometuron adsorption by the soils. For this
purpose, triplicate 4 g soil samples were amended with SA-HDTMA, SW-
SPERM, or SW-HDTMA at different rates (0%, 1%, 2%, and 5%) and
then equilibrated by shaking for 24 h at 20 & 2 °C with 8 mL of an aqueous
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solution of fluometuron with an initial concentration Cy; = 1 mg L L
After equilibration, the suspensions were centrifuged, and 4 mL of the
supernatant solution was removed, filtered, and analyzed by HPLC. The
amount of fluometuron adsorbed (Cy) was determined by the difference
between the initial (Cj,;) and equilibrium (C,) herbicide concentrations.
For soil A, the initial concentration of fluometuron was corrected by
taking into account the additional amount of herbicide already present in
the 4 g of soil, which represented about 10% of the fluometuron added in
the initial solution. Percentages of fluometuron adsorbed (% Ads) and
distribution coefficients, K4 (L kg™"), were calculated as described above.

Persistence Experiment. The persistence of fluometuron in un-
amended and amended soils was determined by means of an incubation
experiment in which samples of 100 g of soil, either unamended or
amended with SW-SPERM at different rates (1%, 2%, and 5%), were
spiked with the commercial formulation of fluometuron (2 mg a.i. kg™
soil) and then incubated in glass jars at 20 & 2 °C for up to 75 days. The
moisture content was maintained at a constant level (40% for soil A and
30% for soil B), close to the water holding capacities of the soils,
throughout the experiment by adding distilled water as necessary. Perio-
dically, duplicate 3 g soil aliquots were sampled and frozen until ana-
lyzed. Fluometuron residues in the 3 g soil aliquots were determined by
extraction with 8 mL of methanol (24 h shaking), followed by centrifuga-
tion and analysis of the supernatant by HPLC. Preliminary experiments
had shown that this extraction procedure recovered >95% of the
fluometuron freshly applied to the soils.

Column Leaching Experiment. A column leaching experiment was
designed to assess the ability of spermine-exchanged montmorillonite
(SW-SPERM) as a soil amendment to reduce the leaching of fluometuron
through the soil profile. Leaching was studied in glass columns of 30 cm
length x 3.1 cmi.d. The top 5 cm of the columns was filled with 10 g of sea
sand and the bottom 5 cm with 10 g of sea sand plus glass wool, to prevent
the loss of soil during the experiment. The rest of the column (20 cm) was
hand-packed with 160 g of either unamended or amended soil. Amend-
ment consisted of mixing the upper 10 g of soil (i.e., about 1.25 cm) with
SW-SPERM at a rate of 1%, 2%, or 5%. The amounts of SW-SPERM
added corresponded to 1325, 2650, or 6625 kg ha™'. The unamended and
amended soil columns were saturated by adding 100 mL of distilled water
to the top of the columns, then allowing them to drain for 24 h. The
calculated pore volume of the columns after saturation was 63 + 1 mL for
soil A and 56 + 1 mL for soil B. The amount of commercial formulation of
fluometuron corresponding to an agronomic dose of 2 kg a.i. ha™' was
applied to the top of the saturated soil columns. Daily, 15 mL of deionized
water was added to the top of the columns, the leachates were collected,
and the concentration of fluometuron in the leachates was determined by
HPLC. At the end of leaching experiment, soil samples of approximately
40 g were taken from different depths of the columns (0—5, 5—10, 10—15,
and 15—20 cm) and were extracted once with 100 mL of methanol by
shaking mechanically at 20 + 2 °C for 24 h. The suspensions were
centrifuged, filtered, and analyzed by HPLC to determine the residual
amounts of fluometuron at different depths of the soil columns. All
leaching experiments were conducted in triplicate.

Bioassays. To evaluate the weed control efficacy of fluometuron in
SW-SPERM-amended soil, a bioassay was conducted. Eruca vesicaria
seeds (Vilmorin, France) were planted in duplicate 6 cm height x 50 cm?
surface pots filled with 200 g of soil B. The upper 56 g (i.e., about 1.25 cm)
of soil was amended with SW-SPERM at different rates (0%, 1%, 2%, and
5%). The pots were saturated with water, allowed to drain for 24 h, and 15
seeds of Eruca vesicaria were arranged on the soil surface. The commercial
formulation of fluometuron was applied at a rate of 2 kg ha™!. Control
pots of unamended soil without herbicide were also prepared. The pots
were watered daily with about 10 mL of distilled water. Two weeks after
herbicide application, Eruca vesicaria plants (shoots and leaves) were cut
and weighed to determine herbicide efficacy in the unamended and
amended soils.

A separate experiment was designed to assess whether the reduced
leaching of fluometuron in SW-SPERM-amended soil could result in
improved weed control efficacy of the herbicide after a high water input
event just after herbicide application. For this purpose, control, un-
amended, and SW-SPERM (1%)-amended soil pots were prepared as
described above. Afterward, fluometuron was applied at a rate of 2 kg
ha™!, and immediately, 300 mL of distilled water was added to each pot,
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thus simulating a water input of 60 mm. The pots were allowed to drain for
4 days, and leachates were collected and analyzed to determine the amount
of fluometuron leached from each pot. Then, 15 seeds of Eruca vesicaria
were planted, and three weeks after herbicide application, Eruca vesicaria
plants were cut and weighed to compare the herbicidal efficacy of the
residual amount of fluometuron present in the unamended and amended
soil pots.

Analysis of Fluometuron. Fluometuron was determined by HPLC
using a Waters 600E chromatograph coupled to a Water 996 diode-array
detector. The conditions used were as follows: Novapack C18 column
(150 mm length x 3.9 mmi.d.), 60:40 water/acetonitrile eluent mixture at a
flow rate of | mL min~", 25 uL injection volume, and UV detection at 243
nm. External calibration curves with four standard solutions between
0.1 and 2 mg L™" were used in the calculations. Instrumental LOD was
calculated as the lowest observable concentration giving a signal-to-noise
(S/N) ratio of 3:1, while instrumental LOQ was calculated as the
concentration resulting in an S/N ratio of 10:1. The LOD and LOQ were
0.01 mg L™" and 0.03 mg L™, respectively (25).

RESULTS AND DISCUSSION

Fluometuron Adsorption by the Organoclays. A preliminary
adsorption experiment at a single initial herbicide concentration
of 1 mg L™" was conducted to determine the affinity of fluome-
turon for different organoclays (Figure 2). The extent of fluome-
turon adsorption by the organoclays greatly depended on the
nature of the modifying organic cation. The organoclays SA-
HDTMA, SW-SPERM, and SW-HDTMA adsorbed much more
herbicide than the unmodified montmorillonites. This result is
very similar to that previously reported for the adsorption of the
herbicide diuron by the same organoclays and under the same
experimental conditions (6). Fluometuron is a phenylurea herbi-
cide very similar to diuron and accordingly follows a very similar
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Figure 2. Percentages of fluometuron adsorbed on unmodified and
modified montmorillonites at an initial hetbicide concentration of 1 mg L™".
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adsorption pattern on organoclays. Nevertheless, the adsorption
values shown in Figure 2 are slightly less than those reported by
Celis et al. (6) for diuron, most likely because the higher water
solubility of fluometuron compared to that of diuron slightly
reduces its adsorption by the organoclays. The high affinity of
fluometuron for SW-HDTMA and SA-HDTMA can be attri-
buted to hydrophobic interactions between the herbicide and the
alkyl chains of HDTMA cations, whereas its high affinity for
SW-SPERM could be due to a combination of (i) hydrophobic
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Figure 3. Fluometuron adsorption—desorption isotherms on SW-HDTMA,
SW-SPERM, and SA-HDTMA and corresponding Freundlich coefficients
for each adsorption isotherm. Values in parentheses correspond to the
ranges of the Freundlich coefficients (K; and Nj).
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Figure 4. Percentage of fluometuron adsorbed on unamended and organoclay-amended soils at an initial herbicide concentration of 1 mg L™".

interactions between the herbicide and the alkyl chains of sper-
mine and (ii) the formation of hydrogen bonding between the
C=0 group of the herbicide and the =NH;"/—NH, " — groups of
spermine, as proposed for diuron (6).

On the basis of the adsorption results obtained at a single initial
concentration 1 mg L™, the organoclays with higher affinity for
fluometuron (SA-HDTMA, SW-SPERM, and SW-HDTMA)
were selected to obtain adsorption—desorption isotherms (Figure 3).
Freundlich parameters derived from the adsorption isotherms are
included in Figure 3. Ky values increased in the following order: SW-
HDTMA < SW-SPERM < SA-HDTMA, which is consistent
with the results obtained at a single initial herbicide concentration
of 1 mg L™". Desorption curves showed high reversibility for SW-
HDTMA and SW-SPERM. The SA-HDTMA desorption curve
was not well defined because the high adsorption fluometuron on
this sample resulted in very low equilibrium concentrations, which
made the desorption analysis complicated (6, 26).

Fluometuron Adsorption by Unamended and Amended Soils.
Figure 4 shows the percentages of fluometuron adsorbed on the
unamended soils and on the soils amended with different amounts
of SA-HDTMA, SW-SPERM, and SW-HDTMA. The adsorp-
tion of fluometuron on unamended soil A was greater than that
on unamended soil B, probably because soil A had greater clay
content and also slightly greater organic matter content than soil
B. For both soils, amendment with all three organoclays led to an
increase in fluometuron adsorption. The increase in adsorption
depended on the soil and on the nature and amount of organoclay
added, being more noticeable in soil B because this soil had lower
affinity for fluometuron than soil A.

The experimentally measured distribution coefficients, Ky.meas
for fluometuron adsorption on the amended soils are compared in
Table 3 with the expected values, Ky.cq1e» calculated assuming an
independent adsorption behavior of the soil and the organoclay in
the mixtures. Assuming linear adsorption, such expected values
can be calculated according to the following equation:

(1)

where Ky and Ky.ocp are the individual distribution coeffi-
cients for fluometuron adsorption on soil and organoclay,
respectively, and fi,; and foc are the fraction of soil and
organoclay, in the mixture, respectively (27). It is worth noting
that although the organoclays increased the adsorption of fluo-
meturon by the soils, the increase was always less than what could
be expected from the individual adsorption constants and the
fraction of soil and organoclay in the mixtures (Ky.meas < Kd-calc)-
This result reveals that organoclays are less effective in adsorbing
fluometuron in the presence of soil than in the absence of soil.

Kacale = Kausoil fsoil +Ka-oc1 foc

Table 3. Measured and Calculated Distribution Coefficients, Ky (L kg’1), for
Fluometuron Adsorption on Unamended and Organoclay-Amended Soils?

soil A soil B

treatment Kd-meas Kd-calc Kd-meas Kd-calc
unamended 09+0.1° 0.3+0.1
SW-HDTMA- 1% 2.84+0.3 6.5 23+01 5.9
SW-HDTMA- 2% 43+0.1 11.9 52+0.2 11.3
SW-HDTMA- 5% 10.8+0.1 275 142+04 27.0
SW-SPERM- 1% 47+01 111 1.3+0.1 10.5
SW-SPERM- 2% 11.04+0.1 21.1 26+0.2 20.5
SW-SPERM- 5% 274+04 49.8 11.8£0.5 49.2
SA-HDTMA- 1% 34401 37.8 53+0.2 37.2
SA-HDTMA- 2% 8.3+0.1 73.9 18.2+£0.6 733
SA-HDTMA- 5% 414408 1781 782184 177.5

aThe initial herbicide concentration was 1 mg L™". ®Mean + standard error.

Probably, the interaction of certain soil components with the
organoclays resulted in competition for sorption sites or surface
blockage effects which reduced the performance of the organo-
clays in adsorbing fluometuron (28). However, differences be-
tween Kymeas and Ky.cqc depended not only on the organoclay
but also on the soil to which the organoclay was added. Thus, for
SW-SPERM such differences were more noticeable in soil B,
whereas for SW-HDTMA and SA-HDTMA, they were more
pronounced in soil A.

Persistence, Leaching, and Bioefficacy of Fluometuron in Un-
amended and SW-SPERM-Amended Soils. For subsequent per-
sistence, leaching, and herbicidal activity experiments, we selected
the sample SW-SPERM as a soil amendment, on the basis of its
high affinity for the herbicide and the natural origin of spermine,
which is a desirable characteristic to reduce concern about
incorporation of the adsorbent into natural ecosystems for
practical applications (3,6, 22, 23).

Persistence. Dissipation curves for fluometuron in the un-
amended and SW-SPERM-amended soils after application of
the herbicide at a rate of 2 mg kg~ ' are shown in Figure 5.
The sigmoidal shapes of the fluometuron dissipation curves in
both soils are typical of the degradation of compounds used as
the microbial growth substrate (29). Previous work has shown
that fluometuron in soil is dissipated mainly by microbial degrada-
tion, with formation of the metabolites desmethylfluometuron
(DMF), trifluoromethyl phenylurea (TFMPU), and trifluoro-
methylaniline (TFMA) (0, 30, 31). Accumulation of DMF and,
to a lesser extent, TFMA was detected by HPLC in the course of
the persistence experiment with our soils (data not shown).

Dissipation of fluometuron occurred faster in soil A than in soil
B. This can be attributed to the fact that soil A received previous
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Figure 5. Dissipation curves for fluometuron in unamended and SW-
SPERM-amended soils.

applications of fluometuron as an agricultural practice for cotton
growing and hence probably contained a greater amount of
fluometuron-degrading microorganisms (32). Interestingly, the
addition of SW-SPERM did not hinder the dissipation of
fluometuron in the soils, indicating that fluometuron degradation
was not related to fluometuron adsorption. In no case the higher
adsorption of fluometuron by the amended soils resulted in
reduced degradation compared to that in the unamended soils.
This may be indicative that in accordance with the high reversi-
bility of fluometuron adsorption by SW-SPERM desorption
occurred rapidly and was not a limiting step for herbicide
degradation in the amended soils.

Leaching. Figure 6 shows the breakthrough curves (BTCs) of
fluometuron in unamended and SW-SPERM-amended soils. The
BTCs of fluometuron in soil A revealed greater retention of the
herbicide and lower herbicide concentrations in leachates than
the BTC:s in soil B. This reflects the different textures of the soils
and their different affinity for fluometuron. It should be noted
that two different regions can be identified in the BTCs of soil A.
At up to 100—150 mL of water added, the herbicide detected in
the leachates should correspond to the endogenous fluometuron
present in the soil (Table 1), whereas the fluometuron added to the
soil columns appeared in the leachates at water volumes greater
than 100 mL (Figure 6).

For both soils, amendment with SW-SPERM resulted in
enhanced retention of the added herbicide within the soil column,
leading to lower concentration of fluometuron in leachates,
flattening of the relative BTCs, and shifting of the maximum
concentration peaks to larger volumes of water added. These

Gamiz et al.

Table 4. Observed (RFq,s) and Calculated (RF.,.) Retardation Factors for
Leaching of Fluometuron in Unamended and SW-SPERM-Amended Soil
Columns

soil A soil B
treatment RFops RFecarc RFops RFaic
unamended 3.3 3.4 1.8 1.9
SW-SPERM- 1% 5.0 5.0 2.6 3.7
SW-SPERM- 2% 5.7 6.6 4.0 5.5
SW-SPERM- 5% 7.4 111 6.6 10.5

effects increased with the amount of SW-SPERM added to the
soils. For soil A, leaching of the endogenous fluometuron was not
affected by the amendment since the organoclay was added only
to the top 1.25 cm of soil, the rest of the column being free of
amendment.

Retardation coefficients (RF) were derived as the position of
the maximum concentration peaks of each BTC. The RF values
reflect the number of pore volumes at which the maximum
concentration of the herbicide appears in leachates (33). Observed
RF values (RF,,s) were compared with calculated RF values
(RF.a1), the latter calculated assuming linear, instantaneous, and
reversible adsorption conditions (34):

RFee = 1+ (p/e)Kd (2)

In eq 2, p is the bulk density of the soil (g cm™); 6 is the soil
volumetric water content (cm® em™?); and Ky (L kg™') is the
adsorption distribution coefficient for the herbicide in the soil
column. For the amended soil columns, Ky was calculated
according to eq 1, fyn and foc) being the fractions of soil and
organoclay in the soil column, respectively, and Ky_go; and Ky.oc
the individual distribution coefficients for fluometuron adsorp-
tion on the soil and organoclay, respectively (27, 35).

Table 4 summarizes the observed and calculated RF values for
fluometuron leaching in the unamended and amended soil
columns. For the unamended soils, RF,s values were very close
to RF,, . values, and both RF,s and RF,,. values increased upon
soil amendment. However, it is important to highlight that RF_ .
values overpredicted the retention of fluometuron in the amended
soil columns, although this overprediction was less than that
observed in Table 3 for the distribution coefficients, Ky. This
result reflects that also under column leaching conditions, the
performance of SW-SPERM in adsorbing fluometuron is re-
duced by the presence of the soil but to a lesser extent compared to
the reduction observed under batch adsorption conditions. In this
regard, it should be kept in mind that in the soil column
experiment the soil/water ratio was greater than that in the batch
adsorption experiments and that the amended soil represented
only about 6% of the total weight and length of the soil column.

Fluometuron cumulative BTCs (Figure 6) showed that the
total amount of herbicide leached from the sandy loam soil (soil
B) amended with SW-SPERM (39—62%) was less than that from
the unamended soil (79%) and that the amount leached decreased
with the amount of SW-SPERM added (Table 5). The amounts of
fluometuron extracted from the soil columns at the end of the
leaching experiment were less than 1% so that the amount not
recovered probably corresponded to the degradation of the
herbicide within the soil column and/or the formation of strongly
bound herbicide residues. For the unamended clay soil (soil A),
the total amount of fluometuron leached was less than that from
soil (B), most likely due to the rapid degradation of the herbicide
in soil A or the greater formation of bound residues. Amendment
of soil A with SW-SPERM resulted in less amount of herbicide
leached only at the highest dose of organoclay added (i.e., 5%).
Therefore, the herbicide leaching pattern depended on both the
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fluometuron in unamended and SW-SPERM-amended soils.

Table 5. Fluometuron Leached, Extracted from Soil Column, and Not Recovered after the Leaching Experiment with Unamended and SW-SPERM-Amended Soils

Soil A
unamended SW-SPERM-1% SW-SPERM-2% SW-SPERM-5%
leached (%) 58 + 12 61+ 1 58 + 1 30 £ 1
extracted (%) 5+1 941 1542 1041
not recovered (%) 37 30 27 61
Soil B
unamended SW-SPERM-1% SW-SPERM-2% SW-SPERM-5%
leached (%) 7942 62 +3 55+ 7 39+6
extracted (%) <1% <1% <1% <1%
not recovered (%) 21 38 45 61

#Mean = standard error.

amount of SW-SPERM and the nature of the soil to which SW-
SPERM was added.

Bioefficacy. The herbicidal efficacy of fluometuron applied
to pots of soil B in which Eruca vesicaria had been seeded was
found to decrease with the amount of SW-SPERM added
(Figure 7a). The low solution concentrations of fluometuron
in the soil pots amended with high rates of SW-SPERM
probably reduced the herbicide efficacy in the control of Eruca
vesicaria. The herbicide efficacy in the soil amended with SW-
SPERM at a rate of 1% was, however, very similar to that in
unamended soil. This indicates that low rates of SW-SPERM
may combine reduced leaching of the herbicide and adequate
weed control.

A separate experiment was designed to assess whether the
reduced leaching of fluometuron in SW-SPERM (1%)-amended
soil could result in improved weed control efficacy of the
herbicide after high water input just after herbicide application.
For this purpose, control, unamended, and SW-SPERM (1%)-
amended soil pots were irrigated with 60 mm of water just after
fluometuron application, and then Eruca vesicaria was seeded
and the biomass determined after three weeks. Analysis of the
leachates collected from the pots revealed that 88 + 2% of the
applied herbicide had been leached from the unamended soil pots,
whereas only 40 & 3% had been leached from the SW-SPERM
(1%)-amended pots. Figure 7b shows that the greater amount of
herbicide remaining in the amended soil pots resulted in greater
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Figure 7. Effect of fluometuron on the growth of Eruca vesicaria in
unamended and SW-SPERM-amended soil B: (a) effect of the amend-
ment rate on herbicide efficacy; (b) effect of a high water input (60 mm) just
after fluometuron application on herbicide efficacy in unamended and
SW-SPERM-1% amended soils.

herbicide efficacy compared to that in the unamended soil pots,
thus illustrating how the reduced mobility of the herbicide in the
amended soil not only mitigated the risk of groundwater con-
tamination but also improved the efficacy of the herbicide in the
worst-case scenario of heavy rainfall event shortly after herbicide
application.

In summary, the results of this work show that amendment of
soils with organoclays can be a useful strategy to enhance soil
retention capacity and retard the leaching of herbicides in
agricultural soils. The reduced herbicide leaching in organoclay-
amended soil not only mitigates the risk of groundwater con-
tamination but also results in improved herbicide efficacy by
reducing herbicide losses through transport processes. Modified
clays can thus be suggested as soil amendments to optimize the
behavior of pesticides in agricultural soils by increasing their
efficacy and reducing the pesticide environmental impact.

ABBREVIATIONS USED

HPLC, high performance liquid chromatography; OCI, orga-
noclay; CAR, L-carnitine; SPERM, spermine; HEXADIM, hexa-
dimethrine; TYRAM, tyramine; PTMA, phenyltrimethylam-
monium; HDTMA, hexadecyltrimethylammonium; CEC, cation
exchange capacity; SW-SPERM, spermine-exchanged Wyoming
montmorillonite; SW-HDTMA, hexadecyltrimethylammonium-
exchanged Wyoming montmorillonite; SA-HDTMA, hexadecyl-
trimethylammonium-exchanged Arizona montmorillonite; RF,
retardation factor.
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